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Chapter

Dual-Fuel Combustion

Mateos Kassa and Carrie Hall

Abstract

The implementation of a dual-fuel combustion strategy has recently been
explored as a means to improve the thermal efficiencies of internal combustion
engines while simultaneously reducing their emissions. Dual-fuel combus-
tion is utilized in compression ignition (CI) engines to promote the use of more
readily available gaseous fuels or more efficient, advanced combustion modes.
Implementing dual-fuel injection technologies on these engines also allows (1)
for improved control of the combustion timing by varying the proportion of two
simultaneously injected fuels, and (2) for the use of more advanced combustion
modes at high load since the two injected fuels ignite in succession reducing the high
peak pressures that generally act as a limiting factor. In spark-ignited (SI) engines,
the implementation of a dual-fuel combustion strategy serves as an alternative
approach to avoid engine knock. The dual-fuel SI engine relies on the simultaneous
injection of a low knock resistance and high knock resistance fuel to dynamically
adjust the fuel mixture’s resistance to knock as required. The dual-fuel SI engine
thereby successfully suppresses knock without compromising the engine efficiency.
This chapter discusses the technological advancements associated to dual-fuel
combustion and the respective gains in fuel efficiency and emissions reductions
that have been achieved.

Keywords: dual-fuel, RCCI, alternative fuels, natural gas, ethanol, knock suppression

1. Introduction

Energy demands in the transportation sector are increasing due to a growing
population and simultaneously economic policies are aiming to improve efficiency
and reduce hazardous pollutant emissions including nitrogen oxides (NOx),
unburned hydrocarbons (UHC) and particulate matter (PM). This hasled toa
great deal of interest in vehicle electrification as well as cleaner and more efficient
engines. While vehicle electrification and hybridization has been growing, the cost
and energy density limitations of batteries still pose challenges. As such, it is pre-
dicted that internal combustion engines will still power 60% of light-duty vehicles
in 2050 [1] and the heavy-duty market will likely be mainly powered by engines for
the foreseeable future.

In order to abide by the stringent emissions regulations and deliver power
efficiently, there is a need for clean, high efficiency engines. A variety of strategies
have been investigated in order to improve the efficiency of today’s engines.

These include technologies such as variable valve timing that aim to reduce
pumping losses associated with the gas exchanges process and variable geometry
turbochargers that seek to harness exhaust energy to improve the power density
of engines. In addition, more advanced fuel injection systems have also been
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implemented in order to inject fuel at higher pressures and thereby promote fuel
and air mixing. Improved mixing will increase the combustion efficiency and also
reduce emissions of particulate matter. More complex fuel injection systems can
also be used in order to develop dual-fuel combustion strategies.

Dual-fuel combustion strategies have been demonstrated to be advantageous
on both spark-ignited (SI) and compression-ignited (CI) engines. On SI engines,
dual-fuel technologies can be leveraged to combat knock. Knock typically occurs
in high temperature and high pressure in-cylinder conditions at which the fuel-
air mixture will auto-ignite creating pressure shock waves in the cylinder. Knock
can significantly damage the engine and is most prevalent at high loads where
the efficiency reaches its peak. As such, high efficiency engine performance with
gasoline fuel is often limited by knock. In high load conditions, the engine combus-
tion phasing is often delayed to a suboptimal timing in order to avoid knock. While
this allows harmful premature combustion to be avoided, it also leads to reductions
in efficiency.

Alternatively, knock can also be prevented by using a fuel with a higher octane
number (typically described by the research octane number (RON), motor octane
number (MON) or anti-knock index (AKI)). Fuels with a high octane rating will
be able to operate at the optimal combustion phasing even at high loads, but are
more expensive. If high octane fuels are used in dual-fuel engines, they can enable
a technique known as “octane-on-demand”. Octane-on-demand strategies are often
implemented on engines with dual-fuel capabilities by using both a low RON fuel
and a high RON fuel simultaneously [2-5]. With dual-fuel capabilities, the fuel mix-
ture’s knock resistance can be changed in real time to avoid knock while maintain-
ing optimal combustion phasing. Such methods also allow fuel cost to be minimized
since a less expensive, low RON fuel can be used in the lower operating conditions
and the high RON fuel can be used only in knock-prone conditions.

On CI engines, dual-fuel injection methods have historically been used for
retrofitting old diesel engines with a cheaper fuel. In addition to the utilization of
an alternative power source, the implementation also enabled reductions in PM
emissions. More recently, dual-fuel injection methods have been used to promote
the utilization of less reactive fuels and facilitate more advanced combustion
strategies. Some dual-fuel combustion modes have shown significant promise and
operate with high efficiency and low pollutant output. This is often achieved over a
wide operating range by simultaneously utilizing two fuels with differing reactivi-
ties to promote premixing of the fuel or create stratification of the reactivity of the
in-cylinder mixture [6, 7].

While these dual-fuel combustion modes show promise, they are not currently
utilized in many production vehicles, due to a variety of challenges including dif-
ficulties with controlling combustion phasing and combustion stability with the
more complex combustion strategy as well as consumer acceptance and infra-
structure limitations. Currently, most of these dual-fuel combustion strategies are
studied in closely monitored laboratory environments on single cylinder engines.
Once removed from the laboratory and implemented on multi-cylinder engines,
combustion variations and phasing challenges begin to dominate [8-10]. One such
challenge is the occurrence of more significant cylinder-to-cylinder variations
that can lead to inconsistent power production and potentially damaging engine
conditions. In addition, on CI engines, many dual-fuel combustion strategies
leverage a more premixed combustion and as such, the timing of the combustion
event is controlled by the chemical kinetics. This makes it more challenging to
properly time the combustion event. More advanced control methodologies are
required to reduce these combustion variations and ensure an optimal combus-
tion phasing.
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Dual-fuel engines have the potential to be highly efficient and clean, but their
usage may also be limited by consumer acceptance and infrastructure challenges.
Users will have to fill two fuel tanks and will need access to the needed fuelsina
broad enough region. This chapter will discuss the technological developments
that led to today’s dual-fuel engines, and the advancements that have been made on
dual-fuel CI and SI engines.

2. Technology overview

The concept of the dual-fuel engine has been around almost as long as the
Gasoline (Otto) and Diesel engine. Following the development of Nikolaus Otto’s
spark-ignited engine, the desire to improve the thermal efficiency by increasing the
engine compression ratio led to the development of Rudolf Diesel’s compression-
ignited engine. Subsequently, interest in better controlling the ignition and regulat-
ing the combustion led Rudolf Diesel, himself, to propose a dual-fuel combustion
strategy and patent his invention in 1901 [11]. Today, the idea has been leveraged
to promote the use of gaseous fuels such as natural gas in diesel engines and for the
development of advanced combustion strategies that take advantage of the abil-
ity to dynamically optimize the properties of the fuel mixture (by controlling the
proportion between the injected fuels) based on the operating conditions. Such
implementations of the dual-fuel combustion strategy promise significant gains in
fuel efficiency as well as reductions in toxic emissions. Nevertheless, most of the
benefits associated with dual-fuel combustion have been primarily explored in aca-
demic and research institutions under strictly regulated conditions; the technology
currently still faces significant challenges and limited acceptance, which restricts its
market penetration.

This section aims to provide an overview of the development of the dual-fuel
engines by specifically reviewing the history behind the technology and discuss-
ing examples of current and past dual-fuel engines in production. The subsequent
sections will discuss ongoing research on dual-fuel engines and its expected role in
the near and far future.

2.1 Brief history

In a patent application filed on April 6, 1898, Rudolf Diesel proposes that “if a
given mixture is compressed to a degree below its igniting-point, but higher than
the igniting-point of a second or auxiliary combustible, then injecting this latter
into the first compressed mixture will induce immediate ignition of the secondary
fuel and gradual combustion of the first mixture, the combustion after ignition
depending on the injection of the igniting or secondary combustible” [11]. This
patent entitled Method of Igniting and Regulating Combustion for Internal Combustion
Engines was accepted in 1901 and marks one of the initial efforts to introduce and
successfully ignite a less reactive gaseous fuel in a 4-stroke internal combustion
engine using a second fuel. Similarly, today, the ability to ignite a premixed charge
(ex: air and a low reactivity fuel such as natural gas) with a secondary high reactiv-
ity fuel (such as Diesel) or interchangeably solely operating on the high reactivity
fuel is one of the important characterization of a dual-fuel combustion strategy.

For several years, the dual-fuel engine was not used commercially due to its
mechanical complexity and rough running caused by auto-ignition and knocking.
The first commercial dual-fuel engine was only produced in 1939 by the National
Gas and Oil Engine Co. in Great Britain. The engine, fueled by town gas or other
types of gaseous fuels, was relatively simple to operate and was mainly employed
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in some areas where cheap stationary power production was required [12]. During
the Second World War, the shortage of liquid fuels attracted further interest in
dual-fuel engines from scientists in Great Britain, Germany and Italy. Some diesel
engine vehicles were successfully converted to dual-fuel and the possible applica-
tion of dual-fuel engines in civil and military areas were also explored. Different
kinds of gaseous fuels, such as coal gas, sewage gas or methane, were employed

in conventional diesel engines during this time [13]. After the Second World War,
due to economic and environmental reasons, dual-fuel engines have been further
developed and employed in a very wide range of applications from stationary power
production to road and marine transport, including long and short haul trucks and
busses [12].

In 1949, Crooks, an Engineer at The Cooper-Bessemer Corporation—one of
the main engine manufacturers during World War II, presented experimental
work with a dual-fuel engine that claimed to have led to the most efficient engine
known with a thermal efficiency of 40% at full load. He further highlights that the
dual-fuel engine has led to “an extremely economical source of power having an
extremely low maintenance cost” [14]. The potential of utilizing relatively cheap
gaseous fuel resources and simultaneously benefitting from high thermal efficien-
cies have promoted the conversion of a conventional compression ignition engine
to dual fuel operation. Nevertheless, important limitations still persist: (1) at high
loads, the power output and efficiency was limited by the onset of autoignition and
knock with most common gaseous fuels, (2) the combustion process in dual-fuel
engine is highly sensitive to the type, composition, and concentration of the gaseous
fuel being used, and (3) at light load operation, the dual-fuel engine exhibits a
greater degree of cyclic variations in performance parameters such as peak cylinder
pressure, torque, and ignition delay [13].

A great deal of research is still being undertaken to understand and overcome
the challenges associated with the operation of dual-fuel engines. A promising
endeavor consists of successfully harnessing the benefits of the dual-fuel engine in
the automotive industry.

2.2 Dual-fuel in the modern automotive industry

In a book chapter entitled “The Dual-fuel Engine’ published in 1987, Ghazi
A. Karim who had previously conducted several studies [15-20] on the topic of
dual-fuel engines suggests that although dual-fuel engine has been employed in a
wide range of stationary applications for power production, co-generation, com-
pression of gases and pumping duties; the implementation in mobile applications
“remain a field of urgent long term research that can have the potential for opening
widely the market for the dual-fuel engine and the increased exploitation of gaseous
fuel resources, particularly in the transport sector” [21].

Indeed, the implementation of dual-fuel technology has been more favorable
in stationary and heavy-duty applications as opposed to mobile and light-duty
applications. Yet, the opportune long-term research proposed by Karim for the
transportation sector is still on-going. More recently, efforts to diversify the energy
resources of the transportation industry have motivated researchers and engine
manufacturers alike to investigate opportunities to leverage the dual-fuel combus-
tion strategy. Furthermore, government imposed regulations on engine-out emis-
sions and fuel efficiency targets have propelled the search for innovative engine
technologies including novel implementations of the dual-fuel concept.

In more recent years, a research group at the University of Wisconsin-Madison
proposed the implementation of a dual-fuel combustion strategy to reduce Nitrogen
Oxide (NOx) and Particulate Matter (PM) emissions [6, 7, 10, 22]. The combustion
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strategy called Reactivity Controlled Compression Ignition (RCCI) promises sig-
nificant pollutant reductions as well as impressive fuel efficiency gains. RCCI uses
in-cylinder fuel blending with at least two fuels of different reactivity and multiple
injections to control in-cylinder fuel reactivity to optimize combustion phasing,
duration and magnitude. The process involves introduction of a low reactivity

fuel into the cylinder to create a well-mixed charge of low reactivity fuel, air and
recirculated exhaust gases. The high reactivity fuel is injected before ignition of the
premixed fuel occurs using single or multiple injections directly into the combus-
tion chamber [22].

Kokjohn et al. [6] compared the performance of a conventional diesel combus-
tion and a dual-fuel RCCI combustion. Their study showed the implementation
of a dual fuel combustion strategy yielded a reduction in NOx by three orders of
magnitude, a reduction in soot by a factor of six, and an increase in gross indicated
efficiency of 16.4%. Splitter et al. [7] demonstrated on a dual-fuel RCCI engine that
optimizing in-cylinder fuel stratification with two fuels of large reactivity differ-
ences achieved gross indicated thermal efficiencies near 60%. Furthermore, they
showed through simulations studies that a dual-fuel combustion strategy rejected
less heat, and that ~94% of the maximum cycle efficiency could be achieved while
simultaneously obtaining ultra-low NOx and PM emissions.

Similar motivations to boost the thermal efficiency of engines have led to the
implementation of a dual-fuel strategy in light duty-spark ignited engines as well.
Initially proposed as an engine concept in 2005 by Cohn et al. [3], the dual-fuel
spark-ignited engine featured two fuel injections systems—one for conventional
gasoline and another for ethanol. The engine would promote the utilization of
alternative fuels such as ethanol reducing the dependence on fossil fuels, and it was
an alternative knock suppressing strategy which allows for higher load and higher
efficiency operations. A high octane rating fuel such as ethanol is used in conjunc-
tion with the conventional fuel, gasoline, to dynamically adjust the fuel mixture’s
resistance to auto-ignition based on the operating conditions.

The studies by Cohn et al. [3] suggested dual-fuel combustion could potentially
increase an SI engine’s drive cycle efficiency by approximately 30%. Similar studies
by Daniel et al. [4] demonstrated that dual-injection showed benefits to the indi-
cated efficiency and emissions at almost all loads compared to a single fuel gasoline
direct injection (GDI) strategy. Furthermore, Chang et al. [77] showed a maximum
30% Well-to-Wheels (W-t-W) CO, equivalent reduction can be achieved by utiliz-
ing a dual-fuel injection system. Numerous studies, such as [23-25], continue to
explore the benefits that can be achieved through the introduction of dual-fuel
combustion in the modern automotive engines.

In the next sections, the application and benefits of dual-fuel combustion are
separately discussed for compression-ignition and spark-ignited engines followed
by concluding remarks.

3. Dual-fuel compression-ignition engines

Diesel or compression-ignition engines dominate the medium and heavy-duty
markets due to their higher efficiency and high torque production capabilities.
Such engines require a more reactive fuel that will auto-ignite at high pressures and
temperatures. This limits the fuels that can be leveraged on CI engines. Dual-fuel
engines provide a way to use less reactive fuels since they can leverage a second
more reactive fuel to produce ignition. In addition, dual-fuel concepts have also
been investigated as a way to reduce engine emissions. Conventional diesel combus-
tion is diffusion controlled and is typically accompanied by high nitrogen oxide
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(NOy) and particulate matter (PM) emissions [26]. Nitrogen oxide emissions result
from high in-cylinder temperature conditions which promote the combination
of nitrogen (carried in with the fresh air) with excess oxygen [27]. Meanwhile,
particulate matter or soot is produced in fuel rich regions when hydrocarbon species
agglomerate [27, 28]. As such, high local equivalence ratios can lead to soot forma-
tion and high local temperatures can lead to NOx formation as shown in Figure 1.
In order to avoid these problematic regions, many dual-fuel, heavy-duty CI engines
attempt to operate in conditions which promote premixing of the fuel and air and/
or achieve in-cylinder stratification in order to reach high efficiencies and low emis-
sions. By enabling a more premixed combustion, rich regions where PM would be
produced can be nearly eliminated and shorter combustion durations are achieved
which reduces local temperatures and thereby, NO, emissions [6, 7, 29-33].

As such, dual-fuel engines have been pursued in the heavy-duty market for two

main reasons:

1. As a way to leverage more readily available but less reactive fuels as the primary
power source and use a high reactivity fuel to initiate combustion.

2. As a way to introduce fuels of varying reactivities and create a more complex
combustion mode that can be more efficient and produce less NOy and PM.

3.1 Conventional dual-fuel compression-ignition engines

As the world seeks to become less reliant on conventional diesel and gasoline,
there has been increasing interest in using fuels such as natural gas in engines. Some
of these fuels are less reactive than conventional diesel fuel and therefore, are more
challenging to use on compression-ignition engines where auto-ignition of the fuel
is needed. Dual-fuel systems are one way to leverage less reactive fuels on heavy-
duty engines [34-38]. One such fuel is natural gas and it will be focused on here as
an example of the benefits and challenges of this type of engine operation.
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Figure 1.
Emissions with vespect to local temperature versus local equivalence ratio.
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Natural gas is more difficult to ignite than conventional engine fuels so it is more
easily integrated into spark-ignited engines. On heavy-duty engines, natural gas
needs an ignition source so it is typically port-injected and diesel is direct injected
and serves as a pilot. Fuels that are port-injected become premixed with the air
and typically exhibit a rapid combustion event that is dominated by the chemical
kinetics of the combustion reaction, but fuels that are direct injected and have to
mix with the air tend to have a longer combustion event that is dominated by the
time taken for the air and fuel to mix adequately. Since dual-fuel engines have a
fuel that is port-injected and one that is direct-injected, they often exhibit a two-
stage combustion process. The portion of combustion that occurs in a premixed
vs. a diffusion mode will be strongly dependent on the amount of each fuel that is
used [39]. While this makes the combustion process more complicated, dual-fuel
injection can provide stable combustion of a less reactive fuel like natural gas in CI
engines. However, fuel economy reductions around 10% have been observed when
operating in this type of mode [34].

Not only is fuel economy or efficiency impacted, but emissions are also altered
with dual-fuel combustion. In natural gas-diesel dual-fuel engines, up to 60%
reductions in NOx and PM have been observed [34]. However, these emissions are
dependent on the fuels used as well as the amounts of each fuels used. For example,
particulate matter emissions and the particle size distribution of the particulates
have been shown to strongly depend on the properties of the direct-injected fuel
and level of natural gas substitution. Direct injected fuels with lower densities
and viscosity and higher volatility produce lower amounts of particulates [40].
However, higher natural gas substitution rates can increase soot levels since they
decrease the local oxygen availability [41].

As with many natural gas engines, higher CO and UHC emissions are typically
encountered. Various natural gas substitution rates have been explored in [42] and
showed that only lower amounts of natural gas could be used at low load conditions
due to emissions constraints, but higher fractions of natural gas could be used at
high loads. Direct injection of both fuels [43], higher fuel injection pressures, and
adapted engine control units [44, 45] have been implemented to avoid these emis-
sions constraints. After treatment systems including diesel oxidation catalysts [35]
as well as diesel particulate filters and urea-selective catalytic reduction systems
[46] have also been introduced on dual-fuel engines to reduce emissions. However,
to enable efficient use of high amounts of natural gas, more advanced combustion
methods and optimization methods are likely needed [47, 48].

A majority of conventional dual-fuel engine studies have focused on natural
gas, but this approach of using diesel as a pilot fuel can also be leveraged with
a variety of fuels that are not reactive enough to be used as the sole fuel on a
compression-ignition engine. Dual-fuel concepts have also been explored with
fuel combinations including on methanol and diesel [49], biogas and biodiesel and
biogas and diesel [50].

3.2 Advanced dual-fuel compression-ignition engines

In order to push engines to higher efficiencies, there has been a great deal of
exploration into more complex combustion modes. Many of these advanced com-
bustion strategies attempted to premix the fuel and air in order to achieve a more
efficient and clean combustion, but were only able to be leveraged in lower torque
ranges [51, 52]. One strategy for expanding the operating region of these more
advanced techniques is to simultaneously utilize two fuels with differing reactivities
in order to further increase the combustion delay period and promote premixing
in higher operating regions [53]. This strategy is known as reactivity-controlled
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compression ignition (RCCI). In RCCI, a fuel with low reactivity such as gasoline

is injected separately from a high reactivity diesel-type fuel. The quantities of each
respective fuel can be modified so that the combustion event can be delayed to
provide adequate mixing time and the desired shape of the combustion event can be
achieved. Recent work in RCCI has shown that fuel properties that differ from those
of conventional fuels can be leveraged to shape the combustion process and increase
engine efficiency from 45% to near 60% [6, 7] in this mode. While the efficiency
benefits can be significant, high CO and UHC emissions as well as high pressure rise
rates can still limit the use of RCCI.

3.2.1 Reactivity controlled compression ignition

RCCI-type combustion was originally studied at the University of Wisconsin-
Madison using gasoline as the port-injected low reactivity fuel and diesel as the
direct-injected, high reactivity fuel [7]. By leveraging two fuels with varying
properties stratification of the in-cylinder mixture reactivity could be achieved
leading to longer ignition delays and increased time for premixing. Diesel fuels with
lower reactivities were shown to be advantageous in these operating conditions as
they increase the local reactivity gradient [54, 55]. In such modes, the more reactive
fuel components are consumed at a faster rate and the slower burning competent
make up a larger portion of the UHC emissions [56].

The use of alternative fuels such as ethanol and natural gas in such RCCI-type
operation conditions has also shown promising results and appears to better
take advantage of these alternatives. Research by Navistar, Argonne National
Laboratory and Wisconsin Engine Research Consultants found that using E85 as
the low reactivity fuel could allow higher loads and efficiencies to be achieved with
RCCI. While more traditional gasoline and diesel dual-fuel operation achieved a
BMEP of 11.6 bar and brake thermal efficiency (BTE) of 43.6%, using E85 with
diesel allowed operation to be extended to 19 bar BMEP with a BTE of 45.1% [57].
Later studies led by RWTH Aachen University and FEV GmbH showed that when
using diesel and ethanol, higher ethanol quantities could be leveraged in lower load
conditions and would provide a more stable combustion and lower UHC emissions.
However, as the load was increased higher amounts of diesel were required in order
to keep the cylinder pressure rise rate to an acceptable level [58].

Some of these detrimental impacts on CO and UHC emissions are able to be
counteracted by more complex fuel injection strategies [59]. For example, more
recent work has explored the use of ethanol port-injection with a multi-pulse
direct-injection of diesel. A double pilot injection was able to reduce the UHC and
CO emissions in RCCI-type conditions [60]. Other methods such as leveraging
higher injection pressures have also been shown to be able to increase efficiency and
provide further decreases in emissions of NOx, CO, UHC, and PM [61].

3.2.2 Challenges with reactivity controlled compression ignition

While RCCI methods are promising, these modes suffer from several technical
challenges. First, cycle-to-cycle and cylinder-to-cylinder variations can be more dra-
matic than in conventional diesel combustion [62, 63]. Since fuel and air mixing are
critical and high amounts of recirculated exhaust gas are typically leveraged in these
modes, small variations in the in-cylinder fuel quantities and gas mixture can lead to
significant variations in the combustion process. Combating such variations is likely
to require more complex control strategies and additional engine sensors [62].

Second, control of the combustion phasing of these modes is challenging since
the combustion process is controlled by chemical kinetics and not directly triggered



Dual-Fuel Combustion
DOI: http://dx.doi.org/10.5772/intechopen.80570

by an injection event. Control techniques must try to maintain an optimal combus-
tion phasing while ensuring that pressure rise rate and combustion variations do
not exceed acceptable limits by monitoring the fuel blend ratio [64] and direct-
injection timing [65]. Successful use of RCCI may also require switching between
traditional diesel combustion at lower load and dual-fuel operation at higher load
[65]. Intermediate modes such as “premixed dual-fuel combustion” and “partially
premixed compression ignition” may provide clean and efficient intermediate com-
bustion strategies that can be used on their own or in transitions from conventional
diesel combustion to RCCI [66].

As discussed previously, UHC and CO emissions are often higher in RCCI modes.
This is believed to be because local equivalence ratios can drop below the flam-
mability limit of natural gas and lead to unburned hydrocarbon emissions [67], but
may necessitate the development of new after treatment systems for these engines.
Consumer acceptance is also a concern with dual-fuel engines. Since users may not
want to fill two fuel tanks, Splitter et al. explored a method of enabling RCCI by
using gasoline and the cetane improver di-tert-dutyl peroide (DTBP) [22]. This
study leveraged port injected gasoline as the low reactivity fuel, but used gasoline
mixed with varying amounts of DTBP as the high reactivity fuel. A peak gross ITE of
57% was achieved and emissions were similar to standard dual-fuel RCCI levels.

4. Dual-fuel spark-ignited engines

The implementation of dual-fuel combustion strategies on medium and
heavy-duty engines have primarily been discussed in the preceding section. These
utilizations of dual-fuel combustion strategies are generally restricted to com-
pression-ignition engines where Diesel is the conventional fuel. Nevertheless, in
recent years, light-duty spark ignited engines have also been configured to feature
a dual-fuel combustion system. This section will discuss the implementation and
utilization of dual-fuel combustion on light-duty SI engines.

In SI engines, a dual-fuel combustion strategy is also leveraged to promote the
utilization of alternative fuels such as ethanol and methanol. There are increas-
ingly numerous government imposed legislations promoting the use of biofuels in
transportation [68]. Current legislation requires EU member states to conform to
a10% minimum target on the use of alternative fuels (biofuels or other renewable
fuels) in transportation by 2020 [69] . In the US, tax incentives have been used to
promote the use of ethanol in gasoline [70], in order to replicate the success seen in
Brazil [71]. The quest to benefit from incentives or conform to legislations has led
engine manufacturers to explore the implementation of dual-fuel combustion on
spark-ignited engines with the utilization of biofuels and other renewable fuels.

Additionally, one of the primary motivations for the implementation of dual-
fuel combustion in SI engines has also been for the development of better engine
knock control techniques. Engine knock, the inadvertent auto-ignition of the fuel
in localized high pressure and temperature regions inside the cylinder [72, 73],
can result in significant engine damage and marks one of the main obstacles in SI
engines. The conventional approach to avoiding knock in spark-ignited (SI) engines
consists of delaying the combustion phasing by retarding the spark timing [74].

A combustion event occurring later in the combustion stroke (further away from
top dead center) has a lower tendency to knock since the combustion pressure and
temperature are lower. However, delaying the combustion phasing also reduces the
fuel efficiency since less work can be extracted by the late combustion [75].

A dual-fuel combustion strategy provides SI engines with an alternative way
to avoid knock without sacrificing fuel efficiency. The tendency of the fuel to
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auto-ignite is not only dependent on the in-cylinder conditions, but also on the
knock resistance (octane rating) of the fuel. As such, increasing the fuel’s octane
rating helps avoid knock without compromising fuel efficiency. Engines with
dual-fuel capabilities can use a low RON fuel and a high RON fuel simultaneously
to optimize the fuel mixture’s knock resistance by controlling the proportion of
each injected fuel. Many studies have explored the implementation of a dual-fuel
strategy to suppress knock [2-5, 72-75].

The studies by Cohn et al. [3] and Bromberg et al. [76] at Massachusetts Institute
of Technology proposed an ethanol boosted engine concept, which provides sup-
pression of engine knock at high pressure through the use of direct ethanol injec-
tion. Their studies conclude that the implementation of the secondary fuel injection
system could allow engine operation at much higher levels of turbocharging and
could potentially increase the drive cycle efficiency by approximately 30%. Daniel
et al. [4] implemented a dual-fuel strategy for knock mitigation on a single cylinder
SI research engine. The study shows that dual-injection strategy (using either etha-
nol or methanol as the high RON fuels) showed benefits to the indicated efficiency
and emissions (HC, CO, CO,) at almost all loads compared to a single fuel gasoline
direct injection (GDI) strategy. Furthermore, Chang et al. [77] conducted a Well-
to-Wheels (W-t-W) greenhouse gas emissions assessment to estimate the overall
emissions benefits of a knock mitigating dual-fuel system. Their study showed a
maximum 30% W-t-W CO, equivalent reduction can be achieved by utilizing a
dual-fuel injection system.

A dual-fuel SI configuration provides three main benefits: (1) engine can be
further downsized and operated in high pressure conditions (2) the fuel knock
resistance can be adjusted based on operating point while maintaining an optimal
combustion phasing (maximizing engine efficiency), and (3) operating points with
low knock propensity can be operated with a low octane fuel, eliminating the waste
of RON, which generally translates into cheaper fuel cost and lower CO, emissions
[5, 77]. A team at Saudi Aramco, in collaboration with IFP Energies nouvelles,
demonstrated these benefits on a production passenger vehicle [23, 78, 79]. The
dual-fuel technology is identified as “an opportunity to improve fuel efficiency by
using the octane only when you need it.” The researchers outline that the technology
will improve fuel efficiency while reducing overall energy requirements to manu-
facture gasoline fuels in the future [79]. The researchers at Aramco Fuel Research
Center (AFRC) identify the development of the production car as only the start,
and outline the near-term objective of going from a vehicle with two tanks with two
different fuels to one that only uses only one fuel and process it with an on-board
fuel upgrading system.

Similar to the efforts of Saudi Aramco, there is currently a growing interest to
harness the benefits of a dual-fuel combustion strategy on conventional SI engines.
A study at Massachusetts Institute of Technology by Jo et al. [24] investigates the
use of dual-fuel for a passenger vehicle and a medium-duty truck. Their simulation
studies, coupled with experimental testing, conclude that significant gains in engine
brake efficiencies can be achieved: 30% for the Urban Dynamometer Driving
Schedule (UDDS) cycle and 15% for the US06 cycle. Studies by Marchitto et al. at
Istituto Motori, CNR [25] demonstrate the port injection of ethanol as a secondary
fuel showed a significant increase in thermal efficiency (~10%) and significant
reduction in particle number emissions as well as particulate mass (60-80%).

Dual-fuel combustion provides a promising path to boost the thermal efficiency
of spark-ignited engines. The opportunity to leverage alternative fuels such as
ethanol and methanol, as well as the ability to suppress knock without compromis-
ing thermal efficiency, has garnered interest in the technology. Nevertheless, the
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challenges associated with multiple tanks and multiple fuels require researchers to
seek paths that will make the technology more accessible to everyday consumers.

5. Conclusion

Since the inception of the dual-fuel combustion strategy as a tool to better
control combustion, its application has been most vital in stationary and heavy-
duty applications. The integration of the dual-fuel combustion in the transportation
industry promises great benefits both in terms of fuel efficiency improvement as
well as toxic emissions reduction. Significant efforts are undertaken to implement
this technology in the automotive industry for heavy-duty, as well as medium
and light-duty engines. The on-going research on dual-fuel combustion promises
encouraging paths that will allow the utilization of more readily available gaseous
fuels and renewable fuels. The observed benefits on both compression-ignition and
spark-ignited engines warrants further investments, research, and efforts to better
exploit these gains on a larger scale.

In compression ignition (CI) engines, dual-fuel combustion presents an effective
approach to control combustion timing and extend engine load limitations. This is
achieved by injecting both a high reactivity and low reactivity fuel, adjusting the
concentration of one relative to the other, and thereby optimizing the fuel mixture’s
reactivity (on a cycle-by-cycle basis) for different operating conditions. In spark
ignited (SI) engines, the optimization of the fuel’s octane rating presents an alterna-
tive approach to avoid abnormal combustion (engine knock due to auto-ignition).
The conventional SI engine relies on delayed spark timings to avoid knock, which
results in degraded efficiency and higher emissions. With dual-fuel combustion
techniques, two fuels with high and low octane ratings can be used to adjust the
fuel mixture’s octane as needed to avoid knock without sacrificing the engine’s
efficiency.

While dual-fuel operation has many potential benefits, the implementation
of these strategies on CI and SI engines also involve significant challenges. These
challenges are exacerbated when dual-fuel combustion is implemented in conjunc-
tion with other advanced combustion strategies including varying valve timing,
and high EGR circulation. The underlying challenges include increased combustion
variations and difficulties in properly adjusting fuel mixture for effective control
of combustion timing (in CI engines) and effective knock control (in SI engines).
While the technology has successfully been used in stationary applications, the
implementation of dual-fuel strategy on mobile applications, specifically in the
transportation sector, still faces limiting challenges. In addition to the technical
challenges associated with the dual-fuel engine, a primary concern for its integra-
tion in the automotive industry consists of the social resistance to the requirement
of having and filling two fuel tanks. In order for the technology to successfully
penetrate the automotive market, the benefit in the terms of fuel efficiency
improvement and toxic emissions reduction need to clearly outweigh the technical
and social challenges.
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