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Abstract

Internal combustion engines for plug-in hybrid heavy duty 
trucks, especially long haul trucks, could play an impor-
tant role in facilitating use of battery power. Power from 

a low carbon electricity source could thereby be employed 
without an unattractive vehicle cost increase or range limita-
tion. The ideal engine should be powered by a widely available 
affordable liquid fuel, should minimize air pollutant emis-
sions, and should provide lower greenhouse gas emissions. 
Diesel engines could fall short in meeting these objectives, 
especially because of high emissions. In this paper we analyze 
the potential for a flex fuel gasoline-alcohol engine approach 
for a series hybrid powertrain. In this approach the engine 
would provide comparable (or possibly greater) efficiency than 

a diesel engine while also providing 90 around lower NOx 
emissions than present cleanest diesel engine vehicles. 
Ethanol or methanol would be employed to increase knock 
resistance. Engines that could be deployed in the relatively 
near term could also use high rpm operation and /or water 
injection, to allow operation with a very small amount of 
alcohol in addition to a low concentration mixture such as 
E10 (or possibly with no additional alcohol). Further NOx 
reduction (by use of higher levels of EGR) and increased effi-
ciency (by use of alcohol enhance heat recovery) could poten-
tially be obtained over a longer term. While the analysis shows 
the potential for substantial benefits of using this approach, 
more detailed engine modeling is needed to provide more 
accurate illustrative engine features.

Introduction

Between 2030 and 2030 diesel fuel is expected to be the 
most used fuel in the global transportation fuel mix. 
This is due to the rapid growth in the heavy duty 

vehicle sector which is dominated by diesel fueled vehicles [1].
Heavy duty vehicles produce more worldwide outdoor 

air pollution than light duty vehicles. They are one of the main 
worldwide outdoors sources of urban air pollution [2].

Heavy duty vehicles are also a substantial contributor to 
greenhouse gas production. Presently around 20% of world-
wide energy- related worldwide greenhouse gas emissions are 
from the transport sector and these emissions are increasing 
more rapidly that emissions from other major energy use 
sectors [3]. Around 7 gigatons of CO2 emissions per year are 
produced from the transport sector and around 2 gigatons 
per year from heavy duty vehicles

Long haul heavy trucks with the largest diesel engines 
are the dominant consumers of diesel fuel and the largest 
producers of air pollutants and greenhouse gas among heavy 
duty vehicles. Powering these vehicles with batteries charged 
by externally provided electricity from renewable sources is 
needed to meet greenhouse gas reduction goals. Power 
provided by low carbon intensity liquid fuels can also play an 
important role.

Large scale deployment of battery only powered propul-
sion in heavy duty trucks, especially long haul trucks faces 

the barriers of the high cost of electrical energy storage in 
batteries and range limitations. These barriers can be reduced 
by use of plug-in series hybrid powertrain where an internal 
combustion engine drives a generator which is also produces 
electricity. This can accelerate the use of battery power in 
heavy duty vehicles.

One mode of plug series hybrid power operation is range 
extender operation where the vehicle is initially propelled with 
motors using electricity provided by the externally charged 
battery; and when the externally charged battery power is 
exhausted the internal combustion engine is used to provide 
the electricity that powers the motors. In other modes of 
operation the electricity from the externally charged battery 
can be used over longer periods of time.

The ideal engine for a range extender or other plug-in 
hybrid power train should be powered by a readily available, 
affordable room temperature liquid fuel. Use of a room 
temperature liquid fuel provides the advantages that include 
a much lower onboard fuel storage cost and lower fueling 
infrastructure cost. The engine should also minimize air 
pollutant and provide lower greenhouse gas emissions.

Diesel engine vehicle use compression ignition (CI) and 
could fall short in meeting these objectives, especially 
because of high emissions of nitrogen oxides (NOx). In 
addition diesel is a high CO2 generating fuel; and flex fuel 
operation with alcohols which are attractive alternative liquid 
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fuels that can have lower greenhouse emissions, is difficult 
in a diesel engine.

In this paper we analyze a potential approach for using 
spark ignition (SI) flex fuel gasoline-alcohol engines to meet 
the above goals. The alcohol could be ethanol or methanol. 
This approach can be attractive because these SI engines could 
provide efficiency that is comparable to (or potentially higher 
than) the efficiency of present diesel engines [4, 5].

By using stoichiometric operation and the highly effective 
three way (TWC) catalyst for exhaust treatment a spark 
ignition engine could provide around a 90 % reduction in 
tailpipe NOx relative to the present cleanest diesel engines 
which that use complex and expensive exhaust treatment. This 
low NOx emissions level has been achieved in SI gasoline 
engines in light duty vehicles. It has also been achieved in SI 
natural gas heavy duty vehicles. The Cummins Westport 9 
liter SI natural gas engine has been certified for the 2018 
California Air Resources Board optional low NOx standard 
of 0.02g/bhp-hr, a 90% reduction relative to engines operating 
at the current EPA NOx limit of 0.2g/bhp-hr [6, 7].

Under conventional operation, SI and diesel have similar 
NOx engine-out emissions. But the single SCR exhaust treat-
ment cell for diesel engines is only about 80-90% effective, 
while the 3-way catalyst can be as effective as 99%. However, 
significant reductions of NOx from the 0. 2 g/bhp-hr level 
emitted by present diesel engine vehicles with state of the art 
exhaust treatment technology is possible with new technology; 
and is made easier by a greater amount of operation that does 
not involve transients, which could be the case for a diesel 
engine in a series hybrid powertrain [8].

Controlling emissions during cold start is challenging for 
both the diesel and SI engines. The series hybrid will have 
prolonged warm operation with low temperature start-up 
events, as the engine is operated at a single point. Under these 
circumstances, TWC operate more effectively at lower tempera-
tures than SCR catalysts, although efforts are under way to 
improve the low temperature performance of both systems. It 
is possible to operate the engine to maintain sufficient tempera-
ture in the catalyst. Under these conditions, because of the 
higher temperature of the SI exhaust, the required operating 
time of the engine (just to assure that the catalyst temperature 
is adequate), is shorter than for a comparable CI engine.

The SI engines could be operated in a flexible fuel mode 
ranging from operation that ranges from using only a small 
amount alcohol addition to gasoline or a low concentration 
gasoline-alcohol blend (such as E10) to use of 100% alcohol. 
In some cases it may be able operate without additional alcohol.

Operation using high alcohol concentrations or 100% 
alcohol could provide substantial greenhouse gas emissions 
reductions relative to diesel engines. Alcohols could provide 
the best opportunities for a lower carbon liquid fuel due to 
the superior efficiency with which it can be produced from a 
wide range of feedstocks by both thermal chemical and biolog-
ical processes. In addition methanol is the easiest fuel to 
produce from renewable electricity [9, 10]. And use of alcohol 
can also reduce greenhouse gas emissions and enhanced 
exhaust heat recovery.

Another potential benefit is the lower cost of the SI engine 
system because the lower costs of the exhaust treatment 
system, fuel injector and reduced size engine.

The high efficiency of the f lex fuel gasoline-alcohol 
engines is obtained by providing increased suppression of 
engine knock and /or reducing the need for knock suppres-
sion. One means of doing this is the use of additional alcohol 
beyond the use of alcohol in low concentration blends such 
as E10 and M15. Another means is to reduce the knock 
requirement by operation at higher rpm, which reduce the 
torque required for a given amount of engine power.

An key part of this analysis involves computer modeling 
assessment of a combination of features that will enable these 
engines to achieve an efficiency that is comparable to present 
diesel engines with only a modest amount or possibly no exter-
nally provided alcohol, thereby minimizing or eliminating 
the need for the availability of alcohol in any form other than 
widely available low concentration blends (such as E10 or 
M15). Providing this capability could limit the amount of an 
additional fluid to the same small fraction of the main fuel 
use that is the case for diesel exhaust fluid used to reduce NOx 
emissions in from diesel engine vehicles using urea-SCR 
exhaust treatment systems; or completely eliminate the need 
for a second fluid.

The features that are assessed for minimizing the addi-
tional alcohol requirement include use of higher rpm opera-
tion, direct injection fueling, use of water for knock suppres-
sion, and optimal choice of compression ratio.

Based on this analysis, illustrative parameters are deter-
mined for near term engine possibilities. These parameters 
do not represent the results of detailed engine analysis; they 
are meant to show what engine characteristics could 
be examined in future studies.

Possibilities are assessed for further improvements in this 
approach through the inclusion to prechamber jet ignition 
technology that could potentially increase efficiency and/or 
provide a further large decease in NOx by enabling greater 
use of engine gas recirculation (EGR). Another further 
improvement that is assessed in is the use of alcohol enhanced 
exhaust heat recovery to increase efficiency when neat alcohol 
or a high concentration alcohol mixture of alcohol and 
gasoline is used in the flex fuel engine.

Features of Higher 
Efficiency Gasoline 
Engines
The engine in a series hybrid powertrain can be run most of 
the time at a fixed power level since the change in vehicle 
power can be provided by the stored energy in the battery. It 
can be operated with open throttle and other conditions where 
the engine efficiency is greatest. In addition, can be operated 
most or all of the time at around the average power needed 
over a drive cycle when the engine is on, thus reducing the 
engine power requirement. For a long haul truck, where a high 
fraction of the driving is at high torque and power, the average 
power can be in the 50 to 70% of the maximum power that is 
needed. This fraction is smaller for trucks that which operate 
more of the time at lower torque and power.
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A major reason for extensive use of diesel engines in 
heavy duty vehicles has been their higher efficiency compared 
to gasoline engines. The resulting lower fuel cost is especially 
important for these commercial vehicles.

Present spark ignition (SI) gasoline engines using turbo-
charging and direct injection and compression ratios around 
10 are around 10% less efficient than diesel engines at wide 
open throttle which is used in series hybrid operation (and 
around 20 % less efficient at part load operation). Because the 
plug-in series hybrid engines do not need to be operated at 
light load, where SI engines are particularly inefficient, the 
difference between conventional SI and DI engines is substan-
tially reduced, compared to engines that are needed to provide 
adjustable power during a driving cycle.

A combination of two changes in SI gasoline engine 
operation can remove the remaining efficiency gap. Diesel-like 
high efficiency or greater in flex-fuel gasoline SI engines can 
be in engines that operate mainly (and in some cases, entirely) 
on gasoline.

One change, described below, is to operate at a higher 
compression ratio (e.g. 14) than the typical compression ratio 
of 10 for a gasoline turbocharged direct injection (GTDI) 
engine, or the compression ratio of 12 for a gasoline direct 
injection (GDI) engine which is naturally aspirated.

Operation at compression ratio of 14 requires an increase 
in knock resistance relative to than provided by gasoline. The 
increase in knock resistance can be provided by higher octane 
fuel, through the addition of alcohol to the gasoline or to a 
low blend of gasoline-alcohol (such as E10) that fuels the 
engine. The alcohol can be  provided by using an alcohol 
-gasoline mixture blend with a higher alcohol concentration 
in an engine with a single injector. Alternatively, the higher 
alcohol concentration fuel could be provided by using a dual 
fuel engine where 100% alcohol or a high alcohol concentra-
tion gasoline-alcohol mixture (such as E85) is added by a 
separately controlled fuel injection system.

The second change for reducing the efficiency gap is to 
use a smaller size gasoline engine relative to a diesel engine 
that produces the same torque or power [4, 5]. Engine power 
rather than torque is the appropriate parameter for compar-
ison of engines used for series hybrid powertrains.

One means of providing a smaller size gasoline engine 
(which is equivalent to increasing its power density), is to fully 
take advantage of the higher BMEP that can be obtained from 
an SI gasoline engine relative to a diesel engine due to its 
stoichiometric fuel air ratio. In contrast to an SI gasoline 
engine the maximum torque that can be obtained from the 
same size diesel engine is lower due to its lean operation along 
with the EGR needed to address emissions. The more dilute 
fuel/non fuel ratio in the cylinders reduces the amount of fuel 
that can be used for a given maximum cylinder pressure.

The higher BMEP (brake mean effective pressure) opera-
tion in a SI engine requires additional knock resistance. As is 
the case with higher compression ratio operation the higher 
knock resistance can be obtained with use of additional alcohol.

Figure 1 shows various ways that the alcohol can be added 
to the gasoline. Figure 1a shows how the two fuels could 
be added in a fixed ratio from a single injector. It is desirable 
that the single injector be a direct injector so as to provide 
increased knock resistance from evaporative cooling of the 

fuel/air mixture. The two fuels could be either from a premixed 
gasoline -alcohol blend in a single tank or from two separate 
tanks, one for gasoline and one for alcohol. The two fuels from 
the two tanks could be mixed in the direct injector nozzle or 
in the common rail.

Figure 1b shows a second option in which different fuels 
could be provided by two separately controlled injectors in a 
dual fuel engine, In addition, water could be used to provide 
additional knock resistance by providing cooling of the fuel 
/air mixture. The fuel injection could be through the inlet 
port, (PFI) or direct injection (DI) into the cylinder. In order 
to minimize the requirement for the high octane alcohol fuel, 
it is often desirable to inject gasoline directly, to also use the 
evaporative cooling of the gasoline, especially under condi-
tions where the alcohol based fuel is a small fraction of the 
total fuel.

We have used computer modeling to provide illustrative 
parameters for a higher compression ratio and higher BMEP 
gasoline-alcohol engine that provides the same power as a 
representative diesel engine for a series hybrid vehicle. These 
parameters are shown in the second column in Table 1. The 
illustrative diesel engine provides the same average vehicle 
torque and power as an engine used in a non-hybrid power 
train in a long haul truck.

The illustrative diesel engine is an 11 liter engine that 
produces 300 kW of power. This power level is representative 
of the power level for a diesel engine in a series hybrid 
powertrain which that is replaces a conventional powertrain 
that uses 380 kW (500 hp) diesel engine. A 380 kW diesel 
engine is representative of a 13 liter diesel engine used in a 
long haul truck.

The illustrative 7 liter turbocharged gasoline -alcohol 
engine provides the same power as the 11 liter turbodiesel  
engine.

It is assumed that the for most driving patterns of heavy 
duty vehicles, it is possible to use the plug-in series hybrid 
engine to provide about 80% of the peak power for long 
duration, long haul operation. This means that although the 
electric drive can provide 380 kW of peak power, in our illus-
trative cases the vehicle cannot maintain it for extended 

 FIGURE 1  Schematic system for use of two fuels: (a) single 
injection from a blend in a single tank, or single injection from 
two fuels that are mixed upstream from the single injector 
(either DI of PFI injection); (b) separate injection from two 
tanks, through either two DI injectors, two PFI injectors or a DI 
and a PFI injector.
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periods of time, since the recharging of the battery, limited 
by the internal combustion engine, is around 300 kW.

Table 1 shows relative NOx emissions for the alcohol 
enhanced gasoline vs the diesel engine. It is assumed that the 
diesel engine uses state of the art exhaust treatment employing 
a urea-SCR (selective catalytic reduction) system. The exhaust 
from the flex fuel gasoline-alcohol engine is treated with the 
highly effective three-way catalytic converter (TWC) technology 
that can be utilized in engines operated with a stoichiometric 
fuel air ratio. The use of this exhaust treatment technology in 
an SI engines operation provides around a factor of 10 reduction 
in NOx relative to a diesel engine with urea-SCR. This reduction 
has been shown in both light and heavy duty vehicles [5].

We have used a compression ratio of 14 for the diesel 
engine as we have extensive data on the operation of such an 
engine. Present diesel engines operate at higher compression 
ratios, and the efficiency advantage of the diesel would thus 
be somewhat higher (1-2 %) than that of the engine considered 
in the table. However, this efficiency advantage of diesel could 
be negated when the overall efficiency which includes the use 
of urea for urea-SCR is taken into account.

Table 1 also shows the efficiency of the alcohol enhanced 
gasoline engine relative to the efficiency of the diesel engine, 

at the point of highest power operation (300 kW). The effi-
ciency is calculated using the model for engine performance 
developed by Blumberg [11]. The table also shows the relative 
efficiency when the energy loss from production of urea is 
taken into account.

Figure 2 shows the relative peak efficiency of the 7 liter 
high BMEP flex fuel gasoline-alcohol engine relative to the 
diesel engine as a function of compression ratio. There is about 
a 1% absolute increase in efficiency in efficiency as the 
compression ratio increases from 12 to 14. The corresponding 
relative increase in efficiency is around 2.5% [12, 13]

Use of Knock Model to 
Calculate Alcohol 
Requirements
In order to determine the alcohol requirement for preventing 
knock we have used a model that we have developed. Being 
able to operate the minimum fraction of fuel that must 
be provided by alcohol in a mixture with gasoline (or E10) is 
important in insuring that concerns on limitations on alcohol 
availability or a high alcohol price are minimized.

Our model has been benched marked with experimental 
data [14]. Knock is difficult to predict, in particular because 
of the stochastic nature of the process. There are substantial 
cycle-to-cycle variations in cylinder, even when the engine is 
operating under steady-state conditions. The cycle-to-cycle 
variations are due to differences in combustion of the air/fuel 
mixture, due to variations in the velocity field, variation of 
the residuals in the cylinder, changes in composition of air, 
fuel or residuals in the cylinder and in particular, close to 
the spark.

Analyzing the average cycle can provide some informa-
tion, but in order to better understand the nature of the 
process we need to incorporate the cycle-to-cycle variations, 
as not all cycles experience knock.

Another issue with knock is the limited description of 
the gasoline. Gasoline is a mixture of a large set of compounds. 
The complex mixtures is simplified by characterizing the 

TABLE 1 Comparison between an illustrative diesel engine and an illustrative SI flex fuel gasoline -alcohol engines used in a series 
hybrid powertrain for a long haul heavy duty truck. The second column is for the SI engine operated at higher BMEP than a diesel 
engine with the same rpm. The third column is for the SI engine operated at a higher rpm and lower BMEP than the diesel engine

Conventional diesel SI engine higher BMEP SI engine higher speed
Power (kW) 300 300 300
Compression ratio 14.1 14 14
Displacement l 11 7 7
Engine speed rpm 1800 1800 3600
BMEP bar 18 26 14
NOx emissions ppm 200 25 25
NOx aftertreatment SCR TWC TWC
Relative efficiency 1 1.02 1
Relative efficiency including 
urea when SCR is used

0.98 1 1

 FIGURE 2  Peak brake thermal efficiency of SI engine 
operating at 1800 rpm, 300 kW relative to a diesel engine. 
Brake thermal efficiency is independent on fuel used [13].
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gasoline by two numbers: the Research Octane (RON) and 
the Motor Octane (MON) numbers. In order to eliminate the 
uncertainty of the fuel formulation, we have modeled the 
engine with primary reference fuels (PRF), mixtures of 
n-heptane and iso-octane. We have compared the experi-
mental results using PRF to predict the knock-onset.

The use of primary reference fuels (PRF), mixtures of 
iso-octane and n-heptane in the work by Jo [14], provided an 
ideal opportunity to test the chemistry-based nature of knock. 
Experimental data is used to determine the knocking char-
acteristics of the fuel. Then we choose several cycles with 
pressure higher than the borderline knocking cycle, and 
several just below it, trying to determine through modelling 
whether the cycles with pressures higher than borderline 
knock are knocking, and those below are the borderline knock 
do not knock. However, benchmarking the results to PRF 
limits the accuracy of the model.

One major unknown in the model is the initial tempera-
ture of the cycle (we know the pressure, which is measured, 
and can calculate combustion timing for the individual 
cycles). Using the experimentally measured pressure profiles, 
we determine the in-cylinder temperatures using GTPower 
as a function of combustion timing. We then integrate the 
chemistry in the unburnt air-fuel mixture using different 
experimental pressure profiles, using the residuals estimated 
in the GTPower calculations, as a function of the initial 
temperature. For simplicity, we start the chemical kinetic 
calculations at 20 CA BTDC, relatively late in the cycle by 
before any significant chemistry has occurred in the unburnt 
air-fuel mixture. The CHEMKIN simulations assume an adia-
batic unburnt air-fuel mixture, using the Mehl mechanism [15].

If there is autoignition of the air-fuel mixture prior to 
CA90 timing (timing that results in combustion of 90% of the 
fuel), we assume that the model predicts knock. If it happens 
later in the cycle, we assume that there is no knock. As we can 
only estimate the temperature (not measured, only interpreted 
from the engine simulation), and the local variability of the 
temperature in cylinder is not known, we vary the temperature 
until there is autoignition at CA90, and call that condition 
borderline knock.

We have verified the model with experimentally deter-
mined results, at three different points using PRF, have been 
used to investigate knock. GTPower has been used to evaluate 
the engine conditions for actual engine cycles, not of the 
average cycle (which does not knock) [13].

Using our knock model we have calculated the lowest 
fraction of fuel that must be supplied by ethanol in order to 
suppress knock in the 7 liter engine where the gasoline is in 
the form of E10. It is assumed that the gasoline octane is 91 
PRF. The results are indicative of the trends, rather than 
precise prediction of the engine performance.

Figure 3a shows minimum required fraction of fuel 
provided by E85 (85% ethanol by volume) that prevents knock, 
as a function of the engine power, at 1800 rpm and a compres-
sion ratio of 14. The minimum required fraction is shown for 
several means of injection of the fuels. As the BMEP is reduced 
there is a lower minimum value E85 fraction required to 
prevent knock. For DI gasoline and DI E85 the required 
minimum fraction at 26 Bar BMEP and 300 kW is around 0.4 
This fraction could be reduced to around 0.2 for a compression 

ratio of 12 with resulting relative decrease in efficiency of 
around 2.5%. The corresponding brake thermal efficiency for 
operation at borderline knock shown in Figure 3a and is not 
affected by the choice of fueling method, but is a function of 
the torque.

DI E85 gasoline and DI gasoline provided the lowest 
fraction due to the increased knock resistance from the vapor-
ization cooling from both the gasoline and the ethanol. Open-
valve PFI of E85 and PFI gasoline, which provides some vapor-
ization cooling from port fuel injection, results in a modest 
increase in the minimum E85 fraction relative to DI E85 and 
PFI gasoline. Avoiding use of DI can make it easier to use a 
modified diesel engine where the spark plug could be placed 
in the cylinder opening that been used for the diesel 
fuel injector.

It is possible to substantially increase the power for 
improved operational capability, without exceeding the peak 
pressure limitation in the engine (similar to that of the heavy 
diesel engine), to about 500 kW (around 650 hp). The E85 
fraction would increase to 100%. The power can be increased 
by a combination of increased BMEP and increased rpm.

 FIGURE 3a  E85 at borderline knock, for various means of 
injecting the gasoline and the E85 into the illustrative 7 liter SI 
engine of Table 1 operating at 1800 rpm and using a 
compression ratio of 14.

© 2019 Massachusets Institute of Technology. All Rights Reserved.

 FIGURE 3b  Peak pressure as a function of BMEP for the 
engine in 3b with a compression ratio of 14, with 7.5 CAD 
spark retard.
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Figure 3b shows the dependence of the average-cycle peak 
cylinder pressure on BMEP, for the engine in Figure 3a, with 
7.5 CAD spark retard.

Figure 4 shows the minimum ethanol fraction as a 
function of compression ratio for an engine with three 
different modes of injection. For DI of gasoline and E85 the 
minimum E85 fraction at a compression ratio of 14 is around 
0.4. When the compression ratio is reduced to 12 the minimum 
fraction is around 0.2. As mentioned previously this decrease 
in compression ratio would reduce peak brake thermal effi-
ciency by a relative amount of around 2.5%.

The use of high BMEP in the 7 liter engine would require 
a stronger block and other stronger components than is used 
in most gasoline direct injection engines. One option for 
providing these components would be  to modify a diesel 
engine. As mentioned above, diesel port fuel injection could 
be open-valve PFI or standard closed valve PFI. We estimate 
that at 25 bar BMEP, the peak-pressure would average ~ 120 
bar with a compression ratio of 14, with mild spark retard.

Another option could be to use the strong compacted 
graphite iron block of the type that is used in some modern 
light duty vehicle engines.

As an alternative to downsizing provided by higher BMEP 
operation than is presently employed in SI gasoline engines, 
downsizing could be provided by operating the series hybrid 
SI gasoline engines at around the same BMEP of diesel engines 
(which is around the same as that of GTDI engines along with 
increasing the average engine speed to 1.5-2 times that of the 
diesel engine. This is possible because of the faster combustion 
rate of SI engines.

For example, the 7 liter SI gasoline engine described above 
could be operated at 3600 rpm in contrast to 1800 rpm for the 
diesel. The operating parameters for this high rpm version for 
the 7 liter engine are shown in the last column in Table 1. The 
dependence of efficiency as a function of compression ratio is 
the same as in Figure 2. We have investigated the increased 
engine speed using GTPower, including friction, heat losses. 
We have assumed constant combustion duration (in crank 
angles) and kept CA50 fixed.

Figure 5 shows the average pressure for the conditions of 
same power with 1800 and 3600 rpm, for an engine with a 
compression ratio of 14.

Because the addition of alcohol for knock suppression in 
this case is only needed to enable higher compression ratio 
operation than a GTDI engine, the minimum alcohol fraction 
is substantially less than for the case of high BMEP operation.

Figure 6 shows the dependence of required ethanol 
fraction on compression ratio for the high rpm (3600 rpm) 
engine operation mode. The required ethanol fraction varies 
from 35% at a compression ratio of 14 to 6% at a compression 
ratio of 12 for PFI gasoline-DI E85. For the case of DI gasoline 
and DI ethanol, our computer modeling indicates that there 
is no need for additional E85 to avoid knock, and the engine 
can be fed with DI gasoline without knock for compression 
ratios of 12-14.

At 3600 rpm, the BMEP is about 14 bar, and the inlet 
manifold is around 1 bar, roughly corresponding to naturally 
aspirated operation.

The efficiency of the 7 liter engine using 3600 rpm opera-
tion may deteriorate somewhat with higher rpm due the longer 
crank duration of the combustion. This deterioration should 
be small in state of the art engines [16, 17]. A 2% deterioration 
was used in Table 1. However, a 2 % reduction in efficiency 
could be an important factor in the long haul heavy duty 
vehicle sector where fuel cost is a key consideration.

 FIGURE 4  Fraction of E85 as a function of compression 
ratio, for 3 different modes of injection of the two fuels 
(gasoline, E85); for the illustrative engine of table 1 operating 
at 1800 rpm

© 2019 Massachusets Institute of Technology. All Rights Reserved.

 FIGURE 5  Cylinder pressure for 28 bar, 1800 rpm and 14 
bar, 3600 rpm. 7.5 CAD spark retard (average cycle)

© 2019 Massachusets Institute of Technology. All Rights Reserved.

 FIGURE 6  Dependence of minimum required ethanol 
fraction for 3600 rpm, 300 kW operation for the illustrative 
engine of table 1 the as a function of compression ratio. Note 
that for DI gasoline and E85, there is no need for E85 addition.
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Downloaded from SAE International by Leslie Bromberg, Tuesday, April 09, 2019



© 2019 Massachusets Institute of Technology. All Rights Reserved.

 FLEX FUEL GASOLINE-ALCOHOL ENGINE FOR NEAR ZERO EMISSIONS PLUG-IN HYBRID LONG-HAUL TRUCKS  7

If needed the reduction in efficiency at higher rpm could 
be potentially addressed by use of ,a faster combustion using 
a more powerful spark source or a prechamber (as described 
below), which is fueled with gasoline and/or alcohol), could 
be employed to address this issue.

The use of higher rpm operation could remove the need 
for a stronger block needed for higher BMEP operation enable 
the employment of a higher compression version of a presently 
used GDTI or GDI engines (i.e. naturally aspirated) for the 
internal combustion engine. The use of a GDI engine could 
relax possible temperature limitations on high rpm operation 
that could result from use of turbocharging.

It is possible to use two modified GTDI or GDI engines 
to provide the required electrical power. Each would be inte-
grated with its own generator. The use of two engines would 
provide a greater range of options for using present-day 
engines which maintain high efficiency at higher rpm. This 
configuration is shown in Figure 7. It shows the various elec-
trical components that are utilized. One potential advantage 
of using two engines is because of the much larger availability 
of smaller SI engines, at lower costs. Another advantage is that 
it also allows the possibility of operating the system at half 
power with high efficiency by using a single engine.

It is also possible to use a combination of both higher 
BMEP and higher RPM operation. However, a significant 
increase in BMEP could require use of stronger engine compo-
nents than used in GTDI engines along with a greater 
minimum fraction of alcohol.

Use of Prechamber 
Alcohol Jet Ignition
Prechamber jet ignition could provide a substantially better 
ignition source for the fuel in an engine cylinder which is the 
main chamber. The use of a prechamber could remove the 
disadvantage of a deterioration of efficiency with higher rpm 
operation and/or enable the use of higher engine gas recircula-
tion (EGR) to further reduce NOx emissions. A significant 
further reduction of NOx (e.g. from 0.02 g/bhp-hr to the 0.005 
g/bhp-hr - 0.01 g/bhp-hr range) could be possible with the 
use heavy EGR in addition to the use of the three way catalyst.

This technology involves the use of a small spark ignited 
prechamber for each cylinder. The better ignition capability 

that is provided can be used to increase the combustion rate 
and to thereby reduce the deterioration of efficiency at high 
engine speed [18].

A spark in the prechamber ignites a hot mixture of fuel 
and air, which is typically rich. A jet is expelled into the main 
cylinder and ignites the fuel in the main chamber over a much 
larger region than possible with a spark plug. A gasoline fueled 
prechamber jet ignition has been employed so as to send a hot 
turbulent jet of gas into the cylinder which was also fueled 
with gasoline. The hot turbulent jet approach provided 
substantially improved ignition using only 1-2% of the total 
fuel in the prechamber [19].

Our computational modeling indicates that the capability 
of this and other prechambers can be substantially improved 
by optimized use of alcohol in the prechamber. Gasoline is 
not a preferred fuel to be used for combustion in the pre-
chamber, as it has large quench thickness that adversely affects 
the combustion in a small chamber. In addition, soot limits 
the range of fuel-air ratios in gasoline fueled prechamber.

Substantially improved engine operation could 
be obtained by using alcohol or a high concentration alcohol 
-gasoline mixture in the prechamber (which we refer to as 
“alcohol jet ignition,” or “AJI”) while the main chamber is 
fueled with gasoline or a lower concentration alcohol-gasoline 
mixture such as E10. The engine could also be fueled with 
alcohol or a high concentration alcohol -gasoline mixture 
including use of the same alcohol fuel in the prechamber and 
the main chamber.

The use of alcohol in the prechamber reduces sooting, 
thereby allowing a wider fuel- air ratio range in AJI operation. 
The use of the wider fuel -air ratio range can increase the 
combustion rate in the main chamber. For a given prechamber 
with a given fuel air ratio, alcohol can be used so as to reduce 
soot relative to operation of the AJI operation with gasoline.

The use of alcohol also provides a higher flame speed and 
increases combustion stability in the prechamber and in the 
main chamber. Both ethanol and methanol have a higher 
flame speed than gasoline. The flame speed of methanol is 
higher than that of ethanol.

It is possible to vary the equivalence ratio in the 
prechamber to adjust the hydrogen and thermal impacts on 
combustion in the main chamber. As the equivalence ratio of 
the prechamber decreases, the thermal impact decreases 
(lower temperature of the jet), while the level of hydrogen/CO 
increases (higher concentration of H2 and CO). One hypoth-
esis is in AJI the ignition mechanism in the main chamber is 
autoignition of zones with the hot hydrogen rich gas.. Our 
preliminary simulations indicate that the thermal effect (from 
the hot syngas) is more important in decreasing the autoigni-
tion delay than the presence of the hydrogen.

The use of alcohol rather than gasoline can reduce the 
prechamber volume and thus the amount of fuel needed for 
AJI operation. Our preliminary calculations indicate that with 
optimal design it could be  possible to provide improved 
combustion with an alcohol use in AJI that is substantially 
less than 2% of the fuel use in the engine cylinder that it ignites.

The alcohol could be provided by external fill of a separate 
tank or by onboard separation of alcohol from a low to modest 
alcohol-gasoline mixture such as E10, E20, E30 or M15 [20, 
21, 22, 23].

 FIGURE 7  Illustrative system with two small SI engines/
generators in a series hybrid vehicle.
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The reduced soot formation and higher flame speed from 
alcohol use with AJI can be used so as to provide an improved 
combustion rate and less deterioration of engine efficiency at 
high rpm than would occur if gasoline or a low concentration 
alcohol gasoline mixture were used in the prechamber.

In addition to enabling higher efficiency operation at 
higher rpm, AJI can also improve knock suppression by 
providing faster combustion in the main chamber. The 
improved knock resistance in the main chamber can reduce 
the amount of alcohol in the main chamber that is needed to 
prevent knock. This reduction can be greater than the amount 
of alcohol that is used for AJI.

The use of one, two or all of the above benefits of AJI can 
increase the efficiency of alcohol-enabled higher efficiency 
gasoline operation in a high rpm engine for a given total 
amount of alcohol (alcohol used in the prechamber plus 
alcohol used in the engine cylinders). Or it can reduce the 
total alcohol that is consumed for a given efficiency over a 
driving period. It can also provide combinations of lower total 
alcohol use and higher efficiency.

The alcohol fuel can be obtained from the second tank in 
a dual fuel engine. The second tank can be  refilled from 
onboard separation of a component from the fuel in the main 
tank (gasoline/alcohol blends), or can be periodically refueled 
externally. Since the amount of the fuel (by energy) required 
is small, refueling operations can be infrequent.

For successful operation of the pre-chamber, it is neces-
sary to vaporize the liquid fuel, without the production of soot. 
It may also be advantageous to use coatings on the wall to 
facilitate operation. These coating could be catalytic in nature.

Alcohol could be injected into the prechamber early in 
the compression stroke or before as a liquid, and it can 
vaporize there, scavenging the residuals from the previous 
combustion cycle. Various alcohols can be used, hydrous or 
neat methanol or ethanol, or high blends of alcohols and 
hydrocarbons. Flamability and peak pressure in the 
prechamber will be increased by removing residuals from the 
prechamber, generating faster, hotter jets that improve the 
combustion in the main chamber.

The prechamber can also be used to reduce cold start 
emissions. In this case, because of the robustness of the 
ignition process that is provided by the pre-chamber, less fuel 
enrichment in the main chamber is needed during cold start. 
A strong spark in the prechamber can be robust enough to 
ignite the air/fuel in the prechamber, even in the presence of 
wall wetting.

Cold start emissions, and in particularly hydrocarbon 
emissions, can be reduced by adjusting the equivalence ratio 
in the main chamber during the cold start. The adjustment of 
the equivalence ratio in the main chamber may only last a few 
seconds, as it is likely that NOx emissions during this time 
will be high. Thus the time of operation with these conditions 
should be limited. This approach could be used for gasoline 
fueled prechamber operation as well as for alcohol fueled 
prechamber operation.

The equivalence ratio used in the AJI can be adjusted for 
different environmental conditions (such as temperature, for 
cold start).

We have used computer modeling to determine charac-
teristics of the prechamber. Because of the high temperatures 

during the combustion process, the prechamber chemistry 
has been modeled using a constant volume, constant enthalpy 
model, with products being in thermal equilibrium. It is 
assumed that the prechamber kinetics occur under constant 
volume, meaning that the chemistry is fast compared with 
the fluid dynamics, which will result in pressure relief in the 
prechamber. The model is useful to determine the character-
istics of the prechamber, even though it is approximate. The 
results of the model calculation are shown in Figure 8 as a 
function of equivalence ratio (the fuel air ratio that is normal-
ized to a stoichiometric fuel air ratio). It is assumed that the 
initial conditions are 10 bar and 640 K, typical conditions for 
sparking in SI engines. The prechamber can be operated at an 
equivalence ratio of 1.1 with a temperature greater than 
2400 K or at an equivalence ratio of 1.5 with a temperature 
greater than 2100 K.

While operation at low equivalence ratio provides the 
highest temperature operation, higher equivalence ratio 
increases production of hydrogen and carbon monoxide which 
can have a beneficial impact in increasing the dilution limit 
in the main chamber.

The dependence of the effects of the combustion of fuel 
in the main chamber upon the parameters of the prechamber 

 FIGURE 8  Temperature and pressure (a) and molar 
composition of hydrogen and carbon monoxide (b) as a 
function of the equivalence ratio for a methanol 
fueled prechamber .
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operation determines where it is most advantageous to operate 
the prechamber.

It is possible to vary the equivalence ratio in the 
prechamber to adjust the hydrogen to thermal impact on 
combustion in the main chamber. As the equivalence ratio of 
the prechamber is decreased, the thermal impact decreases 
(lower temperature), while the level of hydrogen/CO increases 
(higher concentration of H2 and CO

Metering the small amount of fuel that is used for the AJI 
(less than 2% of the fuel used in the main chamber) , with a 
conventional injector, would be difficult. Injectors with much 
smaller orifice, with fast acting action (such as piezo-electric 
driven injectors), would be needed.

The use of AJI with a strong spark, which could 
be provided by a high energy ignition system is advantageous, 
in that the combustion of the air/fuel mixture in the 
prechamber is robust, not sensitive to the actual equivalence 
ratio in the prechamber. Thus, the challenge of metering the 
additional fuel in the prechamber is eased.

In addition to minimizing the alcohol requirement for 
the pre-chamber operation by varying the amount of directly 
injected alcohol based on the region in the torque-speed space 
at which the engine is operating, it could also be minimized 
by optimizing the tradeoff between temperature and equiva-
lence ratio as described above.

The AJI operation could be used to enable significantly 
higher EGR with stoichiometric fuel/air operation in the main 
chamber. The heavy EGR could provide a substantial reduc-
tion to already low NOx levels in stoichiometric gasoline 
engine operation with a three way catalyst and could also 
provide a modest increase in efficiency

The fuel management system can use a lookup table or 
feedback from engine/exhaust sensors, to adjust the equiva-
lence ratio in the prechamber. The combustion products 
composition and temperature can be adjusted and varied 
across the vehicle operating conditions. A main chamber 
combustion sensor can be  used to determine the 
alcohol addition.

The adjustment of the prechamber equivalence ratio 
across the engine map can be used to reduce and preferably 
to operate so as to minimize the use of alcohol. The alcohol 
use in the prechamber could be provided on-demand with 
the amount depending on engine operating condition.

Figure 8 shows two options for utilize of using alcohol in 
an engine system that uses alcohol enhanced prechamber. In 
Figure 9 (a) alcohol is introduced into the prechamber and 
another fuel (for example, gasoline) or the same fuel is intro-
duced into the main chamber (the engine cylinder). In Figure 
9 (b) alcohol is also introduced into the main chamber.

The alcohol use in both or either of the two chambers can 
be varied based on the place in the torque-speed map that the 
engine is operating.

For knock control, it could be best to directly inject the 
fuel into the main chamber, in order to take advantage of the 
evaporative cooling of the alcohol. Alternatively the alcohol 
could be injected using open-valve port fuel injection which 
provides some evaporative cooling but not as much direct 
injection, or by closed-valve port fuel injection. For some 
applications the same alcohol fuel may be used both in the 
main chamber and for the AJI.

Use of Water Injection for 
Knock Suppression
In addition to or instead of alcohol, water could be used to 
provide the additional knock suppression [24, 25, 26, 27]. Use 
of water injection could further reduce the minimum alcohol 
requirement for the required knock suppression. This can 
be especially important for high BMEP operation.

Figure 10 shows one version of this type of system. Dual 
injection is employed where gasoline or a low alcohol concen-
tration gasoline -alcohol mixture is introduced into the engine 
by one fueling system. A second fueling system introduces 
alcohol, water and/or alcohol plus water. One fueling 

 FIGURE 9  Engine operation with alcohol enhanced 
prechamber; (a) Alcohol is introduced into a prechamber and 
then into a cylinder in the engine (b). Alcohol is also introduced 
into the cylinder so as to prevent knock.
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 FIGURE 10  System for electric drive for a vehicle with 
engine using water , alcohol or alcohol-water mixtures for 
knock suppression
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configuration is to for the first fueling system to use direct 
injection and for the second fueling system to use port fuel 
injection where the port fuel injection occurs with the inlet 
valve open so as to facilitate increased knock resistance by 
vaporization cooling in the cylinder.

As shown in Figure 10 the electric motor is powered by 
either the battery or by a generator. The battery can be charged 
by the engine powered generator or by a renewable electrical 
source. The water could either be provided by external fill of a 
storage tank and/or by recovery from the vehicle, for example 
by recovery from the exhaust using a water separator or the 
AC system [22]. External fill with water could be especially 
attractive in regions of the world that have warm climates The 
alcohol could be provided by a separate tank which could 
be supplied by external refill and/or by use of an onboard sepa-
rator to derive the alcohol from an alcohol-gasoline mixture.

Alcohol use can be minimized by operating as much as 
possible with water being used to provide the required knock 
resistance \; and using alcohol when water is not available

An example is to use alcohol only during the brief periods 
of time, such as the first 100 seconds, when the engine is cold 
and sufficient water is not yet available. Increased spark retard 
could be used during cold start to reduce the knock suppressing 
fluid requirement during the short periods of time when water 
is not available (This approach could also be employed for 
engines used in vehicles that do not have hybrid powertrains).

Another means for addressing operation of the engine in 
a hybrid powertrain when it is cold, is to operate it at low load 
until it is warmed up and to use stored electricity in the battery 
to make up for the lower electricity production from the 
engine. During the engine start-up, when the engine and cata-
lysts are cold, the engine operates at low load, low power until 
warm enough to start generating water.

Low load, low power operation greatly reduces or elimi-
nates the amount of alcohol or water or alcohol/water mixtures 
that are needed to prevent knock. Once the engine warms up 
and water retrieving is re-established, the engine operation 
can switch to high power. The exhaust system and the catalyst 
are thermally insulated in order to minimize the period when 
the engine is operational but the catalyst is cold. A temporary 
increase in spark retard can also be used to heat the catalyst. 
As the engine is only used to provide electricity when needed, 
turning on and off occurs at more frequent intervals than 
when the engine is the prime mover. It is desirable to minimize 
catalyst cool-down during the off-periods of the engine, and 
to minimize the time for achieving catalyst light off 
when restarted.

Flexible Fuel Operation 
with Alcohol Enhanced 
Exhaust Heat Recovery
When operated with alcohol alone or a high alcohol concen-
tration alcohol-gasoline mixture, the engine can provide 
higher efficiency by use of an alcohol-enabled high perfor-
mance exhaust heat recovery system.

Figure 11 shows the alcohol enabled high performance 
exhaust heat recovery system. The high performance exhaust 
heat recovery is provided by using exhaust heat to endother-
mically reform the alcohol into hydrogen and carbon 
monoxide (hydrogen-rich gas) which has higher chemical 
energy than the alcohol and which is then introduced into the 
engine [6, 28, 29].

An increase in amount of the waste exhaust that is recov-
ered can be also provided by Rankine cycle recovery of the 
energy from exhaust heat using pressurized alcohol as the 
working fluid [22]. The high pressure, high temperature syngas 
is employed to drive a turbine which produces electricity or 
is connected to the engine shaft (as in turbo-compounding), 
before being introduced into the engine as fuel. The electricity 
from the turbine could be used in both powertrains that do 
not employ electrical propulsion and powertrains that employ 
electrical propulsion.

A fraction of the alcohol is not directed to exhaust heat 
recovery. This diverted fraction is used to provide a greater 
amount of knock resistance than is provided by the hydrogen-
rich gas. The diverted fraction of alcohol used to prevent knock 
can be reduced by use of water injection and /or high rpm 
operation. This enables higher efficiency operation than would 
otherwise be possible.

The exhaust heat recovery is facilitated by stoichiometric 
engine operation that provides higher temperature engine 
exhaust than is provided by a diesel engine which is operated 
with a lean fuel to air ratio.

Engines that use this exhaust heat recovery technology 
[20] could provide an efficiency that is around 1.15-1.20 times 
greater than diesel engines when the engines are operated 
with ethanol alone and around 1.15-1.2 times greater when 
operated with methanol alone.

The use of the exhaust heat recovery technology in a series 
hybrid is also facilitated by the relatively constant level of 
power operation and the use of the electricity from the 
Rankine turbine in the hybrid electricity system.

The higher efficiency from exhaust heat recovery in a high 
speed engine in a series hybrid could provide an efficiency of 
conversion of fuel into electricity that is 50% or greater and is 
comparable to hydrogen to electricity conversion in a fuel cell.

If the flex fuel engine is fueled with E85 or another high 
alcohol concentration alcohol-gasoline mixture, onboard fuel 
separation could be employed to separate the E85 into a higher 

 FIGURE 11  System for electric drive that uses an open 
Rankine cycle for waste energy recovery. Single lines indicate 
fuel flow, while double lines indicate electricity flow.
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concentration ethanol stream and a stream that is mostly 
gasoline [26, 27, 28]. The higher concentration ethanol stream 
which is used in the energy recovery system, would be  less 
prone to sooting in catalytic reformer conversion to syngas.

The separated gasoline can be stored in a separate tank 
from the E85 and when advantageous, it can be introduced 
into the engine by a separate fueling system different from 
that which introduces the syngas from reformed high higher 
concentration ethanol stream. The separated gasoline can 
be used for cold start. A small amount of E85 can also be used 
as is for cold start. The same approach could be used with a 
high alcohol concentration methanol-gasoline mixture such 
as M85.

Summary/Conclusions
 1. We have used computer modeling to analyze features 

for a SI flex- fuel gasoline -alcohol engine approach 
that provides an alternative to diesel engines in plug-
in series hybrid powertrains for long haul heavy duty 
trucks. The alcohol could be ethanol or methanol. 
Our analysis shows that with optimized use of these 
features the flex fuel gasoline-alcohol engine approach 
could provide a comparable efficiency to a diesel 
engine by enabling the use of a high compression 
ratio (e.g. 14) in an SI engine that is smaller than a 
diesel engine while providing the same power. By 
using a three way catalyst and stoichiometric 
operation a low NOx emission level of around 0.02 g/
bhp-hr could be achieved. This NOx level is around 
90% lower than the 0.2g/bhp-hr level produced from 
present heavy duty diesel engine vehicles using state 
of the art exhaust treatment. However, the use of the 
diesel engine in a hybrid powertrain and 
improvements in diesel exhaust treatment technology 
could considerably reduce the lower NOx advantage 
of an SI engine. The flex fuel gasoline -alcohol 
approach could also provide a lower cost than use of 
diesel engines due to lower cost exhaust treatment, 
lower cost fuel injection, and use of a smaller engine. 
And it could facilitate greater use of alcohol fuels in 
flex fuel operation, thereby potentially reducing 
greenhouse gas reductions as well as reducing 
oil dependence.

 2. Our computer modeling also shows that the 
comparable efficiency to that of a diesel engine could 
be potentially be provided with operation on mainly 
(or in some cases entirely) using direct injection of 
gasoline or a low concentration gasoline -alcohol 
mixture such as E10. This operation would facilitate 
use of the existing gasoline fueling infrastructure 
with little or no need to provide additional alcohol to 
provide the knock suppression needed to achieve 
diesel-like efficiency. Features that enable this 
operation include use of high rpm operation which 
provide a substantial reduction in the knock 
suppression requirement. They also include the use of 
water injection to supply additional knock 

suppression where the water is provided by water 
recovery from an engine that is mostly operated at 
constant power using in a series hybrid configuration.

 3. Analysis was also performed on the potential use of 
an alcohol enhanced jet ignition employing small 
spark ignited prechambers as a substitute for a spark 
plug on each cylinder. The analysis showed that 
alcohol jet ignition can provide substantial 
improvement over gasoline jet ignition .It can be used 
to improve efficiency at high rpm and/or to enable 
higher EGR which can be used to further reduce NOx 
emissions. Using higher EGR the emissions of an SI 
flex fuel gasoline- alcohol vehicle could potentially 
be reduced to the 0.005 to 0.01 g/bhp-hr range.

 4. A flex fuel gasoline -alcohol engine approach could 
potentially provide the lowest emission option for a 
near zero emissions requirement for a series hybrid 
range extender engine for a long haul truck that uses a 
room temperature liquid fuel by providing both the 
lowest air pollution and lowest greenhouse gas 
emissions when the internal combustion engine 
operates. This approach can be used in other plug-in 
modes as well as in a range extender mode. For 
example, the relative use of battery power, gasoline 
power and alcohol power can be optimized for 
meeting varying prices and availability of these 
energy sources as a long haul truck travels through 
various regions...The flexible fuel gasoline-alcohol 
series hybrid approach that is described here could 
also be used in other heavy duty vehicles, medium 
duty vehicles and in light duty trucks.

 5. While this analysis provides an initial assessment of 
the integration of potential features for maximizing 
the benefits of using flex-fuel gasoline -alcohol 
engines for plug-n hybrid for long haul heavy duty 
vehicles. More detailed engine modeling is needed to 
provide more accurate and meaningful parameters 
for specific powertrains.
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Definitions/Abbreviations
EGR - exhaust gas recirculation
AJI - Alcohol Jet Ignition
BMEP - Brake mean equivalent pressure (torque divided by 
displacement volume)
GTDI - Gasoline turbocharged Direct Injection.

GDI - Gasoline direct injection
DI - Direct injection
PFI - Port-fuel injection
g/bhp hr - Grams per brake horsepower hour
TWC - Three way catalyst
SCR - Selective Catalyst Reaction
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