VOL. 11, NO. 22, NOVEMBER 2016

ARPN Journal of Engineering and Applied Sciences

ISSN 1819-6608

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

www.arpnjournals.com

TOWARDS MITIGATING ENGINE-OUT EMISSIONS: A MIGRATION TO
FUEL BASED AND COMBUSTION BASED SOLUTIONS
Rasheed Adewale Opatola, A. Rashid A. Aziz, Morgan Raymond Heikal and Mior Azman Meor Said
Centre for Automotive Research and Energy Management, University Teknologi Petronas, Bandar Seri Iskandar, Perak, Malaysia
E-Mail: surulere_opatola@hotmail.com

ABSTRACT
Road transport is a key source of ambient pollution especially in urban regions. While the moderation of engineout emissions from road transport is seen as key in the improvement of global air quality, the overall sales of automobiles
which contribute to air pollution keep rising. This trend has impelled global alertness due to the grave consequences of
human exposure to air pollutants. In this light, a study was conducted to review the steps that are being taken by
stakeholders in the automotive industry in contending the menace, in terms of research and development; the economy cum
the suitability of the methods and devices that are being used in extenuating engine-out emissions. The study revealed that
modern hardware based solutions such as high-pressure fuel injection equipment (FIE), sophisticated piezo-injectors, diesel
particulate filters (DPF) and associated control systems are prevalent among the existing methods in use by engine
designers and manufacturers. However, these technologies are prone to salient setbacks such as limited durability, high
cost and difficulty in installing on extant engines, among others. Hence, much as the modern hardware based solutions had
to offer, yet there were no one-size-fits-all solutions in place. Most of the existing solutions enjoy, at best, relative
advantages over one another. Conversely, the significant revelation of this study were the plethora of prospects that the fuel
based solutions and combustion based solutions could offer various stakeholders in the drive towards finding an enduring
panacea to engine-out emissions. Therefore, there are room for progress in research and development toward finding
sustainable solutions to the threats that engine-out emissions pose to humans and the environments.
Keywords: ambient pollutants, health hazards, natural gas, diesel, particulate, catalytic, EGR.

INTRODUCTION
The rising tide of human deaths due to ambient
pollutants which globally stands at 2.7 million, with
approximately 33% occurring in cities [1] is a source of
concern to stakeholders. In China alone, over 400,000
premature deaths are attributed to air pollutants every year
[2]. Engine-out emissions from automobiles form an
integral part of these pollutants, particularly oxides of
nitrogen (NOx), particulate matter (PM), unburnt
hydrocarbon (HC) and carbon monoxide (CO).
Responsively, European Union had instituted rigorous
criteria to regulate emissions for automobiles vended in
European regions [3]. Accordingly, automotive engineers
have intensified efforts towards ensuring that vehicular
emissions become cleaner with particular focus on Diesel
engines. These efforts have strengthened research and
development targeted at reducing automobile emissions,
especially NOx and PM.
Car manufacturers have been exploiting several
routes in complying with these emissions regulations.
Particulate filters for PM emissions, NOx traps for NOx
emissions, selective catalytic reduction (SCR), electric
cars, fuel-cell and solar vehicles are all possible means of
getting round emissions legislation. However, limitations
such as infrastructures, and high cost are concerns that
need to be addressed. Furthermore, alternative fuel options
namely compressed natural gas, liquid petroleum gas,
hydrogen gas, etcetera are being utilised by dual-fuel
engines piloted by diesel or gasoline. However, they are
confronted by dearth of storing facilities [4]. Other
methods that have been studied for the mitigation of NOx
emissions are the lean burn technique, retarding injection

timing, water injection, multi-stage injection and Exhaust
gas recirculation (EGR) [5].
Although, more improvements in present-day
technical know-how have resulted in the advent of novel
concepts directed towards reducing NOx and PM
emissions; nevertheless, there are still room for further
exploits into new and customised solutions to the menace
of engine-out emissions. In this study, past and current
techniques of mitigating emissions of Diesel and gasoline
engines are reviewed.
EMISSIONS AND CONTROL TECHNIQUES
The inevitable bye-products of the combustion of
fuel and air are strongly reliant on upon parameters such
as temperature, pressure, motion of the compressed air; the
type, injection, atomisation, evaporation of the fuel and the
interaction of these parameters [6]. Conventionally, the
formation mechanisms of HC, CO, PM and NOx in the
combustion chamber strongly depend on temperature,
local concentration of oxygen and duration of combustion
as well; the first three increasing when temperature drops,
while the fourth increases as temperature increases [7].
Hydrocarbon emissions emerge through two probable
means in a Diesel engine. Firstly, when the local fuel and
air blend is too lean to either burst into flames or sustain a
spreading flame; and secondly, when the fuel and air
mixture is too rich to ignite or sustain a burning flame.
This accounts for the high unburnt hydrocarbon emissions.
Generally, the prevalent methods employed in
mitigating engine-out emissions can be classified as
hardware based, fuel based and combustion based
solutions. Although, the hardware based solutions are
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prominent, the other two methods have lately elicited
attention amidst researchers. In the sections and subsections below, some of the methods that are being
adopted for the reduction of engine-out emissions are
discussed.
HARDWARE BASED SOLUTIONS
A few of the hardware based solutions that are
presented in the sub-sections include diesel particulate
filters, selective catalytic reduction, NOx trap and threeway catalytic converters with specific highlights of their
merits and limitations.
Diesel particulate filters
With the advent of Euro V standards, particulate
filters were presumed as essential for Diesel engines.
Diesel particulate filters (DPF), which come in a varieties
based upon the level of filtration required, eliminate PM in
diesel exhaust by sifting exhaust from the engine. They are
made of a ceramic matrix of silicon carbide, punched with
microscopic conduits. A huge amount of particulates,
between 90 and 99%, stick to the walls of these conduits
as the emissions pass through them. The trapping of
particulates blocks the channels; hence, the temperature of
the filter needs elevation at steady interludes to burn off
the particulates [8].
Selective catalytic reduction
Selective Catalytic Reduction (SCR) was initially
used on stationary power plants and later on large engines.
These days, it is fixed on new heavy-duty and light-duty
Diesel vehicles in Europe. SCR reduces the oxides of
nitrogen to nitrogen gas in a catalytic converter via
ammonia, which is introduced as urea. The open-loop
SCR systems can mitigate emissions of NOx by 75-90%
while closed-loop types used in stationary engines are
capable of 95% cutbacks in NOx emissions. SCR catalysts
are combined with particulate filters for dual extenuation
of PM and NOx. They are capable of effectively mitigating
80% of HC emissions and 20-30% of PM emissions. The
disadvantages of the SCR system, however, include added
operational cost of urea and increased ammonia emissions
[9].
NOx trap
Due to the fact that Diesel engines run on leanburn technique, three-way catalytic converters are not
suitable in extenuating emissions of NOx in Diesel
applications. NOx trap, an improved method suitable for
Diesel engines, is commonly made of mineral zeolite,
which adsorbs NO and NO2 molecules. Furthermore, NOx
trap is utilised in meeting the emission standards in
gasoline powertrains running on surplus air (lean-burn
spark ignition engines).
The affluence of research on NOx trap speaks
volume of its acceptance as a method with the prospects of
meeting stringent emissions indices. However, the
shortcoming is that the material becomes easily saturated
and loses its capacity to further capture NOx emissions,

thus necessitating intermittent restoration. A viable
restoration method entails controlling combustion with
surplus diesel for a few seconds [10].
Three-way catalytic converter
The three-way converter (TWC) has been the
main technique used in extenuating emissions from petrol
cars. It permits concurrent reduction of NOx to nitrogen
and oxygen, and oxidation of HC and CO. Before now, the
prime predicament with three-way catalytic converter was
during cold starts, where catalysts needed to attain a
certain temperature (300-400°C) before effective catalytic
operation could take place [10]. Recent advances in
technology have, however, put that to rest. Although
modern systems can attain this 'light-off' temperature
within a few seconds, there may still be some emissions
until that temperature is attained. Close-coupled catalysts,
directly fitted after the engine exhaust manifold, permit the
catalyst to start working immediately. With improved
technology, the close-coupled catalyst method now satisfy
the Euro 4, 5 and 6 standards [11]. However, for TWC to
function efficiently, the engine must run with almost a
stoichiometric air-fuel mixture. Once the engine runs close
to the stoichiometric blend, in-cylinder temperature rises,
which in turn heightens thermal stresses and knocking
propensity [12]. Furthermore, elemental carbon are
beyond the reach of catalytic converters, though they
eliminate up to 90% of the soluble organic fraction (SOF).
Hence, the residual particulates are scrubbed through a
soot trap or diesel particulate filter [8].
Unfortunately, hardware based methods used for
engine-out emissions such as SCR devices, particulate
filters, three-way catalytic converters and NOx traps are
costly and add some intricacy to engine use.
COMBUSTION BASED SOLUTIONS
Studies have shown that exhaust emissions can be
mitigated through improvements to combustion processes.
Low temperature combustion technique and exhaust gas
recirculation are discussed in the sub-sections below with
explicit focus on their merits and limits.
Low temperature combustion (LTC) technique
In recent times, researchers have tried to mitigate
engine-out emissions through modification of combustion
processes. An instance of this is the LTC technique [13]
such as homogeneous charge compression ignition
(HCCI), premixed charge compression ignition (PCCI),
and partially premixed compression ignition (PPCI)
engines. Kobayashi et al [14] studied the impacts of a
turbo-charged natural gas HCCI engine on combustion and
emissions. They reported a NOx emission factor of 0.096
g/kWh, an extremely low value and thus concluded that it
was unnecessary to install exhaust treatment equipment. In
his work on HCCI for future gasoline powertrains, [15]
reported that HCCI operation produced 99% reduction in
NOx when compared with baseline direct injection
gasoline engine mode. Conversely, HC emissions for
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HCCI operation were found to be within the same range
with direct injection gasoline engine mode.
Nonetheless, there are a few glitches to be solved
before the commercial application of HCCI becomes
feasible. Whereas it is crucial to control combustion for
best fuel economy and ultra-low emissions; ironically,
HCCI engine does not have a direct mode to control the
ignition timing. Other hurdles include difficulty in
extending the operating range of HCCI combustion to high
loads, high HC and CO emissions mostly at low loads,
high rates of heat release and increase in NOx emission at
high loads [16]–[18]. While, the viability of a full fledge
HCCI Diesel engine had been established in a singlecylinder heavy-duty Caterpillar engine [19], the extension
of full load HCCI application to light duty engines remains
vague [20].
Another promising method to ultra-low emissions
is PCCI, which depends on late injections and high EGR
rates in delaying auto-ignition. In addition to lowering
emissions of NOx and soot, PCCI displays fewer emissions
of HC and CO when compared to HCCI. In a work to
determine the effects of compression ratio on exhaust
emissions from a PCCI Diesel engine, [21] established
that, with negligible CO and HC penalty, decreasing the
compression ratio or impeding the injection timing
noticeably lessened emissions of NOx and soot when both
premixed and diffusion-combustion stages were present.
However, the constraints with PCCI are the difficulty in
attaining it at high engine loads, cold-start problems,
significant emissions of CO and HC, which make the use
of catalysts imperative in PCCI [22].
Exhaust gas recirculation (EGR)
The three-way catalytic converter is not suitable
for of reduction NOx emissions in a Diesel engine because
the engine works with excess air. Alternatively, EGR has
been widely utilised in reducing NOx emissions. The
technique involves recirculating a certain proportion of the
exhaust gas into the inlet air so as to lessen the oxygen
content and in-cylinder temperature. Hence, addition of
exhaust gas reduces the partial pressure of O2 and ambient
nitrogen in the incoming blend, which subsequently causes
a decline in the production of NOx [23].
While it aids in considerably reducing NOx
emissions, EGR has certain shortcomings. Retarded
combustion and increased soot production are noticeable
drawbacks. Since a reduction in O2 concentration and
temperature enhances the emission of unburnt HC and CO,
EGR reduces NOx productions at the expense of increase
in the productions of HC, CO and PM [24]. Furthermore,
there is a limit to the application of EGR, around 35%,
prompting extra measures in order to abide by regulations.
FUEL BASED SOLUTIONS
Appropriate modifications to the types of fuel and
its composition hold enormous prospects in the quest for
an enduring solutions to the menace of engine-out
emissions. The economy, flexibility, efficacy and the ease
of retrofitting into existing engines make this method

unique. Although there are several instances of this
method in literature, for the essence of brevity Natural
gas/Diesel dual-fuel technique, simulating EGR through
CO2, Biogas/Diesel dual-fuel, and Liquefied Petroleum
Gas (LPG)–Diesel dual-fuel are discussed.
Natural gas/diesel dual-fuel technique
Natural gas, usually stored at 20MPa, has been
widely recognised as an ideal substitute to crude oils
because of the merit of clean burning [25]. Since the
carbon mass percentage in natural gas is about 75%
compared to 86-88% for both petrol and diesel, the low
carbon-to-hydrogen ratio in natural gas engines ensures
lower emissions of CO2, CO and HC than petrol or Diesel
engines per unit energy released [26], [27]. In addition, the
burning of natural gas virtually produces no particulates
since it contains less dissolved impurities [28].
Researchers [29] reported that the substitution of
diesel oil with natural gas yielded reduced in-cylinder
pressure and total brake specific fuel consumption,
decreased NOx, PM and CO2 emissions in contrast to the
combustion of diesel oil, with trade-off in CO and HC
emissions. Gharehghani et al. [30] found that a mitigation
in emissions of NOx is attainable through the enhancement
of the swirl ratio at the intake side of dual-fuel engines,
possibly because of the upsurge in loss of heat when swirl
rises. They reported substantial drop in NOx when engine
load was high with lower mass ratio of natural gas,
whereas lesser PM were emitted at lower load and higher
mass ratio of natural gas. However, both emissions and
performance deteriorated because of the very lean blend at
lower loads.
Simulating EGR through CO2
Modest attempts have been made at using CO2 in
simulating EGR. In the work of [31], adding CO2 to the air
intake suitably moderated NOx and soot productions and
the price tag of cooling system used in EGR. The effect of
increasing EGR in Diesel engine on the resultant NOx and
PM emissions was also discussed in [32] as illustrated in
Figure-1. The large amount of soot in higher EGR
percentage was ascribed to lower performance owing to
drop in oxygen concentration, and soot accumulation due
to the recirculation of exhaust gas through many cycles as
well.
Furthermore, Çinar et al. [33] studied the effects
of introducing CO2 as a diluting gas and injection pressure
on performance and emissions. CO2, as a diluting gas was
injected via the inlet charge of a Diesel engine at 2%, 4%
and 6% separately. They found that whereas NOx
emissions were reduced with CO2 injection, other
parameters worsened. The injection of 6% CO2, resulted in
depreciation of torque, power, bmep and bsfc by 5.9%,
5.5%, 6%, and 3.3% in turn. Smoke emissions rose
roughly by 60%, whereas CO emissions went up 8.5 folds.
Nevertheless, NOx emissions dropped by nearly 50% at
the injection of 6% CO2.
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to Diesel operation. Furthermore, at high engine load there
was a significant reduction in CO emissions as the mass
fraction of the LPG fraction increased. However, a slight
increase in CO emissions was recorded at low engine load.
Emissions of HC marginally increased with upsurge in the
mass fraction of the LPG fraction in the blended fuel.
Hence, LPG–Diesel blended fuel is a promising
technique for controlling engine-out emissions especially
NOx and smoke. This is particularly significant in view of
the teething troubles of controlling NOx and smoke
emissions on Diesel engines. The drawback in equivalent
bsfc is partly traded-off by the relative affordability of
LPG.

Figure-1. Effect of EGR rate on calculated and measured
NO and soot emissions [32]
Biogas/diesel dual-fuel
In Duc & Wattanavichien [34] the effect of a
small IDI biogas premixed charge diesel dual-fuelled CI
engine used in agricultural applications on combustion and
emissions by varying engine loads and EGR percentages
were investigated. They found that biogas-diesel dualfuelling of HCCI engine revealed almost no deterioration
in engine performance at all test speeds. Lower energy
conversion efficiency was recorded, which was offset by
the reduced fuel cost of biogas over diesel.
The potential of effective utilisation of biogas in
HCCI engine using a single-cylinder Diesel engine
modified to run in HCCI mode was examined by Nathan
et al [35]. The varied parameters were charge temperature
and diesel injection quantity. He reported that the CO2 in
the biogas suppressed the high heat release (HHR)
prevalent in HCCI engines fuelled with diesel. Thermal
efficiencies close to Diesel engine operation along with
extremely low levels of NOx (≤ 20 ppm) and smoke (≤ 0.1
BSU) were attained in a BMEP range of 2.5 to 4 bar. HC
emissions were very high but were lowered when the
charge temperature was raised. The thermal efficiency at a
BMEP of 4 bar was 27.2% in the biogas-diesel HCCI
mode as against 30% with diesel operation.
Liquefied petroleum gas (LPG) – diesel dual-fuel
In a study conducted by Qi et al. [36], the effects
of LPG–Diesel blended fuel on the performance and
pollutant emissions of a DI Diesel engine were
investigated. Their findings revealed that upsurge in LPG
by mass fraction in the blended fuel resulted in lower peak
cylinder pressure. Contrary to Diesel operation, at low
engine load, equivalent bsfc deteriorated under blended
fuel mode. However, at high load, equivalent bsfc values
were close to the values recorded under Diesel operation.
They reported that there was a drop in NOx emissions as
the mass fraction of the LPG fraction in the blended fuel
increased; yielding lower NOx emissions when compared

CONCLUSIONS
A study was carried out to appraise the measures
that are being instituted by regulatory bodies in contending
the threat of engine-out emissions, the responses of
stakeholders in the automotive industry in terms of
research and development, the economy along with the
aptness of the measures and strategies put in place towards
extenuating engine-out emissions. Though, growths in
technical expertise have brought about unique concepts,
intended at reductions of NOx and PM emissions;
nevertheless, findings revealed that there were no onesize-fits-all solutions so far in place; most of the existing
solutions enjoy, at best, relative advantages over one
another. However, it is noteworthy that the fuel based and
combustion based methods hold vast prospects in the
pursuit of lasting panacea to the menace of engine-out
emissions. Hence, there are openings for exploits in these
areas in finding viable solutions to engine-out emissions.
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