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Preface

Global pollution, depletion, and uneven distribution of petroleum reserves across the
world have led to the research in the field of alternative fuels. Alcohol has emerged
as an important potential alternative fuel for internal combustion (IC) engines. This
book attempts to include the researches carried out in the field of alcohol utilization
as an alternative fuel in IC engines.

The International Society for Energy, Environment and Sustainability (ISEES)
was founded at Indian Institute of TechnologyKanpur (IITKanpur), India, in January
2014 with an aim to spread knowledge/ awareness and catalyze research activities
in the fields of energy, environment, sustainability, and combustion. The society’s
goal is to contribute to the development of clean, affordable, and secure energy
resources and a sustainable environment for the society and to spread knowledge in
the above-mentioned areas and create awareness of the environmental challenges,
which the world is facing today. The unique way adopted by the society was to
break the conventional silos of specializations (engineering, science, environment,
agriculture, biotechnology, materials, fuels, etc.) to tackle the problems related to
energy, environment, and sustainability in a holistic manner. This is quite evident by
the participation of experts from all fields to resolve these issues. ISEES is involved
in various activities such as conducting workshops, seminars, and conferences in the
domains of its interests. The society also recognizes the outstanding works done by
the young scientists and engineers for their contributions in these fields by conferring
them awards under various categories.

Fourth InternationalConference on “SustainableEnergy andEnvironmental Chal-
lenges” (IV-SEEC) was organized under the auspices of ISEES from November 27–
29, 2019, at NEERI, Nagpur. This conference provided a platform for discussions
between eminent scientists and engineers from various countries including India,
USA, China, Italy, Mexico, South Korea, Japan, Sweden, Greece, Czech Republic,
Germany, Netherland, and Canada. In this conference, eminent speakers from all
over the world presented their views related to different aspects of energy, combus-
tion, emissions, and alternative energy resource for sustainable development and
cleaner environment. The conference presented one high-voltage plenary talk by
Mrs. Rashmi Urdhwareshe, Director, Automotive Research Association of India
(ARAI), Pune.
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vi Preface

The conference included 28 technical sessions on topics related to energy and
environmental sustainability including one plenary talk, 25 keynote talks, and 54
invited talks from prominent scientists, in addition to 70+ contributed talks and
80+ poster presentations by students and researchers. The technical sessions in
the conference included fuels, engine technology and emissions, coal & biomass
combustion/gasification, atomization and sprays, combustion and modeling, alter-
native energy resources, water & water and wastewater treatment, automobile
and other environmental applications, environmental challenges & sustainability,
nuclear energy & other environmental challenges, clean fuels & other environ-
mental challenges, water pollution and control, biomass and biotechnology, waste
to wealth, microbiology, biotechnological and other environmental applications,
waste & wastewater management, cleaner technology & environment, sustain-
able materials & processes, energy, environment and sustainability, technologies &
approaches for clean, sensors and materials for environmental, biological processes
and environmental sustainability. One of the highlights of the conference was the
Rapid-Fire Poster Sessions in (i) engine/fuels/emissions, (ii) environment, and (iii)
biotechnology, where 50+ students participated with great enthusiasm and won
many prizes in a fiercely competitive environment. 300+ participants and speakers
attended this three-day conference, where 12 ISEES books published by Springer,
Singapore, under a special dedicated series “Energy, environment and sustainabil-
ity” were released. This was the third time in a row that such a significant and
high-quality outcome has been achieved by any society in India. The conference
concluded with a panel discussion on “Balancing Energy Security, Environmental
Impacts & Economic Considerations: Indian Perspective,” where the panelists were
Dr. Anjan Ray, CSIR-IIP Dehradun; Dr. RR Sonde, Thermax Ltd.; Prof. Avinash
Kumar Agarwal, IITKanpur; Dr. R Srikanth, National Institute of Advanced Studies,
Bengaluru; andDr. RakeshKumar, NEERINagpur. The panel discussionwasmoder-
ated by Prof. Ashok Pandey, Chairman, ISEES. This conference laid out the roadmap
for technology development, opportunities, and challenges in energy, environment
and sustainability domain. All these topics are very relevant for the country and the
world in the present context. We acknowledge the support received from various
funding agencies and organizations for the successful conduct of the Fourth ISEES
Conference (IV-SEEC), where these books germinated. We would therefore like to
acknowledge SERB, Government of India (special thanks to Dr. Sandeep Verma,
Secretary); NEERI Nagpur (special thanks to Dr. Rakesh Kumar, Director), CSIR,
and our publishing partner Springer (special thanks to Swati Mehershi).

The editors would like to express their sincere gratitude to a large number of
authors from all over the world for submitting their high-quality work in a timely
manner and revising it appropriately at a short notice. We would like express our
special thanks to Dr. Chetan Patel, Dr. Nikhil Sharma, Dr. Deep Seth, Dr. Akhilendra
Pratap Singh, Dr. Rakesh Kumar Maurya, Dr. Mohit Raj Saxena, Dr. Roberto
Ianniello, Dr. Tomesh Kumar Sahu, Dr. Atul Dhar, and Dr. Vikram Kumar who
reviewed various chapters of this monograph and provided their valuable suggestions
to improve the manuscripts.



Preface vii

This book covers different aspects related to utilization of alcohol fuels in internal
combustion (IC) engines with a focus on combustion, performance, and emission
investigations. The main objective of this book is to present the engine combustion,
performance, and emission characteristics of IC engines fueled by alcohol-blended
fuels such as methanol, ethanol, and butanol. A section of the book highlights the
importance of alcohol fuel for reducing the emission levels also. The possibility of
alcohol fuels for the marine applications has also been discussed in this book. All
the chapters written in this book include descriptions from the recent literatures and
publications. Some of the chapters have shown the significance of alcohol fuels for
advanced combustion concepts also. Engine researchers throughout the world will
be benefitted from this book who are working in the field of alternative fuels. Editors
expect interests in this book from automobile professionals and researchers in various
academic institutions who are exploring their professional career or research in the
field of engine research and alternative fuels for automobiles.
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Chapter 1
Introduction to Alcohol as an Alternative
Fuel for Internal Combustion Engines

Pravesh Chandra Shukla, Giacomo Belgiorno, Gabriele Di Blasio,
and Avinash Kumar Agarwal

The transportation sector is one of the main contributors to global CO2 emissions
and is expected to further increase due to the growth of population and life quality
standards. Therefore, to prevent the negative impacts of climate change, the reduction
of CO2 emissions is the top priority. For these reasons, the automotive sector is facing
new challenges; advanced internal combustion engines, electrification of the drive
train, and replacing fossil fuels can help to meet greenhouse gas emission standards
and simultaneously reduce pollutants.

The second chapter is about Ethanol in Dual-Fuel and Blend Fueling Modes for
Advanced Combustion in Compression Ignition Engines. This chapter discusses two
ethanol fueling modes, dual fuel, and blend which are applied in a compression igni-
tion engine to evaluate the effect of different engine calibration parameters on the
thermodynamic and emissions. The dual-fuel combustion employing high ethanol,
rail pressure, and EGR levels leads to important benefits, minimizing the emissions
and noise and maximizing the efficiency. The results demonstrate ethanol being
a promising alternative to fossil fuels for the globally lower emissions in compli-
ance with the actual advanced engine technologies. Similar to this, another author
investigated PM characteristics and relation with oxidative reactivity—alcohol as a
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2 P. C. Shukla et al.

renewable fuel. This review chapter explains the PM physical and chemical proper-
ties and highlights their correlation with the oxidative reactivity toward oxygen. This
review chapter summarizes different theories and assumptions proposed in the liter-
ature to correlate the soot physico-chemical parameters with the assigned oxidative
reactivity toward oxygen.

Maritime transportation is the most important transportation type since 90% of
world trade is carried. In another chapter, the details about Methanol as a Fuel for
Marine Diesel Engines are discussed. This chapter covers information about the
status of maritime transportation, international maritime emission rules and regula-
tions, emission mitigation technologies and methods, methanol at maritime trans-
portation, methanol properties, and combustion concepts, and the methanol partially
premixed combustion strategy for maritime transportation. The main findings of the
chapter are using alternative fuels, such as methanol, which can reduce different
types of regulated emissions at maritime transportation without applying additional
equipment while providing more efficient marine diesel engines, and the methanol
partially premixed combustion (PPC) strategy showed high engine efficiency than the
conventional marine gas oil-fueled diesel engine with lower CO2 andNOx emissions.

The internal combustion engines remain preferred prime movers for on-road and
off-road applications over many decades. However, for reducing the usage of fossil
fuels and the harmful pollutants emitted by the conventional engines, it has become
imperative that the alternative strategies are developed. In another chapter, investiga-
tion related to The Potential of Various Alcohol Fuels for Low-Temperature Combus-
tion Engines is discussed. Moreover, the alcohol fuels are effective in advanced
combustion strategy like low-temperature combustion (LTC). It is opined that alcohol
fuels make use of the full merits of LTC which is attributed to the increased octane
number, wider equivalence ratio, broad operational range with reduction in emis-
sion, higher auto-ignition resistance, and longer ignition delay. Hence, this chapter
is aimed to present significant details on combustion and emission characteristics
of alcohol-fueled engines operated on advance combustions strategy of LTC. This
chapter provided the essential details of the alcohol fuel as alternate fuels for internal
combustion engines. Alcohol fuels are characterized by their renewability, closer to
the properties of gasoline, better adaptability with diesel, and advantages of emission
reduction.

Similar to this, a chapter related to Challenges in blending the Diesel–Ethanol
blends using Butanol as co-solvent along with diesel for replacing the neat diesel to
fuel compression ignition engines suitable for low-temperature application is also
present in the book. This study was conducted in various steps, viz. test of solubility
of diesel–ethanol blends containing various proportions of ethanol from 0 to 50% in
increments of 5% in a temperature range of 5–35 °C using butanol as co-solvent in
the proportions from 0 to 10% in increments of 1%; different phases of study have
been followed to utilize diesel–ethanol blends as fuel in compression ignition (CI)
engine in this study. Experiments have been conducted with diesel–ethanol without
co-solvent andwith butanol as co-solvent. The effects of engine operating parameters
such as injection pressure (IP), injection timing (IT), compression ratio (CR), and
intake air temperature (IAT) on engine performance, combustion, and emission were
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studied. As a sum up, although the efficiency produced by D45E45B10 is found to
be marginally lower, the emissions of smoke, HC, and CO produced are found to be
marginally higher compared to that of diesel.

Alcohols produced from organic matter have been actively considered as solution
to energy demand and an attractive alternative to conventional fuel. These fuels are
considered to be green, clean, and renewable. In another chapter, Recent Develop-
ment for Use of Alcohol-Based Renewable Fuels in Compression Ignition Engine is
discussed. This chapter is a review of recent research work available in the literature
and explains about alcohol as a fuel and its utilization in diesel engine, causes of
emission in diesel engine, and after-treatment devices to reduce this emission. Topics
such as material compatibility and economical aspect of alcohol as a fuel in diesel
engine are discussed. The present review shows that alcohol is a promising fuel to be
blended with diesel; however, material compatibility and combustion process have
to be optimized to take the advantage of oxygen present in fuel to reduce emis-
sion. Low-temperature combustion strategy in internal combustion engines provides
lower emissions beside high engine performance according to chemically control
combustion temperature. This strategy is divided into three engine types which are
premixed charge compression ignition (PCCI), homogenous charge compression
ignition (HCCI), and reactivity-controlled compression ignition (RCCI) engines.
Low-temperature combustion strategies usually used two various fuels with low and
high reactivities.

In another chapter, Alcohol fuels in low-temperature combustion engines are
discussed. This chapter categorized LTC strategies in which alcohol fuels are used
as alternative fuel. Alcohol fuel application in various countries is dependent on the
country’s geographical situation and their policies; Brazil, China, USA, European
Union, and Japan are the most areas of using alcohol fuels. In this way, government
policies were effective on people demands of this type of fuels with providing special
vehicles; for example, usingflexible-fuel engines inBrazil could increase alcohol fuel
demand, especially ethanol up to 88%; aflexible-fuel engine is a dual-fuel enginewith
separated fuel tank. Biobutanol is a very promising renewable fuel for spark-ignition
engines due to quite similar properties to conventional gasoline. In another chapter,
titled Effect of n-Butanol and Gasoline Blends on SI Engine Performance and Emis-
sions, it discusses the possibility of usage of biobutanol in unmodified spark-ignition
(SI) engines while blending them with gasoline up to 70% (v/v). Detailed character-
ization of combustion-related fuel properties of butanol and gasoline butanol blends
has been carried out. The engine test results of butanol blends with gasoline are
comparable to that of baseline gasoline.

In most of the cases, butanol blends are a better choice over gasoline in terms of
emissions and performance. Being an oxygenated fuel, butanol gives better combus-
tion efficiency and reduces most of the emissions except NO, which can be taken
care of by means of after-treatments. The results of this study indicate that butanol
blending with gasoline at higher butanol concentrations (>50%) is not feasible in
unmodified SI engines designed for gasoline. Production and consumption cycle of
biobutanol, as a whole, result in smaller emission than the conventional fuels of fossil
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origins as it is a biofuel. In another chapter, Ethanol Fumigation and Engine Perfor-
mance in a Diesel Engine is discussed. This chapter studied the effect of ethanol
fumigation on engine performance using a modern compression ignition engine.
Performance-related parameters were investigated at ethanol substitutions of 0, 10,
20, 30, and 40% (by energy) under 25, 50, 75, and 100% load at 1500 and 2000 rpm.
Using E10 and E20 in some of the operating modes decreased FMEP and BSFC,
while using E40 increased FMEP and BSFC. This study investigated the effect of
ethanol fumigation on engine performance parameters using a modern turbocharged.

CI-engine is an emerging strategy to improve engine efficiency along with the
simultaneous in-cylinder reduction of NOx and PM emissions. In dual-fuel opera-
tion, low-reactivity fuel (such asmethanol and ethanol) and high-reactivity fuel (such
as diesel) are used in the same engine cycle. In another chapter, Low and Medium
Carbon Alcohol Fueled Dual-Fuel Compression Ignition Engine is discussed. This
chapter presents a detailed analysis of performance, combustion, and emission char-
acteristics of low- and medium-carbon alcohol–diesel-fueled dual-fuel CI engine.
This chapter also briefly explains the production of alcohol fuel and the benefits
of their inimitable properties. The influence of engine operating parameters on the
heat release rate, combustion duration, and cyclic combustion variations has been
discussed in this chapter. This chapter presents the performance, combustion, and
emissions characteristics of low- and medium-carbon alcohol–diesel-fueled dual-
fuel CI engine. Diesel engines are one of the most preferred internal combustion
(IC) engines for heavy-duty transport vehicles due to its higher torque characteris-
tics and better thermal efficiency over gasoline engines. Despite having advantages
in terms of efficiency and durability, it contributes to emissions in the environment,
primarily particulate matter (PM) and oxides of nitrogen (NOx). Another chapter,
titled Impact of Ethanol on Combustion, Performance, and Emission Characteristics
of Diesel Engine, aims to review about the combustion and emission characteristics
of ethanol–diesel-blended fuels in CI engines. Studies show that an increasing frac-
tion of ethanol in diesel tends to reduce CO and HC emissions, while NOx emissions
are reported slightly higher compared to baseline diesel. Higher ignition delay (ID)
and lower combustion duration (CD) are observed for ethanol blends.



Chapter 2
Ethanol in Dual-Fuel and Blend Fueling
Modes for Advanced Combustion
in Compression Ignition Engines

Roberto Ianniello , Giacomo Belgiorno , Giuseppe Di Luca,
Carlo Beatrice , and Gabriele Di Blasio

2.1 Introduction: Ethanol–Diesel Dual Fuel and Blending

The automotive industry is always looking for cleaner and more efficient technolo-
gies that effectively improve ambient air quality to reduce greenhouse gas (GHG)
emissions and contribute to energy saving. So, the technologies relating to fuels and
engines are facing a double challenge of improving consumption and reducing emis-
sions. Considering the strict regulation emission and the poorness of primary energy
resources, the new concept development and highly efficient combustion systems
have become increasingly important (Blasio et al. 2017; Belgiorno et al. 2020). The
alternative combustion concept is generally focused on better spray atomization and
the preparation of the air–fuel mixing, lower local equivalence ratios, lower peak
temperatures in the combustion chamber, and higher combustion rates. A strategic
way to achieve the targets just proposed is using alternative fuels, among them,
ethanol.

Ethanol is a potential alternative fuel for combustion engines that can offset
the demand for petroleum-based because it can be produced from biomass, hence
providing the potential to reduce particulate emissions in compression ignition
engines (Mani Sarathy et al. 2014). Many researchers have investigated the effect
of ethanol using different injection configurations, port fuel, or direct injections to
achieve low emission and high thermal efficiency combustion (Asad et al. 2015;
Pedrozo et al. 2017).
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Asad et al. (2015) studied the effect of ethanol in dual-fuel mode combustion
using a single-cylinder light-duty engine adopting high EGR levels and single diesel
injection near firing top dead center (TDC). The authors observed elevated levels of
HC and CO emissions at low loads, as well as ultra-lowNOx and soot with diesel-like
thermal efficiency. Pedrozo et al. (2017) evaluated the optimization of diesel injection
timings for efficient dual-fuel combustion, observing that the pre-injection of diesel
before the main injection is essential to reduce peak pressure rise rate. High ethanol
energy fractions effectively lowered NOx emissions, and EGR further reduced NOx

emissions with a negligible impact on engine efficiency.
As concerns, the ethanol–diesel DI, Waterland et al. (2003) analyzed the safety

aspects and assessed the performance of ethanol–diesel mixtures in order to optimize
overall efficiency. Another aspect to consider is the chemical properties of the ethanol
when compared to diesel. Satgé deCaro et al. (2001) evaluated the effect of ethanol on
diesel fuel properties, such as lubricity, material compatibility, viscosity, safety, and
stability. They assessed the impact of the fuel on emission and engine performance.
Also, the authors proposed a new additive formulation to guarantee proper operation
of a compression ignition engine, because the ethanol addition affects key properties
as blend cetane number, viscosity, lubricity, stability, and energy content.

In this monograph, two different combustion modes, dual fuel and blended, have
been described applying as alternative fuels the ethanol combined to the diesel fuel.
The aim is to give the reader an overview of the pros and cons of the two presented
combustion modes, showing the comparison of the individual calibration parameters
(e.g., EGR, rail pressure, injection pattern, etc.) on the different combustion modes
tested. The one-factor-at-a-time method has been used; this approach permits to
evaluate the response for each factor varied. An exhaustive overview of emissions,
efficiencies, and combustion behaviors, adopting two different fueling modes, is
presented.

2.2 Engine Test Rig and Fuel Proprieties

In this monograph, the combustion process, emissions, and efficiencies of compres-
sion ignition engines fueled with ethanol in dual fuel and blending have been
discussed. The experiments have been performed on a single-cylinder compres-
sion ignition engine with a displacement of about 0.5 l representative of the unit
displacement of modern light-duty compression ignition engines. Figure 2.1 shows
the schematic layout of the experimental setup. The auxiliary engine systems are
not automatically connected to the engine, as shown in Fig. 2.1, to guarantee the
maximum flexibility without affecting the load conditions. The engine is equipped
with a conventional fuel injection system (direct) and a port fuel injection system to
operate in dual-fuel mode. Table 2.1 shows the engine geometrical characteristics.
The electronic control unit, developed by real-time FPGA control, allows the setting
of all the engine control parameters. This approach offers great flexibility for all
operating conditions.
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Fig. 2.1 Test cell layout

Table 2.1 Engines’
geometrical characteristics

Displaced volume [l] 0.5

Bore × stroke [mm] × [mm] 82 × 90.4

Compression ratio 16.5

Diesel fuel injection system Common rail

Diesel injector Solenoid with 7 holes

Ethanol PFI injector Solenoid multi-hole

Fuels tested Ethanol, diesel

The ethanol fuel has been injected on the intakemanifold using a port fuel injection
(PFI) system, suitably calibrated for ethanol fuel delivery. The diesel fuel has been
directly injected into the combustion chamber using the engine’s common rail fuel
system and the solenoid injector. The PFI and diesel injector specifications are given
in Table 2.1.

The data has been processed to compute combustion metrics such as the indicated
mean effective pressure (IMEP), the start of combustion (SOI), the heat release rate
(HRR), and the combustion phasing (CA50). The combustion duration is defined as
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Table 2.2 Fuel properties
(Epping et al. 2002; Yates
et al. 2010)

Properties Diesel Ethanol

Research octane number [-] – 108–109

Molar mass [g/mol] 170 46.07

H/C [−] 1.8 3

O/C [−] 0 0.5

LHV [MJ/kg] 42.9 26.9

(A/F)s [−] 14.5 9.0

Viscosity [mPa/s] 3.91 1.36

Density [kg/m3] 810 785

Boiling point [°C] 180–360 78

Heat of vaporization [kJ/kg] 270 840

�Hvap/LHV [kJ/MJ] 6.29 31.23

Specific heat [kJ/kg K] 2.2 2.5

the duration from CA10 to CA90 (crank angle where the 10 and 90% of the total
heat release occurs, respectively), while the ignition delay (ID) as the crank angle
difference between CA10 and the start of injection (SOI).

Engine-out emissions (THC, CO, NOx) have been considered for the results
presented in this monograph.

The monograph focuses on the sensitivities of the ethanol blending ratio, injec-
tion parameters, and EGR on engine efficiencies and engine-out emissions for both
ethanol fueling modes, dual fuel and blending.

Table 2.2 shows the relevant chemical–physical properties of the fuels tested for
the experimental results presented in this monograph. The intrinsic fuel property that
plays an important role in the mixing and combustion process is the heat of vapor-
ization, �Hvap expressed in kJ/kg, giving an effect on the charge cooling; the charge
cooling effect could be measured normalizing the heat of vaporization with lower
heating value (LHV). This fuel property �Hvap/LHV is an indicator of the difficulty
of igniting the ethanol fuel at conventional intake temperature and compression ratio
conditions, and the ethanol is ~5 times higher than the conventional diesel fuel. The
cooling effect of ethanol reduces the in-cylinder thermodynamic temperatures, and in
turn, the in-cylinder heat transfer losses compared to conventional diesel combustion
(CDC) increasing the engine efficiency (Caton 2012).

2.3 Dual-Fuel Combustion Mode

An experimental investigation has been performed to further assess, in comparison
with literature results, the ethanol effects as secondary premixed fuel in dual-fuel
mode. A steady-state engine point has been selected for the investigation, which has
speed 1500 rpm and engine load 6.2 bar IMEP. A Euro6 diesel engine parameter



2 Ethanol in Dual-Fuel and Blend Fueling Modes … 9

Table 2.3 Dual-fuel engine
operating conditions and
constraints

Engine parameters Values

Engine speed [rpm] 1500

IMEP [bar] 6.2

EGR [%] 0 0 20

Diesel injection pressure
[bar]

500–1000 500 500

Diesel injection strategy Main Pilot–main Main

SOI ethanol [deg aTDC] −360

PFI pressure [barG] 5

Intake manifold temperature
[K]

333

Boost pressure [barG] 0.3

Combustion noise max.
[dBA]

90

PRRmax [bar/deg] 8.0

COVIMEP max. [%] 3.5%

calibration has been used to ensure direct transferrable outputs to real light-duty
engine applications. In particular, the injection, boost, back pressure, etc., parameters
are derived from a multi-cylinder engine with the same combustion architecture.
Table 2.3 reports the main engine control settings of the operating point tested.

The premixed ethanol level has been varied from the conventional diesel combus-
tion toward the maximum value. The level of premixing, defined as fuel substitution
ratio (FSR), canbequantifiedon an energybasis according to the following equations:

FSR = mp · LHVp

m p · LHVp + md · LHVd
(2.1)

where the mp and md indicate the mass flow rate of premixed fuel (P) and direct
injection (DI) fuel, respectively, while the LHVd and LHVp correspond to the lower
heating value for each fuel. Furthermore, the average LHV value is calculated by:

LHVmix = mp

m tot
· LHVp +

(
1− mp

m tot

)
· LHVd (2.2)

The effects of different ethanol energy fractions, diesel injection strategies, injec-
tion pressure, and EGR rates have been investigated. Efficiencies and emission anal-
ysis have been carried out to determine the effectiveness of using ethanol and cali-
bration parameters on a light-duty diesel engine. Table 2.3 shows the parameters that
have been investigated, aswell as the levels. Ethanol fuel has been injected employing
a port fuel injector (PFI), with a fixed injection timing (SOIethanol) of−360° before the
firing top dead center (bTDC) and injection pressure 5 bar, with an air–fuel mixture
intake manifold temperature of 333 K for all test conditions. Two levels of diesel fuel
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injection pressure are investigated, 500 and 1000 bar. Single- and multiple-compact
injection pattern strategies are employed for this test campaign. The start of injec-
tion of diesel (SOIdiesel) and the injection durations for both fuels have been varied
to achieve the reference combustion phasing and IMEP values, respectively. Other
injection parameters, pilot injection, energizing time (ET), dwell time among the
pulses, and SOIethanol have been kept constant. During the test campaign, practical
constraints such as themaximumpressure rise rate (PRR) or combustion noise values
have been observed. The PRR value has been limited to about 8 bar/deg, which corre-
sponds to 90 dBA, according to the comfort standards. The coefficient of variation
(COVIMEP) has been limited to 3.5%.

The test methodology flowchart is schematized in Fig. 2.2. The first step of the test
campaign consists of warming up the engine in diesel mode to stabilize the coolant

Fig. 2.2 Flowchart of the
dual-fuel combustion test
execution

Increase the diesel 
fuel quan�ty to 

reach IMEP target

Dual-fuel 
combus�on mode

Reduce the diesel fuel 
quan�ty while increasing the 

quan�ty alcohol fuel to 
maintain the same IMEP

Ensure the stady-state 
engine opera�ng condi�on

Ensure achievement of the imposed 
combus�on noise limit (90 dBA), if 

possible, but guaranteeing the 
restric�ons imposed for COVIMEP (3%).

ηComb ≥85%NO
Increase diesel 

quan�ty and reduce 
the alcohol one

Diesel pa�ern shi�ing to 
reach the combus�on 

barycentre (CA50) target.

YES

Engine warming up
Diesel mode

Sampling and measurement of different 
parameter such as cylinder pressure, speed, 

mass flows of air, diesel and ethanol, and 
exhaust emissions
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temperatures (oil and water cooling) at about 85 °C. Switching to dual-fuel mode, the
energy fraction of ethanol has been varied from zero to nearly 70% according to the
imposed limit on combustion noise, PRR, and combustion stability (Table 2.3). Once
the maximum ethanol fraction is achieved, a one-factor-at-a-time parameterization
has been performed for the start of injection, injection pattern, rail pressure, and
EGR.

In the following sections, the main effect of the engine control parameters on
combustion, emission, and performance of a dual-fuel ethanol–diesel compression
ignition engine is presented. A parametric analysis has been performed at a constant
speed (1500 rpm) and load (6.2 bar of IMEP) to evaluate the maximum possible
ethanol fraction, following the methodology illustrated in Fig. 2.2, the injection
pattern, fuel injection pressure, and EGR effects.

2.3.1 Maximum Ethanol Fraction

This section describes the steps that the authors have followed to define themaximum
substitution fraction of diesel with ethanol according to the imposed limits on
combustion (combustion noise, peak PRR, and combustion stability); see Table 2.3.

The fuel substitution ratio (FSR) has been assessed in a steady-state test point at
different levels of combustion phasing (from 4° to 14° aTDC), employing a constant
diesel injection pattern (only main injection), diesel injection pressure (500 bar),
boost and back pressures, intake temperature, at 1500 rpm and 6.2 bar IMEP (see
Table 2.3). Since the one-factor-at-a-time method has been chosen to evaluate the
calibration parameter effect, the first analysis has been conducted using only one
pulse without EGR. In this way, it is possible to discriminate the single effects of the
ethanol fraction with no influence of other parameters. The combustion phasing has
been kept constant, and as the reference one, this choice is based on keeping to some
extent constant the thermodynamic efficiency constant. Once the maximum FSR and
optimal CA50 have been selected, this has been used for the analysis presented for
the next dual-fuel sections.

The maximum FSR and gross-indicated efficiency (ηgross) function of CA50 are
displayed in Fig. 2.3. The comparative results among the combustion phasing show
that advanced CA50 allows, on average, a higher FSR as well as the efficiency. A
flat trend for the FSR is observed, in a range 70–74%, for CA50 values from 4 up
to 10°, while for higher values, the ethanol amount has been reduced to respect the
imposed target (combustion noise).

The gross-indicated efficiency, shown in Fig. 2.3, is characterized by a flat trend
for advanced combustion phasing, in the range 33–34%; as it shifts to later positions,
the trend decreases until reaching a minimum at 14°, about 31.5%. This decrease
is mainly due to an increase in the combustion duration, which values are reported
in Table 2.4, with a consequent increase in the wall heat losses and a reduction in
thermodynamic efficiency.
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Fig. 2.3 ηgross and
maximum FSR function of
CA50, 1500 rpm, 6.2 bar
IMEP

Table 2.4 CA90-10 and
COVIMEP function of CA50,
1500 rpm, 6.2 bar IMEP

CA50 [deg aTDC] CA90-10 [deg] COVIMEP [%]

4 17.6 2.3

6 17.2 2.9

8 17.9 2.8

10 19.8 3.2

12 20.4 2.6

14 21.2 1.7

The CA50 sweep diagram is an easy way to identify the optimal combustion
phasing range for the tested point. Therefore, as already introduced in the previous
section, CA50 equal to 6° aTDC has been chosen as a reference point, because it
guarantees amaximumgross-indicated efficiency and ahighvalue of ethanol fraction.

2.3.2 Injection Strategy

This section presents the effects of a more complex, double pilot plus main injection
pattern in comparison with the standard single-pulse injection one usually employed
for dual-fuel application. The aim of using a complex injection pattern, character-
ized by multiple close injections, is to realize a more compact combustion process
allowing an improved mixture stratification and lowering the heat losses to the
chamber walls. Additionally, a reduction of the combustion noise is possible too
(Vassallo et al. 2018). The injection pattern schematics adopted, energizing current
(EC), are shown in Fig. 2.4. These investigations have been performed at CA50,
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Fig. 2.4 Schematic of the
injection patterns’ dual-fuel
mode

equal to 6° aTDC, identified in Sect. 2.3.1, at the constant rail pressure (500 bar),
SOIethanol, FSR, and load without EGR (see Table 2.3) in a manner to discriminate
the injection pattern effect.

Different combustion modes, adopting different injection patterns, are observed
in Fig. 2.5. The single-injection strategy shows a longer ignition delay, allowing a
higher air–fuel mixing degree and, consequently, more low reactive fuel at low equiv-
alence ratios. The diesel is so diluted that no sustained combustion can be obtained.
The multi-injection strategy instead leads to a high degree of high reactive fuel strat-
ification in the combustion chamber. The employment of a more complex injection
strategy reduces the ignition delay, with a consequent earlier start of combustion as
HRR profiles are demonstrated in Fig. 2.6. An improvement of the ethanol combus-
tion is observed in the premixed pilot region, which influences the flame propagation
through the air–fuel mixture. Therefore, the HRR trace is less sharp, characterized
by a lower peak value than in the reference case, resulting in a substantial reduction
in combustion noise of about 4 dBA. Longer and higher diffusive combustion than

Fig. 2.5 In-cylinder
pressure, apparent HRR, and
injection pattern for multi-
and single-injection
strategies in dual-fuel mode
at 1500 rpm and 6.2 bar
IMEP
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Fig. 2.6 Delta combustion noise, COVIMEP, ID, CA90-10, FSR, emissions, and efficiencies for
multi-injection strategy compared to the only main injection at 70% of FSR

the reference case is noted, which causes an increase in the particulate matter, even
if it is to be considered negligible being in a soot-less zone.

Figure 2.6a shows the variances by adopting themulti-injection strategy compared
to the single injection at constant FSR, in terms of combustion noise, COVIMEP,
ignition delay, and combustion duration. The higher combustion duration of the
multi-injection pattern, of about 5°, due to the more significant diffusive phase, as
observed in the heat release rate (Fig. 2.5), increases the heat transfer losses from the
charge to the combustion chamber walls (Chang et al. 2012). Then, a higher amount
of fuel burns further into the expansion stroke, increasing exhaust gas losses and
exhaust temperatures (Knight et al. 2010).

The FSR can be as high as 73% within the imposed combustion limit listed in
Table 2.3; the combustion process covariance is within 3.5%. Also, the combustion
noise is below the maximum acceptable value, even at high FSR. A reduction of PRR
is observed by adopting a multi-injection strategy. It is related to a lower premixed
combustion phase leads to a longer combustion duration of about 4°. The combustion
noise reduces about 4 dBA (Fig. 2.6a). The combustion temperature, for the complex
pattern, is not as high as that of the single injection one, which could potentially
decrease NOx emissions (Nehmer and Reitz 1994). Since the tests are at constant
equivalence ratio and temperature, the NOx concentration in Fig. 2.6b is similar to
both injection strategies. The smoke emissions have not been included in the graph,
as the tests have been performed without EGR and with a high level of ethanol
fraction (above70%), and the values obtained are lower than0.2FSN(soot-less zone).
An increase for THC emission of about 25% is observed compared to the single-
injection strategy. Therefore, the increase in HC emissions is believed mainly caused
by ethanol trapped in parasitic volumes and crevices due to injections very close to
TDC. Also, for the specific CO emissions, a similar trend can again be observed,
with an increase of about 25%. This raise should be due to the flame quenching of
the highly diluted ethanol–air mixing. Previous studies had already shown that low-
temperature combustion concepts with high mixture homogenization temperatures
on the cylinder wall and piston surface are too low to allow for sufficient oxidation of
CO to CO2 (Bhave et al. 2006). The delta ηgross is also shown in Fig. 2.6b. It reduces
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about 1% units for the multi-injection strategy compared to the reference one due
to the longer combustion duration resulting in a reduction of the thermodynamic
efficiency (higher exhaust losses). In conclusion, it can be stated that the single diesel
injection strategy for dual-fuel combustion with high ethanol percentage guarantees
better efficiencies and engine-out emissions than a diesel multi-injection pattern.

2.3.3 Injection Pressure

In this section, the effect of diesel injection pressure has been investigated in dual-
fuel combustion at part load. Two levels of variation have been used for the tested
points (Table 2.3). The energizing time of pilot pulses, as well as SOIethanol, CA50,
and the load, has been kept constant, to achieve the same FSR as the reference test.
Figure 2.7 shows the changes in in-cylinder pressure and heat release rate of dual-fuel
combustion at different injection pressures. In terms of the combustion process, as
HRR profile shows, the higher diesel injection pressure seems not producing relevant
changes. It is noticed that the change in slope related to higher injection pressure,
even if the combustion starts earlier at the lower rail pressure, has observed a rising
of the heat release rate due to better atomization of high reactive fuel. The start
of injection was retarded of 4° to reach the CA50 target. HRR trace also shows
a combustion duration increase of about 4° due to the slow diffusive phase that
overtakes the reference trace, as reported in the spider plot in Fig. 2.8.

Figure 2.8 shows the indicated specific emissions and the engine performance for
the two tested points. A slight difference in terms of combustion noise is observed
between the two different rail pressures tested. The COVIMEP at different injection
pressures is given in Fig. 2.8a. It is considered that the cooling effect of the low
reactive fuel injected into intake port lowers the inlet temperature leading to higher
combustion instabilities. However, COVIMEP decreases at a higher rail pressure of

Fig. 2.7 In-cylinder
pressure, apparent HRR, and
injection pattern for two
levels of injection pressure in
dual-fuel mode (72% FSR) at
1500 rpm and 6.2 bar IMEP
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Fig. 2.8 Delta combustion noise, COVIMEP, ID, CA90-10, FSR, emissions, and efficiencies for
1000 bar compared to the 500 bar of injection pressure

about 0.6% due to the better spray atomization and penetration inside the combustion
chamber, involving more premixed fuel during the ignition process.

As depicted in Fig. 2.8b, the injection pressure does not have a clear effect on NOx

emission at constant CA50 and FSR. The HC and CO emissions slightly decrease
with rail pressure increasemainly due to the higher fuel oxidation rate of the premixed
ethanol present in the squish volume of the combustion chamber (Di Blasio et al.
2013; Belgiorno et al. 2018). The lower CO emissions, of about 1 g/kWh, at higher
pressure, are mainly due to the better atomization obtained and, therefore, to better
air–fuelmixing and to a longer combustion duration, which guarantees greater oxida-
tion of CO into CO2. It can be noted a sharp decrease in the unburned hydrocarbon
emissions, 3 g/kWh lower, as the injection pressure increases. This is due to more
diesel quantity covering a broader region of the combustion chamber, thanks to the
higher rail pressure and the greater in-cylinder temperature related to a higher fuel–
air ratio that promotes the complete oxidation of hydrocarbons. For both test points,
no differences are evidenced in terms of gross efficiency, as shown in Fig. 2.8b, with
a benefit in terms of combustion efficiency (ηcomb), 2% higher, due to mainly the
lower CO and HC emissions.

2.3.4 Exhaust Gaseous Recirculation

In the following section, the effect of the EGR has been analyzed, keeping constant
all engine boundary conditions. The EGR is usually applied to dilute the in-cylinder
charge to control NOx emissions; however, usually, it is associated with a smoke
penalty. The ethanol addition is even more effective when EGR is used, and this is
because of the lower oxygen availability. The EGR effect on combustion, emissions,
and efficiencies is described, and no EGR and 20% of EGR are shown at 1500 rpm,
6.2 bar of IMEP with 70% of ethanol percentage.

As shown in Fig. 2.9a, the EGR rate does not involve variations in terms of ID,
keeping constant the CA50. The PRR decreases with the EGR rate at constant FSR;
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Fig. 2.9 Delta combustion noise, COVIMEP, ID, CA90-10, FSR, emissions, and efficiencies with
EGR compared to the without EGR

in terms of combustion noise, a benefit of 6 dBA can be noted. Increasing the EGR
rate leads to a rise of combustion duration of about 4°, mainly due to the lower in-
cylinder temperature near the end of the compression stroke. It also allows greater
stability of the combustion process, with a reduction of almost 0.5% of COVIMEP

compared to the case without EGR.
Figure 2.9b displays the effect of the EGR rate on emissions and engine perfor-

mance of dual-fuel combustionmode. TheHCemissions slightly decreasewith EGR,
and the measured value is below 1.5 g/kWh because of the ethanol concentration that
is relatively low in combination with the longer duration of combustion. Therefore,
longer oxidation time reduces the HC concentration. As shown in Fig. 2.9b, a slight
difference of about 0.5 g/kWh is observed in terms of CO emissions adopting the
EGR. The ability to oxidizeCOdecreaseswith the increase ofCO2,which reduces in-
cylinder pressure and temperature. It is mainly due to the lower combustion temper-
ature making it harder to burn ethanol/diesel mixture to oxidize CO. Concerning the
engine performance, the gross efficiency is well aligned with and without EGR. In
contrast, for combustion efficiency, the efficiency improvement, of about 1.2%, is
mainly related to the reduction of HC emissions.

The use of EGR has a positive impact on the emissions and engine performance,
except for HC and CO emissions, which are much greater than conventional diesel
combustion (Martin et al. 2018).

2.4 Ethanol–Diesel Blend

A simpler fueling mode to utilize ethanol fuel in a compression ignition engine is to
blend it in diesel. However, the maximum blending ratio is limited, due to the low
ethanol miscibility with the diesel fuel. To increase the percentage of the ethanol
fraction blended with diesel, an emulsifier is needed because the alcohol’s polarity
increases exponentially with a reduced carbon chain length due to the oxygen atom
in the molecule (Collins 2017). The type of emulsifier used has specific effects on
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Table 2.5
Ethanol–biodiesel–diesel
blend engine operating
conditions and constraints

Engine
parameters

Values

Engine speed
[rpm]

2000 1500–2000 2000

IMEP [bar] 4.0–7.0 3.3–4.0 4–0–7.0

Ethanol
percentage [%]

0–15–30 30 30

EGR [%] 0 0 0–50

Diesel injection
strategy

Pilot–main Pilot–main/only
main

Pilot–main

Intake manifold
temperature [K]

333

Combustion noise
max. [dBA]

90

PRRmax [bar/deg] 8.0

COVIMEP max.
[%]

3.5%

global engine performances. In this regard, experiments have been conducted using
ethanol–diesel blends with biodiesel and gasoline as emulsifiers, explicating their
effects (Belgiorno et al. 2018a; Shamun et al. 2018).

In this monograph, the authors have focused on ethanol–diesel blends employing
as emulsifier soybean fatty acid methyl ester (FAME or biodiesel). The test has been
performed using the single-cylinder engine test rig, whichmain engine specifications
are listed in Table 2.1. The analysis is conducted at partial load conditions listed
in Table 2.5. The part load area is a critical area for both dual-fuel and blending
combustion modes contributing significantly on the emissions and efficiencies over
the actual emission homologation cycles.

Two levels of ethanol percentage have been adopted diesel, biodiesel, and EtOH
(DBE) blend in 68:17:15 ratio and diesel, biodiesel, and EtOH blend in 56:14:30
ratio. Both blends are stable in the proposed blending ratios. The one-factor-at-a-time
method has been used. This method evaluates the engine response for each factor
varied, in particular, the effect of ethanol percentage, injection strategy (single and
pilot–main pulses), exhaust gaseous recirculation on the combustion process, engine-
out emissions, engine heat rejection analysis, and the gross-indicated efficiency. The
maximum value of ethanol percentage (30%) has been used to investigate the effect
of EGR and injection strategy. Table 2.5 shows the engine operating conditions and
constraints used during the experiments.
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2.4.1 Ethanol Blend Substitution Ratio

In this section, an overview of the ethanol–diesel blend ratio on combustion, emis-
sions, and engine efficiencies has been analyzed. Three different ethanol–diesel blend
ratios have been considered 100% diesel, 15%, and 30% of ethanol (EtOH). To stabi-
lize the blend between diesel and ethanol, biodiesel has been used as an emulsifier.
The diesel–biodiesel–ethanol blends are identified as DBE15 (diesel, biodiesel and
EtOH blend in 68:17:15 ratio) and DBE30 (diesel, biodiesel and EtOH blend in
56:14:30 ratio).

To analyze the effect of ethanol blend level, the experiments have been conducted
keeping constant all engine boundary conditions: in-cylinder air, boost pressure, fuel
injection parameters, combustion phasing, and IMEP. Two test points are analyzed
at 2000 rpm, 4 and 7 bar of IMEP, representative of partial load engine operating
conditions. The analysis aims a complete overview of combustion behavior between
the ethanol–diesel blend and the CDC. The delta in terms of combustion noise,
COVIMEP, ignition delay, combustion duration, and exhaust temperature between
the two levels of ethanol blend and the CDC is presented (see Fig. 2.10).

At low engine load (4 bar IMEP), increasing the ethanol blend percentage higher
COVIMEP has been observed of about 1.1% up to 3.2% for DBE15 and DBE30,
respectively. The higher COVIMEP at the high level of ethanol blend percentage is
related to the ethanol cooling effect as already established for the dual-fuel combus-
tion; therefore, the combustion becomes unstable. Increasing the engine load (7 bar
IMEP), the in-cylinder temperature increases and the combustion stability improves;
the COVIMEP is comparable and within acceptable values (below 3%).

The ID, in crank angle degree, has been evaluated as differences between crank
angles of the start of the main injection and crank angle at which 10% of the charging
heat is released (CA10). The ID is a function of the cetane number (CN) and by the
in-cylinder thermodynamic conditions. The diesel fuel has a relatively lower ID due
to the higher CN. Increasing the ethanol percentage, the ignition delay is prolonged
due to the combustion characteristics such as a higher cooling effect of in-cylinder
and a larger fraction of premixed flame.

Fig. 2.10 Delta combustion noise, COVIMEP, ID, CA90-10, and exhaust temperature at part loads
for two levels of ethanol–diesel blends compared to the CDC



20 R. Ianniello et al.

The combustion duration CA10-90, in crank angle degree, has been calculated
as differences between the crank angles at which 90 and 10% of the charging heat
is released. DBE blends show lower combustion duration compared to the diesel
fuel, due to the ID. When the ID is prolonged, the combustion shows a marked
premixed flame with a positive impact on CA10-90, CA50, and exhaust temperature
reduction as well. Short combustion is characterized by an advanced CA90, and
lower exhaust temperature is expected. A reduction in the range of 10–20 °C has
been measured moving from the CDC to DBE30. Lower exhaust temperature is
related to the improvement of the thermodynamic efficiency (lower exhaust losses).

Another combustion parameter linked to the ignition delay is the combustion
noise. With a high ID, a higher premixed flame is observed, and the ethanol–diesel
blend combustion shows an increase of combustion noise in the range of 2 – 3 dBA
between DBE30 and diesel fuel.

Figure 2.11 shows the engine-out emissions (THC, CO, and NOx), ηcomb, and
ηgross for the two levels of ethanol blend substitution ration, also including the CDC
as reference. Asmentioned above, the results refer to the experimental test performed
without EGR, to avoid the influence of EGR on the combustion process; for this
reason, a higher value of NOx has been measured above 5 g/kWh. Looking at NOx

emissions, the ethanol can be an enabler for theNOx reduction, increasing the ethanol
percentage to the blend, the reduction ranges between 20 and 30%, for both operating
points shown as a consequence of the charge cooling effect that reduces the in-
cylinder temperatures in comparison with the CDC (Yilmaz et al. 2014; Ishida et al.
2010).

The smoke level has not been plotted for brevity, and smoke below 0.2 FSN
has been measured both for CDC and all ethanol–diesel blend, due to the higher
lambda (no EGR). Notwithstanding the low level of smoke, a further reduction has
been measured, increasing the ethanol content in the blend. The smoke reduction is
related to the combination of the short two-atom carbon chain of ethanol and oxygen
content of biodiesel used as an emulsifier. Increasing the ethanol fraction in the fuel
results in a higher THC and CO emissions two times more compared to the CDC,
0.4 and 3.0 g/kWh, respectively. The higher ID of the ethanol–diesel blend gives

Fig. 2.11 Delta THC, CO, NOx , and delta ηcomb and ηgross at part loads for two levels of ethanol–
diesel blends compared to the CDC
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the fuel more time to enter the crevice volumes causing higher THC emissions. The
cooling effect of ethanol reduces the in-cylinder temperature penalizing the complete
oxidation of the CO to the CO2.

The ηgross is also presented in Fig. 2.11. It increases by about 1% unit per 15%
of the ethanol fraction. Higher premixed combustion phasing with consequence
shorter combustion duration improves the thermodynamic efficiency of ethanol–
diesel blends compared to the CDC. To evaluate better and in detail the ηgross

improvements working with ethanol blends instead of CDC, the energy distribution
has been evaluated (including the incomplete combustion, exhaust, and in-cylinder
heat transfer losses and gross-indicated efficiency).

Increasing the ethanol fraction, higher combustion losses have been obtained due
to the higher CO and THC compared to the CDC. The gross indicated efficiency
improvement of about 2% units is observed passing from CDC to the 30% ethanol
blend ratio, which is related to the simultaneous reduction of in-cylinder heat transfer
(HT) and exhaust losses (short combustion duration).

2.4.2 Injection Strategy

In this section, two different injection patterns have been studied to analyze the
combustion behavior, emissions, and engine efficiencies for a combustion engine
fueled with ethanol–biodiesel–diesel blend. The ethanol fraction is kept constant
equal to 30%.

The injection patterns studied are single (main only) and double (pilot–main)
injections. The two explored k-points are at 1500 and 2000 rpm and 3.3 and 4.0 bar
of IMEP, respectively, and no EGR has been used. Figure 2.12 shows the overall
results in terms of combustion noise, COVIMEP, ignition delay, combustion duration,
and exhaust temperature, for the two injection strategies (pilot–main and main only).
Typically, the pilot injection quantity varies in the range of 1–3 mm3/stroke. The
pilot injection is generally used to control the combustion noise and peak pressure

Fig. 2.12 Delta combustion noise, COVIMEP, ID, CA90-10, and exhaust temperature at part loads
of pilot/main injections compared to only main injection
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Fig. 2.13 Delta THC, CO, NOx , and delta ηcomb and ηgross at part loads of pilot–main injections
compared to only main injection

rise rate (Selim 2003); then, the main injection controls the engine load. Looking
at the combustion noise (Fig. 2.12), higher noise up to 6 dBA has been measured
switching from the double- to the single-injection case.

The pilot injection gives a lower contribution to the cooling effect compared to
the main injection. The only main injection strategy shows a higher cooling effect
of the charge extending the ID of about 3° compared to the pilot–main strategy.
The only main injection shows a separation between the end of injection and the
start of combustion, with a higher premixed phase of heat release rate, consists of
a premixed flame mode typically characteristic of partially premixed combustion
(Belgiorno et al. 2017, 2018b).

The COVIMEP and exhaust temperature are well aligned between the single- and
double-injection strategy. The single-injection strategy shows a higher premixed
combustion phase compared to the pilot–main injection strategy at lower engine
speed, promoting the NOx production (Fig. 2.13).

Engine-out emissions (THC, CO, and NOx), combustion, and gross-indicated
efficiencies are plotted in Fig. 2.13, for the two injection strategies (pilot–main and
main only). Switching fromdouble- to single-injection strategy, the ID increases. The
higher cooling effect of main injection strategy postpones the start of combustion,
and the fuel has more time to enter the crevice volume with a negative impact on CO
and THC emissions compared to the double injection.

The ηgross increases from about 0.75 up to 1.5% units more with the double-
pulse injection instead of a single-injection strategy, and it is mainly related to the
combination of lower incomplete combustion (lower CO and THC) and heat transfer
losses (lower peak temperature).

2.4.3 Exhaust Gas Recirculation

The main enabler to minimize the NOx engine-out emissions is the exhaust gas
recirculation (EGR). The EGR increases the specific heat ratio, γ , of the intake air.
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The air can absorb the energy produced by the combustion reducing the in-cylinder
peak temperatures (Murayama et al. 1995). One of the drawbacks of the EGR is
the reduction of air–fuel ratio, promoting the soot formation. Higher EGR content
reduces the in-cylinder oxygen concentration, and the fuel is poorly oxidized, also
promoting the high level of CO and THC (Murayama et al. 1995). In this section,
the EGR effect on combustion, emissions, and efficiencies is described, and no EGR
and high level of EGR (about 50%) are shown at 2000 rpm, 4, and 7 bar of IMEP
with DBE30.

Figure 2.14 shows the overall results in terms of combustion noise, COVIMEP,
ignition delay, combustion duration, and exhaust temperature,with andwithout EGR.
The EGR rate reduces the in-cylinder A/F ratio, penalizing the combustion stability
at low load (4 bar of IMEP). Increasing the EGR, reduce the ignition delay due to the
higher intake temperature, fasting the evaporation phase of ethanol. The CA10-90
slightly decreases of about 1 crank angle degree compared to the test without EGR
with a reduction of exhaust temperature of about 10 °C.

Engine-out emissions (THC, CO, and NOx), combustion, and gross-indicated
efficiencies are plotted in Fig. 2.15, with and without EGR at part load with 30%
of ethanol. With 50% of EGR ratio, the NOx level passing from 7 g/kWh to below

Fig. 2.14 Delta combustion noise, COVIMEP, ID, CA90-10, and exhaust temperature at part loads
with EGR compared to without EGR

Fig. 2.15 Delta THC, CO, NOx, and delta ηcomb and ηgross at part loads with EGR compared to
without EGR
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1 g/kWh without drawback in terms of smoke, this is related to the high ethanol
content (30%) to the fuel blend, because the ethanol produces a larger fraction of
premixed flame.

Theηgross iswell-alignedwith andwithout EGRat lowengine load (4.0 bar IMEP),
while at 7.0 bar IMEP, it increases by about 1.0% units employing the EGR rate. The
efficiency improvement is related to the simultaneous reduction of in-cylinder heat
transfer and exhaust losses.

2.5 Summary

The monograph reports the effects of the ethanol fraction, injection patterns,
EGR analysis for both fueling strategies, dual-fuel combustion ethanol–diesel, and
ethanol–biodiesel–diesel blend. The tests have been performed on a single-cylinder
engine light-duty compression ignition engine at part load since the part load areas are
a most critical area for both dual-fuel and blending combustion modes contributing
significantly on the emissions and efficiencies over the actual emission homologa-
tion cycles. The impact of the ethanol rate and fueling mode on engine efficiency
and emissions is investigated. The one-factor-at-a-time method has been used. This
method evaluates the engine response for each factor varied.

This monograph analyzes the sensitivity among the engine control parameters
on the engine response, emissions, efficiencies, and combustion indicators (stability,
ignition delay, combustion duration, and stability).

To have a comprehensive overview of all results presented, two Pugh matrixes
are presented for the two fueling strategies analyzed (Tables 2.6 and 2.7). Five
criteria have been chosen, THC+ CO, NOx, ηgross, COVIMEP, and combustion noise.
The following leveraging parameters have been considered: ethanol fraction, multi-
injection strategy, higher rail pressure (only for dual-fuel mode), and higher EGR.

Table 6 Pugh matrix ethanol–diesel dual-fuel combustion

Criteria Datum Ethanol% Multi-injection p-rail EGR

THC + CO − − + +
NOx S S + +
ηgross − − S S

COVIMEP S S + S

Combustion noise S + S +
Sum of all positives 0 1 3 3

Sum of all negatives 2 2 0 0

Sum of all neutrals 3 2 2 2

Total −2 −1 3 3
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Table 7 Pugh matrix ethanol–biodiesel–diesel blend combustion

Criteria Datum Ethanol% Double injections EGR

THC + CO − + S

NOx + + +
ηgross + + +
COVIMEP S S S

Combustion noise − + −
Sum of all positives 2 4 2

Sum of all negatives 2 0 1

Sum of all neutrals 1 1 2

Total 0 4 1

Each concept has been compared to different datums. In summary, the ethanol frac-
tion impact on combustion and emissions has been compared to the CDC, while,
the multi-injection strategy has been compared to the single injection pattern, then,
the results of high rail pressure are referred to the low rail pressure level and finally,
the results obtained with EGR are compared with the baseline without EGR. When
no significative difference of criteria between the datum and generic concept can be
appreciated, the symbol (S) has been used. Then, a strategy that reduces the emis-
sions, COVIMEP, and noise and as well as improves the gross efficiencies the symbol
(+) is used, vice versa (−).

Forwhat concerns the dual-fuel Pughmatrix (seeTable 2.6), it canbe stated that the
dual-fuel mode shows comparable NOx, combustion noise, and COVIMEP compared
to the CDC. Penalties in terms of unburnt and efficiency are noted. Higher levels
of fuel injection pressure and EGR reduce THC, CO, and NOx emissions without
a relevant impact on efficiency and improved combustion stability and noise. The
multi-injection strategy shows emissions and efficiency penalties, a reduction of the
combustion noise, and aligned combustion stability compared to the single injection.
Concluding, the combination of a single-injection strategy, high rail pressure, and
EGR permits to minimize the engine-out emissions and combustion noise while
maximizing the gross-indicated efficiency.

The Pugh matrix of the blend fueling mode is shown in Table 2.7. High level of
ethanol blend ratio shows higher combustion noise, THC, and CO compared to the
CDC, but with fuel consumption and NOx reductions compared to the CDC. The
double-injection strategy permits to reduce the engine-out emissions (THC, CO,
and NOx) and combustion noise, while the combustion stability is pretty aligned
with a single-injection strategy. High level of EGR combined to the low reactive
fuel as ethanol gives to the combustion process typical characteristics of partially
premixed combustion showing a reduction of NOx and fuel consumption compared
to the no EGR. Summarizing, employing high ethanol percentage to the diesel fuel,
with double-injection strategy and higher EGR, a positive impact on gross-indicated
efficiencies and emissions has been observed.
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Chapter 3
PM Characteristics and Relation
with Oxidative Reactivity—Alcohol
as a Renewable Fuel

Nahil Serhan

3.1 Introduction

Diesel smoke, so-called particulate matter (PM), can be presented as a combina-
tion of carbonaceous material (soot) blended with several types of inorganic and
organic substances, resulting in mutagenic and carcinogenic elements by nature
(Silverman 2012). Soot inception is generally defined as a combination of different
physical and chemical reactions that result in the transition of the fuel HCs from
the vapor phase into a complex solid carbon structure (Omidvarborna et al. 2014;
Shandilya andKumar 2013). Thismechanism takes placewithin the fuel-rich regions
presented in the diesel combustion process when enough temperature (1000–2800K)
and pressure conditions (50–100 bars) are available (Omidvarborna et al. 2014;
Shandilya and Kumar 2013). The detailed mechanism by which the soot is produced
is still under debate in the literature despite that a significant number of publications
have examined this process (Haynes and Wagner 1981; Omidvarborna et al. 2015).
Reader is referred to (Omidvarborna et al. 2015) for a general summary of the soot
pyrolysis/oxidation process in compression ignition engines.

3.1.1 PM Elemental Composition

Soot generally comprises carbon (C) as the main component and to a lesser extent
some traces of hydrogen can be also detected, resulting in an overall density of 1.84
± 0.1 g/cm3 (Choi 1994). When the particulates are immature (during the initial
stages of the soot inception process), hydrogen is considered one of the basic soot
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components (C/H ratio ~1). However, as the soot becomes more mature, the corre-
sponding carbon portion increases while hydrogen’s level drops (Omidvarborna et al.
2015). In addition, soot also contains a soluble organic fraction (SOF) that mainly
originates from the fuel aromatic compounds and the different unburnt hydrocarbon
species of the fuel (Daido 2000; Tree and Svensson 2007). Both oxygen, as strongly
bonded oxygen functionalities, and sulfur, in the form of sulfates, can be found on
the soot surface. Moreover, different types of metals such as zinc (Zn), iron (Fe),
silicon (Si), calcium (Ca), chromium (Cr), and phosphorus (P) can be detected in the
soot elemental composition (Omidvarborna et al. 2014; Shandilya and Kumar 2013;
Xi and Zhong 2006). These types of metals are generally referred to as the “ash”
portion in the aggregate and mainly result from the engine wear, lubrication oil, and
the various inorganic compounds of the fuel (Mühlbauer 2016). The combination of
the soot particulates (the solid part) with SOF and ash is the so-called PM. Following
the findings of Roessler et al. (1981), a representative diesel PM holds on weight
basis 70% C, 20% O2, 3% Sulfur (S), 1.5% H2, <1% N2, <1% trace metal.

3.1.2 PM Morphology

PM profile can be generally described as a fractal aggregate with an average size
of 80–300 nm (nm). Each aggregate can include up to 4000 carbonized spherules,
so-called primary soot particulates (Wagner 1979). In a typical diesel engine, the
sum of primary particulates grouped in a single aggregate falls in the range of 22–
100 (Song 2003). This number is influenced by the total in-cylinder air to fuel (A/F)
ratio: The leaner the combustion, the lesser the agglomeration (Roessler 1981; Song
2003). The diameter of the spherules varies from 10 to 80 nm; however, in normal
diesel operation, the typical diameter range is 15–50 nm (Walker et al. 1966). Soot
morphological analysis—the soot agglomerate geometry—includes several phys-
ical parameters such as the fractal dimension (Df), gyration radius (Rg), number of
primary particulates within the aggregate (np0), and primary particulate size (dp0). A
schematic presentation of Rg and dp0 is shown in Fig. 3.1.

Fig. 3.1 Schematic of a
diesel soot particulate
magnified by TEM to
0.2 µm scale showing the
different morphological
parameters Serhan (2019)
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Df demonstrates what growth mechanism governs the production of the aggregate
particulates through the combustion course (Meakin et al. 1989). Larger magnitudes
imply that the particulates are more likely to be spherical in shape and smaller
magnitudes indicate a stretched chainlike structure (Meakin et al. 1989). Rg is a
representative of the average length that links the centroid of the aggregate with the
center of each spherule (Lee et al. 2013), highlighting the average size of the whole
aggregate. As for np0, as its name shows, this parameter is an indication of the number
of spherules comprised in an aggregate. dp0 is the average size of these spherules.

3.1.3 PM Nanostructure

Apart from the morphology, it is also important to understand the nanoscale ordering
of the primary particulates (nanostructure) as the soot formation process and the
corresponding oxidative reactivity is partly reflected in the nanostructure. Each
primary particulate includes around 105–106 carbon atoms in its structure (Walker
et al. 1966). These atoms are chemically bonded with each other following a hexag-
onal fashion arrangement, usually referred to as “platelet” or “graphene layer”
(Fig. 3.2) (Glassman and Yetter 2008). In general, the carbon atoms in each of these
layers are positioned within a two-dimensional plane, known as “basal plane” and
“edge plane”. Typically, these platelets are parallel to each other and stack in a group
of 2–5 platelets (Xi and Zhong 2006). This configuration is generally known as a
“crystallite”. The interlayer spacing separating the graphene layers in the diesel soot,
usually defined by d002, is slightly larger than that of the graphite (0.335 nm) and falls
in the range of 0.35–0.36 nm (Glassman and Yetter 2008). The interlayer spacing
is a measurement of the degree of graphitization, and smaller values indicate more
graphitic structure. Diesel spherules usually hold around 103 crystallites that have an

Fig. 3.2 Representation of a the primary particulate nanostructure (binary picture), b carbon atoms
in the basal and edge plane of a platelet, c crystallite arrangement, and d curved layer configuration,
reproduced from (Gaddam et al. 2016)
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approximate thickness (Lc) of 12 nm each (Xi and Zhong 2006). These crystallites
form the outer shell of the primary particulate, and they are usually arranged parallel
to each other and surround the particulate’s center (Amann and Siegla 1982). The
inner core of the spherule ranges from18 to 30nmand incorporates several fine partic-
ulates characterized with an amorphous assembly. This configuration reveals that the
central part is structurally and chemically less stable than the outer shell (Amann
and Siegla 1982). In addition to d002 and Lc, two different parameters should be also
examined in the nanostructure analysis:

• The crystallite basal plane length is also known as “the fringe length” (La): It is a
measure of the physical extent of the atomic carbon layer (Gaddam et al. 2016).

• The curvature of the carbon layer, also known as “the fringe tortuosity” (T f), indi-
cates the existence of a non-six membered ring (i.e., five and seven membered
rings)—defected ring (Gaddam et al. 2016; Al-Qurashi and Boehman 2008;
Vander Wal and Tomasek 2004).

3.2 PM Oxidative Reactivity

Particulate filter (PF) regeneration (i.e., PM oxidation) can be achieved via two
different methods: passive or active regeneration. In the passive version, the particu-
lates are regularly oxidized with NO2 when the exhaust temperature varies from 200
to 450 °C. The needed NO2 is usually delivered to the PF by the help of the DOC
which converts the engine out NO into NO2. However, in case the filter backpressure
is above the normal range and the available NO2 and exhaust temperature are not
enough (i.e., urban and extra urban cycles), the regeneration is accomplished through
the active method. Oxygen presented in the exhaust is used to regenerate the filter;
however, exhaust temperature of 550 °C or higher is required. To achieve that, fuel
is injected in the exhaust pipe to be oxidized through the DOC (exothermic process)
with a view to achieve the required temperature level (= >550 °C) to launch the PM
oxidation reactions.

Soot oxidative reactivity is generally known as the ability of the PM to combust in
an oxidizing environment (i.e., usually air) (Al-Qurashi et al. 2011). In simple terms,
it defines the needed time and temperature required to fully oxidize a known mass of
PM. The knowledge of the soot oxidation behavior is the key factor in optimizing the
PF design and the regeneration cycles to reduce the encountered fuel penalties from
this application. Increasing the soot oxidative reactivity toward oxygen results in
the full oxidation of the soot at lower temperatures, thus lowering the fuel penalties
and vice versa. It is widely accepted that different engine technologies, operating
modes, and fuel types result in particulates that strongly differ in their physical and
chemical properties (Burtscher 2005;Matti 2007). This usually includes a variation in
the particulate’s elemental composition, morphology and carbon layer arrangement
(i.e., nanostructure of the primary particulate). The dependency of the soot oxidative
reactivity toward the different physico-chemical characteristics is detailed in Sects.
3.2.1, 3.2.2, and 3.2.3.
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3.2.1 PMOxidative Reactivity Dependence UponMorphology

Numerous researchers suggest that Rg and dp0 change according to the parent fuel
type (Fayad 2015, 2017; Savic 2016) and the engine operating conditions (Leiden-
berger 2012; Lapuerta et al. 2007). Hence, many authors base their analysis on these
physical parameters (Rg and dp0) to explain the difference in the particulate’s reac-
tivity. Lapuerta et al. (2012) and Rodríguez-Fernandez et al. (2017) spotted a notice-
able reduction inRg anddp0 alongwith a significant improvement in thePMreactivity
when operating the engine with synthetic fuel (gas to liquid—GTL), biodiesel blends
(such as hydrotreated vegetable oil (HVO), and conventional biodiesel originated
from animal fat methyl ester). It was suggested that due to the reduction in dp0 or Rg,
a larger specific surface area (SSA) was available for the oxidizers (i.e., O2, etc.) to
react with, thus easing and enhancing the oxidation process. Both authors calculated
the SSA assuming that the particulate shape is spherical. Rodríguez-Fernandez et al.
(2017) also assumed that a higher level of Df (i.e., more chain-like structure) can
also increase the SSA, however did not take into account this parameter in the final
analysis. On the contrary, other researchers reported that increasing the biodiesel
portion in diesel fuel results in larger PM (Ye 2014; Lin et al. 2008). However, the
soot oxidation activity was better than that produced from the conventional diesel
fuel (Ye 2014). Lu et al. (2012) highlight that along with the particulate’s size range,
various rates of oxidation can be presented. Leidenberger et al. (2012) reported
that by increasing the fuel injection pressure, smaller PM size is produced and as a
result better oxidative reactivity is achieved compared to lower injection pressures.
In another study, Ye et al. (2014) reported that as the fuel pressure increases, the
soot reactivity increases accordingly yet, the size of the primary particulate remains
constant, highlighting a negative correlation with the reactivity recorded.

3.2.2 PM Oxidative Reactivity Dependence Upon Elemental
Composition

In addition tomorphology, soot elemental composition,mainly the surface functional
group, has been also recognized as a vital parameter governing the soot oxidation
mechanism. Morjan et al. (2004) suggested that the presence of oxygen molecules
in the reactive mixture can significantly alter the final soot structure. The electron
affinity of this moiety can increase the surface chemical activity and therefore alter
the soot physical configuration in away thatmore curved layers are obtained. Further-
more, the chemisorbed oxygen can be easily bonded to the carbon edge sites due to
the presence of unpaired sp2 electrons. As a result, the reactivity of the edge plane is
increased, thus enhancing the reactivity of the whole particulate (Barrientos 2014).
Muller et al. (Müller 2006) reported that oxygenated functional groups including
C–O–C, C–OH, and C=O are likely to be very reactive agents that facilitate the soot
oxidation. Smith and Chughtai (1995) found that the soot reactivity is influenced by
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the concentration of oxygen and hydrogen radicals linked to the non-six-membraned
PAH rings in the soot surface. They reported that an increase in these elements will
reduce the energy required to launch the soot oxidation process, in other words, the
energy required to desorb the oxygen functionality from the surface as a combustion
product (i.e., CO, CO2) will be reduced. Several other publications (Wang 2012)
also studied the impact of the surface oxygen functional groups and depicted that
these species significantly enhance the soot oxidation process. Soot reactivity has
been also reported in several studies (Stanmore et al. 2001) to be influenced by the
amount of volatile organic fraction (VOF) condensed onto the surface of the aggre-
gates. It was seen that during the oxidation process, the adsorbed VOF devolatilizes
and as a result new micropores opening are generated onto the soot surface. As a
result, the soot specific surface area in which the oxygen can diffuse and react is
increased—this in turn accelerates the kinetics of the oxidation mechanism. On the
other hand, the inorganic elements (ash), especially the metal species, show to have
a catalytic impact that can significantly enhance the particulate’s oxidative reactivity
(Liati et al. 2012; Hansen et al. 2013). Hansen et al. (2013) studied the oxidative
reactivity of different soot samples with and without the presence of different inor-
ganic species that simulate the various ash components comprised in biodiesel fuel
and engine oil. The author depicts that biodiesel ash components, such as sodium
carbonate (Na2CO3), potassium carbonate (K2CO3), and tri-potassium phosphate
(K3PO4) have a positive impact on the oxidation reactions, while the oil-derived ash
such as calcium sulfate (CaSO4) can negatively affect the soot oxidation kinetics
(i.e., slower rates).

3.2.3 PM Oxidative Reactivity Dependence Upon
Nanostructure

It is of importance to understand the reactivity of the carbon atoms upon their position
within the graphene layer (basal and edge plane) to further understand the influence
of the nanostructure parameters (d002, La and T f) toward the particulate’s oxidation
reactivity. To start with, the carbon atoms positioned in the edge sites hold a signif-
icantly higher reactivity (around 100–1000 times more reactive) compared to that
located in the basal plane (Vander Wal and Tomasek 2003; Gogoi 2015). This is
mainly due to the presence of unpaired sp2 electrons that allows the edge site atoms
to easily bondwith the upcoming oxygenmolecules (VanderWal and Tomasek 2003;
Marsh and Kuo 1989; Ma 2014). However, this is not the case for the atoms placed
within the basal plane as they can only share � (pi) electrons forming chemical
bonds (Vander Wal and Tomasek 2003; Marsh and Kuo 1989; Ma 2014). In addi-
tion, edge site atoms also present a greater accessibility for oxygen attack (Vander
Wal and Tomasek 2003; Marsh and Kuo 1989; Ma 2014). In summary, the overall
reactivity of the primary particulate, and as a subsequence of the whole aggregate,
can be predicted by evaluating the amount of carbon atoms situated in the basal
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plane with respect to these in the edge sites (Vander Wal and Tomasek 2003). This
could be mainly concluded by analyzing the crystallite basal plane length (i.e., La):
Shorter layers indicate the presence of higher amounts of carbon atoms in the edge
sites and as a result better oxidative reactivity is expected (Vander Wal and Tomasek
2003; Marsh and Kuo 1989; Ma 2014; Strzelec, et al. 2017). In addition, wavy layers
(increasing T f) indicate the presence of defects in the layer, as presented earlier
in Fig. 3.2 (Gaddam et al. 2016; Al-Qurashi and Boehman 2008; Vander Wal and
Tomasek 2004). This kind of structure is reported to reduce the electronic resonance
stability of the C–C bonds positioned within the basal plane as their atomic orbitals
(i.e., electron cloud) are overlapped. Consequently, the C–C bonds are weakened
which in turn increases their reactivity and makes them more vulnerable toward
oxidation (Vander Wal and Tomasek 2003; Strzelec, et al. 2017). On the other hand,
during the oxidation process, curvy layers can be more easily stripped out from the
outer surface of the particulate compared to flat layers, hence improving the partic-
ulate’s reactivity (Lapuerta 2012). d002 is also considered as a critical parameter
when evaluating the soot structure. Larger values of d002 indicate that the particulate
ordering is less stable in a manner that eases the access of the oxygen moieties into
the edge site position leading to more reactive particulates (Vander Wal and Mueller
2006).

3.3 Alcohol Impact on PM Tendency

In general, oxygenated fuels are likely to yield more complete combustion compared
to traditional diesel, even in the fuel-rich regions of theflame.This ismainly attributed
to two phenomena: (a) the extra amount of oxygen-borne species (O and OH) helps
in oxidizing the already formed soot precursors into combustion products instead of
being transformed into aromatics and soot (Herreros 2015). (b) The molecular C–O
moieties presented in the oxygenates structure are expected to survive the fuel-rich
ignition phase by that suppressing the rate of soot formation (Westbrook et al. 2006;
An 2015). With regard to the fuel composition, it has been seen that at equivalent
oxygen content, alcohols (i.e., single bond oxygen connection C–OH) reduce PM
more effectively than alkyl esters (double bond oxygen connection, C=O) (Buchholz
et al. 2004). Pepiot-Desjardins et al. (2008) screened a wide variety of oxygenated
additives blended with hydrocarbon fuels. It was seen that the PM suppression is
mainly influenced by the base fuel and by the nature of the oxygenated groups.
Similar work has been also reported by other authors (Barrientos and Boehman
2013). Both works suggest that at equivalent oxygen content, alcohols and ether
groups are more effective than esters in reducing soot formation. Also, it was seen
that that branchedmolecules have higher tendency to produce soot. Review regarding
the impact of alcohol combustion on PM emissions is detailed in the Table 3.1
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3.4 Alcohol Impact on PM Characteristics

It is generally accepted that the combustion of oxygenated diesel blends results
in more reactive soot particulates compared to conventional diesel fuelling (Savic
2016; Lapuerta 2012; Barrientos 2014; Liati et al. 2012; Vander Wal and Mueller
2006; Man 2015). Numerous researchers (Savic 2016; Barrientos 2014; Vander Wal
and Mueller 2006; Man 2015) proved that this ameliorated reactivity was mainly
influenced by the initial arrangement of the graphene layers (soot nanostructure)
which was seen to be structurally less ordered compared to that presented in a diesel
soot particulate. Limited research work has been made regarding alcohol impact on
PM reactivity. Selection of the most appealing articles has been summarized in the
following paragraph.

Vander Wal and Tomasek (2003) show that the soot oxidative reactivity mainly
depends on the initial carbon layer arrangement which in turn relies on the nature of
the fuel combusted. Under similar testing conditions, they found that the particulates
generated from ethanol combustion present faster oxidation rates compared to those
produced from benzene and acetylene combustion. HRTEM analysis revealed that
this is mainly due to more curved layers presented in case of ethanol-derived soot.
This has been linked to the presence of defects in the carbon layers (five-membraned
layers) which in turn impose the bond strain and reduce the electronic resonance
stabilization, thus weakening the C–C bonds and making them more vulnerable
toward oxidation reaction. In addition, it was also reported that the curvature of the
carbon layers presents a more influential factor that dictates the particulate’s oxida-
tive reactivity when compared to the basal plane diameter. Yet, in another research
work, Vander Wal and Tomasek (2004) highlight that the oxidative reactivity and the
nanostructure of the primary particulates are majorly determined by the synthesis
conditions upon which the soot was incepted, such as temperature and residence
time in the combustion chamber. It was found that at low-temperature conditions
(~1250 °C), the combustion yields amorphous particulates that comprise short and
disconnected carbon layers (which is stacked in a non-uniform direction), regard-
less of the operating fuel type or the mixture flow rate. However, an increase in
the combustion temperatures (~1650 °C) leads to particulates with different struc-
tural order according to the flow speed and the nature of the fuel incorporated. For
example, indene, benzene, and acetylene tend to produce highly ordered particulates
(less reactive) at low flow rates (i.e., increasing the soot residence time), whereas soot
with curved carbon layers (more reactive) is yielded at higher flows. As for ethanol,
irrespective of the flow rate, more reactive soot characterized with curved graphene
layers was always emitted. In both studies, the authors confirm the dependence of
the soot reactivity upon its initial nanostructure ordering. Luo et al. (2018) study the
impact of adding up to 30% vol. acetone–butanol–ethanol (ABE) to diesel fuel on
soot oxidation reactivity. Soot originated from the ABE blend shows lower activa-
tion energy (i.e., more reactive) compared to those produced from diesel combustion.
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Increasing the ABE concentration in the blend leads to reduction in the C=C func-
tional groups while oxygen-borne species, O/C and H/C ratios increased correspond-
ingly. Soot nanostructure turns into more amorphous core, dp0 and La decrease while
T f increases. The structural changes seenwith the presence ofABE support the higher
reactivity recorded. Lapuerta et al. (2019) investigated the impact of butanol/diesel
blends on soot characteristics. It was seen that with increasing the butanol portion,
the soot turns to be more ordered compared to diesel. This has been concluded from
X-ray diffraction (XRD) analysis that shows longer La and high-resolution transmis-
sion electron microscopy (HRTEM) analysis that shows decrease in d002. According
to these structural changes, soot resulted from butanol blends suppose being less
reactive than diesel particles. However, the thermal analysis shows the opposite,
where butanol blend-derived particles show higher reactivity than diesel particles. In
this study, the soot nanostructure did not follow the reactivity trend. As for the soot
chemical composition, surface bonded oxygenated functional groups increase with
the presence of butanol.

3.5 Summary

This review chapter summarized the different theories and assumptions proposed in
the literature to correlate the soot physico-chemical parameters with the assigned
oxidative reactivity toward oxygen. In case of diesel originated soot, nanostructure
is considered the governing parameter to dictate soot oxidative reactivity. However,
in case of alcohol/diesel blends, nanostructure tends to be of less importance and the
soot chemical composition, mainly surface attached oxygen-borne species, turned to
the main factor governing soot reactivity. Soot originated from ethanol/diesel blends
present more amorphous core and more curved layers compared to diesel originated
soot, resulting in higher oxidative reactivity. As for butanol/diesel blends, the soot
nanostructure appears to be same as diesel soot or even more ordered; however,
butanol/diesel originated soot tends to bemore reactive toward oxygen. This has been
directly related to the higher oxygen-borne species detected in the soot composition.
As for soot concentration in the exhaust stream, alcohol/diesel blends suppress the
PM and PN mass mainly by increasing the in-cylinder rate of soot oxidation (O and
OH radicals enhance the oxidation rate) and by suppressing the formation of soot
precursors in the fuel-rich regions (C–O moieties require higher energy to break up
compared to C–C). With regard to the fuel composition, it has been seen that at
equivalent oxygen content, alcohols are more effective than esters (i.e., biodiesel) in
reducing soot formation.
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Abbreviations

A/FS Stoichiometric air–fuel ratio
CCS Carbon capture system
CI Compression ignition
COV IMEP Coefficient of variation indicated mean effective pressure
DISI Direct injection spark ignition
DME Dimethyl ether
ECA Emission control area
EEDI Energy efficiency design index
EEOI Energy efficiency operational indicator
EFTA European Free Trade Association
EGR Exhaust gas recirculation
EMSA European Maritime Safety Agency
ηGIE Gross-indicated efficiency
FuelMEP Fuel mean effective pressure
HCCI Homogenous charge compression ignition
HFO Heavy fuel oil
IACS The International Association of Classification Societies
IMEP Gross-indicated mean effective pressure
IMO International Maritime Organization
LHV Lower heating value
LSMGO Low-sulfur marine gas oil
MARPOL International Convention for the Prevention of Pollution from Ships
MEPC Marine Environment Protection Committee
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MGO Marine gas oil
MON Motor octane number
MRV Monitoring, reporting, verification
NaOH Caustic soda
PFI-SI Port fuel injection-spark-ignited combustion
PPC Partially premixed combustion
PRR Pressure rise rate
RCCI Reactivity-controlled compression ignition
RON Research octane number
SAMS Scavenge air moisturizing system
SCR Selective catalytic reduction
SEC Specific energy consumption
SEEMP Ship energy efficiency management plan
SI Spark ignition
SOFC Solid oxide fuel cell
SVO Straight vegetable oil
UNCTAD The United Nations Conference on Trade and Development
WHRS Waste heat recovery system

4.1 The Status of the Maritime Transportation

The transportation sector is indispensable for themobility of people and goodsworld-
wide. It connects people and provides persons or goods to reach the farthest destina-
tion of the world. Maritime transportation is an essential piece of the transportation
sector and constitutes a major part of worldwide trade. 90% of the worldwide trade
(Deniz and Zincir 2016), 90% of the outer freight, and 40% of the inner freight of
the European Union (Fan et al. 2018) have been done by maritime transportation.
According to 2019 data of theUnitedNations Conference on Trade andDevelopment
(UNCTAD), 96,295 ships are in operation which is equal to 1.97 billion deadweight
tons (dwt) (United Nations Conference on Trade and Development (UNCTAD)
2019). Also, it is indicated that the annual maritime transportation volume growth
was 2.6% in 2019, and it is estimated that an annual average growth rate will be 3.4%
for the period 2019–2024.

On the other hand, maritime transportation has an important share of worldwide
emissions. International Maritime Organization (IMO) states that maritime trans-
portation consumes 300 million tons of fuel annually and leads to 938 million tons
of CO2, 19million tons ofNOX , 10.2million tons of SOX , 1.4million tons of PM, and
936 thousand tons of CO emissions in 2012 (International Maritime Organization
(IMO) 2014). At a study of European Energy Agency (EEA) (2019), the maritime
transportation has the contribution of 20.98% of the worldwide NOX emissions,
11.80% of the worldwide SOX emissions, 8.57 and 4.63% of the worldwide PM2.5
and PM10 emissions, respectively, and lastly, 1.94% of the worldwide CO emissions.
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The status of maritime transportation was given in this section. Maritime trans-
portation is an integrated part of global trade, and it is expected that the trade volume
will be in the growing trend for the near future. It alsomeans that the fuel consumption
and engine emissions will be in increasing trend. To overcome this issue, interna-
tional maritime emission rules and regulations are stricter day by day. The next
section introduces rules and regulations about CO2, NOX , SOX , and PM emissions
to control and mitigate shipboard emissions.

4.2 International Maritime Emission Rules
and Regulations

The fuel consumption and shipboard emissions have been in escalation since the ship
number has increased year by year. Nowadays, shipboard emissions are the most
important issue for maritime transportation. The International Maritime Organiza-
tion (IMO) has been working on emission mitigation and control by implementing
international maritime emission rules and regulations. The international maritime
emission rules and regulations are becoming stricter day by day. There are rules
and regulations for CO2, NOX , and SOX emissions. There are not any specific rules
or regulations for PM emissions, but it has been regulated by the SOX regulation.
All rules and regulations about these emissions were addressed in the International
Convention for the Prevention of Pollution from Ships (MARPOL), Annex VI—
Regulations for the prevention of air pollution from ships (May 2005). This section
is going to give detailed information about international maritime emission rules and
regulations.

4.2.1 Carbon Dioxide Emission Rules and Regulations

The carbon content of the fuel is the reason for the CO2 emissions. To achieve zero
CO2 formation as a combustion product, the fuel does not contain carbon atoms in
its structure. Almost all maritime transportation fuels contain carbon atoms, and the
CO2 formation is inevitable. It is awaited that the CO2 emissions will raise with
50–250% compared to the 2008 level (International Maritime Organization (IMO)
2014). However, the CO2 emissions can be decreased by reducing fuel consumption
of the main engine and auxiliary engines of a ship or using low-carbon content fuels.
Increasing energy efficiency on ships results in lower fuel consumption and reduced
CO2 emissions.

The Regulations on Energy Efficiency for Ships in MARPOLAnnex VI regulates
the CO2 emissions from ships on and after January 1, 2013 (International Maritime
Organization (IMO) 2011). The regulation aims to control and mitigate CO2 emis-
sions from the existing and new building ships. Two mandatory terms the energy
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Table 4.1 EEDI reduction
phases (Bazari 2016)

Phase Year Reduction amount (%)

0 2013–2015 0

1 2015–2020 10

2 2020–2025 15–20

3 2025– 30

efficiency design index (EEDI) and the ship energy efficiency management plan
(SEEMP) and a voluntary term the energy efficiency operational indicator (EEOI)
were defined by the regulation.

The EEDI is a measure for the new building ships. It aims to standardize and
increase the use of energy-efficient engines and equipment on the new building
ships. The vessel energy efficiency level is calculated by taking fuel consumption,
fuel carbon content, ship speed, and the cargo carrying capacity of the ship (MAN
2014). Its unit is grams of CO2 per ton-mile, and the lower value indicates a more
efficient ship. There are “attained EEDI” and “required EEDI” in the regulation. The
attained EEDI is the actual EEDI calculated for new building ships. And the required
EEDI is the allowable maximum EEDI limit for the specific ship type. The required
EEDI limit has decreased every five years phase by phase. Shipowners can use any
technology which is suitable for their new building project for not exceeding the
maximum EEDI limit. The phases are shown in Table 4.1.

The SEEMP was defined for the CO2 emission control of the existing ships doing
international maritime transportation. It is a mandatory plan for all ships, and it aims
to encourage and increase the energy-efficient operation on the ships. The SEEMP
contains measures such as optimizing ship speed, weather routing, trim optimization,
hull and propeller cleaning, and using waste heat recovery system. Lastly, EEOI was
introduced as a voluntary voyage-based calculation with the regulation. It aims to
reduce CO2 emissions emitted at a voyage (Zincir and Deniz 2016). The shipowners
or operators can track their ship efficiency performance in grams of CO2 per ton-
mile basis. This voluntary term was the first building block of the mandatory rules,
Monitoring, Reporting, Verification (MRV) Regulation and IMO Data Collection
System (DCS). The CO2 emission performance of a ship can be calculated by EEOI.

On July 1, 2015, the MRV Regulation entered into force by the European Union,
Norway, and Iceland (Gl 2020). The regulation aims to record and control the annual
CO2 emissions of ships larger than 5000 GRT calling to the EU, Norway, and Iceland
ports. The monitoring phase was started on January 1, 2018, by monitoring annual
fuel consumption, voyage day, fuel carbon content, and CO2 emission data of the
ship. The second phase of reporting has started in 2019. The shipowners and opera-
tors have to submit their ship annual report to Thetis MRV application of the Euro-
pean Maritime Safety Agency (EMSA) (Gl 2017). The reporting phase encourages
shipowners and operators to increase energy efficiency measures on a ship, reduce
fuel consumption, or use lower carbon content fuel. And lastly, annual ship reports
were verified and the verification document has been required by the port authorities
after June 30, 2019.
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Table 4.2 Greenhouse gas strategy of the IMO (International Council on Clean Transportation
(ICCT) 2018)

Term Year Target Strategy Status

Short 2018–2023 New vessels New EEDI phases −10% in 2015
−20% in 2020
−30% in 2030

Short 2018–2023 In-service vessels Operational efficiency
measures

SEEMP planning
required

Short 2018–2023 In-service vessels Improvement of existing
fleet program

–

Short 2018–2023 In-service vessels Speed reduction –

Short 2018–2023 Engine and fugitive
emission

Measures to address
volatile organic compound
and methane emissions

–

Mid 2023–2030 Fuels/new and
in-service vessels

Alternative fuel
implementation program

–

Mid 2023–2030 In service vessels Further operational
efficiency measures

SEEMP planning
required

Mid 2023–2030 In service
vessels/fuels

Market-based measures –

Long 2030+ Fuels/new and
in-service vessels

Zero carbon –

IMODCS is the latest regulation tomitigate CO2 emissionsworldwide. This regu-
lation is amendments toMARPOLAnnexVI by the resolutionMEPC.278(70) which
has been effective on and after March 1, 2018 (International Maritime Organization
(IMO) 2020a). It is a similar regulation to MRV Regulation. The only difference
is the IMO DCS covers all ports worldwide while MRV Regulation covers EU and
EFTA ports. The first reporting period was started on January 1, 2019 (Gl 2020).
Also, the IMODCS requires an update to the existing SEEMP as the SEEMP Part II.
The additional part contains data collection and reporting methods for the specific
ship.

In April 2018, at theMEPC 72meeting IMOhas a greenhouse gas (GHG) strategy
that aims to lessen CO2 emissions per transport work at least 40% by 2030 and 70%
by 2050 compared to 2008 levels (International Council on Clean Transportation
(ICCT) 2018). IMO announced its short-, mid-, and long-term strategies (Table 4.2)
to achieve success at their GHG strategy.

4.2.2 Nitrogen Oxide Emission Rules and Regulations

In 2000 at the MEPC.58 meeting, the MARPOL Annex VI was revised and the NOX

Technical Code was adopted (International Maritime Organization (IMO) 2017) and
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Table 4.3 NOX tier limits (International Maritime Organization (IMO) 2020b)

Tier Ship construction date Total weighted cycle emission limit (g/kWh)
n = engine’s rated speed (rpm)

n < 130 n = 130–1999 n ≥ 2000

I January 1, 2000 17.0 45n(−0.2) 9.8

II January 1, 2011 14.4 44n(−0.23) 7.7

III January 1, 2016 3.4 9n(−0.2) 2.0

entered into force on October 10, 2008 (International Maritime Organization (IMO)
2008). The NOX Technical Code, Regulation 13, of MARPOL Annex VI aims to
limit the shipboard NOX emissions. The ships which have the engine power above
130 kW are regulated by the code. The code determines the minimum standards for
the manufacturing and usage of the code-compliant marine engines and certification
of the engines on ships. The NOX emission limits vary depending on the engine
speed and emission tiers (International Maritime Organization (IMO) 2020b). Also,
tier limits are different for outside the ECAs and inside ECAs. The NOX limits can
be shown in Table 4.3.

4.2.3 Sulfur Oxide and Particulate Matter Emission Rules
and Regulations

The SOX emissions are regulated by Regulation 14 of MARPOL Annex VI that
entered into force in 2005 (International Maritime Organization (IMO) 2020c). This
regulation limits the fuel sulfur content bymass (m/m) to mitigate the SOX emissions
from ships. The PM emissions are related to the fuel sulfur content; as a result, the
PM emissions are also regulated. The sulfur limits are different for inside ECAs and
outside ECAs. Table 4.4 shows the SOX and PM emission limits.

On January 1, 2020, The IMO Sulfur Cap entered into force. The sulfur limit is
0.50%m/m at the non-ECAs and 0.10%m/m inside the ECAs for the used fuel. Also,
it is forbidden to carry fuel that has higher sulfur content than the limits. Around

Table 4.4 SOX and PM
limits (International Maritime
Organization (IMO) 2020c)

SOX and PM limits outside
ECAs

SOX and PM limits inside
ECAs

4.50% m/m prior to January 1,
2012

1.50% m/m prior to July 1,
2010

3.50% m/m on and after
January 1, 2012

1.00% m/m on and after July
1, 2010

0.50% m/m on and after
January 1, 2020

0.10% m/m on and after
January 1, 2015
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70,000 ships are affected worldwide by these new sulfur limits (Chryssakis et al.
2017).

4.3 Emission Mitigation Technologies and Methods
for Ships

The international emission rules and regulations at the maritime transportation have
been stricter day by day, and measures have to be taken to comply with the recent
regulations to do international maritime trade. There are various ways to mitigate the
different types of emissions from ships. This section discusses emission mitigation
technologies and methods on ships.

4.3.1 CO2 Emission Mitigation

CO2 emissions are related to fuel consumption. The efficient fuel combustion or
increasing the efficiency of the systems and operations on a ship is the key element
for reducedCO2 emissions. The designmeasures, engine and engine roommachinery
modifications, operationalmeasures, and new technologies are themain classification
of the technologies and methods to reduce the CO2 emission. Table 4.5 shows the
CO2 mitigation technologies and methods for ships.

4.3.1.1 Design Measures

Thedesignmeasures consist of ship size, shipweight reduction, optimumship dimen-
sions, improved aft-body, aerodynamic superstructure design, hydrodynamic bulb
and bow design, improved propeller design, optimization of propeller, rudder and
hull interaction, pre- and post-swirl devices, and contra-rotating propellers.

The energy efficiency for ships is calculated as the CO2 emission amount per tone-
nautical mile. The ship size affects energy efficiency and CO2 emissions. Larger
ships are more efficient and emitting less CO2 emissions since they can transport
more cargo at the same speed and distance than the smaller ships. It was stated that
4–5% higher transport efficiency can be provided by a 10% larger ship (Lassesson
and Andersson 2009). Ship weight reduction is also an important measure. The
loading capacity will increase if the low-weighted materials are used on a ship and
it will affect the energy efficiency and CO2 emissions of a ship. The optimum ship
dimensions with a high length/breadth ratio reduce the resistance and increase the
hull efficiency and decrease the CO2 emissions.

The air resistance of the superstructure reduces energy efficiency and increases
CO2 emissions. An aerodynamic superstructure design improves energy efficiency



52 B. Zincir and C. Deniz

Table 4.5 CO2 mitigation technologies and methods for ships (Lassesson and Andersson 2009;
Maritime Knowledge Center (MKC) 2017; Winkel et al. 2015)

CO2 mitigation technologies and methods

Design measures Engine and engine
room machinery
modifications

Operational
measures

New technologies

Ship size Common rail Speed reduction Air lubrication

Ship weight Engine derating Voyage
optimization

Diesel-electric
propulsion

Ship dimensions Fans, pumps, and
compressors

Weather routing Hybrid auxiliary
power generation

Aft-body Waste heat recovery
system

Hull coating and
cleaning

Renewable energy

Superstructure Propeller polishing Carbon capture
system

Bulb and bow Machinery
maintenance

Alternative fuels

Propeller design Trim and ballast
optimization

Optimization of
propeller, rudder, and
hull interaction

Shore connection

Pre- and post-swirl
devices

Contra-rotating
propellers

by the lower air resistance. The improved aft-body and hydrodynamic bulb and bow
design reduce the hull–water resistance and again increase the energy efficiency.

The improved propeller design, optimization of propeller, rudder and hull inter-
action, pre- and post-swirl devices, and contra-rotating propellers aim to improve
the water flow to the propeller, reduce the rotational losses from the propeller, and
increase the propeller efficiency.

4.3.1.2 Engine and Engine Room Machinery Modifications

Common rail system, engine derating, optimization of the fans, pumps, compressors,
and waste heat recovery system (WHRS) are the CO2 mitigation measures at the
engine room of a ship.

The common rail system is an electronically controlled fuel injection system that
arranges the fuel injection timing, pressure, and duration independently from the
position of the piston (Winkel et al. 2015). This system can determine the optimum
fuel injection timing, fuel pressure, and fuel injection duration depending on the
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engine load. It provides more efficient combustion of the fuel which results in lower
CO2 emissions.

The engine derating is an engine modification that limits the maximum engine
power and changes the continuous load of the engine. The combustion parameters
are also changed according to the new load range. The engine derating is a speed
reduction technique. It provides more optimum and efficient working of the ship
main engine at slower speeds of a ship. Lower ship speed results with lower fuel
consumption at the total voyage distance and lower CO2 emissions.

In addition to the main engine modifications, engine roommachinery can be opti-
mized for energy-efficient operation. Fans, pumps, and compressors are important
elements of an engine room with high electricity consumption. Instead of running
at full load all the time, if they changed with variable speed ones, they will work
according to the instantaneous need. A study showed that there is a high amount
of wasted energy from the seawater pump working at full load (Durmusoglu et al.
2015). This energy is not wasted if the pump is changed with the variable speed
pump.

The WHRS is the system that recovers some of the thermal energy from the
wasted energy in the exhaust gases. The recovered thermal energy can be used for
the electric generation at the turbogenerators, additional mechanical energy to the
ship main engine or heating, and freshwater generation on a ship. The WHRS can
provide energy saving up to 15% of the engine power (Lassesson and Andersson
2009).

4.3.1.3 Operational Measures

The operational measures are the easiest methods to reduce the CO2 emissions which
can be done by the ship crew and ship management companies. These measures are
speed reduction, voyage optimization, weather routing, hull coating and cleaning,
propeller polishing, trim and ballast optimization, and shore connection at ports.

The speed reduction (slow steaming) is an effective way to reduce total fuel
consumption at a distance. Lower fuel consumption means lesser CO2 emissions
emitted to the atmosphere. It is stated that one knot of speed reduction equals to 11%
fuel consumption at the same distance (Lassesson and Andersson 2009). Another
report indicated that 10% of speed reduction reduces 20% of fuel consumption and
emissions and 30% of speed reduction decreases more than 50% of fuel consumption
and harmful emissions (Maritime Knowledge Center (MKC) 2017).

Voyage optimization and weather routing are other operational measures
concerning ship navigation. Optimum planning of the voyage including reducing
waiting times at ports, or before strait and canal passages is important for the decrease
at the fuel consumption. Weather routing is finding optimal routes according to the
weather condition. Winds, waves, and currents affect the fuel consumption of a ship;
thus, the weather routing can be used as an operational measure for CO2 reduction.

Maintenance operations on a ship can provide lower fuel consumption and higher
ship efficiency.Hull coating and cleaning and propeller polishing are themaintenance
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operations directly related to fuel consumption. Roughness and biofouling on the hull
and propeller increase the resistance that results in higher fuel consumption and CO2

emissions. A study indicates that periodic hull cleaning leads to 9% of fuel-saving,
while dry-docking leads to 17% of fuel-saving (Adland et al. 2018). Machinery
maintenance, cleaning, and replacement of parts with the new ones at the scheduled
intervals can provide 5–10% lesser fuel consumption and CO2 emission (Wireman
2011).

Another operational measure is trim and ballast optimization on ships which is a
mandatory part in SEEMP. The trim is the difference between the height of the bow
and the stern of a ship when it is measured from the waterline. The optimum trim is
essential for the reduced resistance at the hull. An optimum trim can provide a 1–5%
energy reduction on a ship (Lassesson and Andersson 2009). The optimum ballast is
also an important issue on a ship. The ballast water is an extra weight on a ship, and
the ballast water uptake has to be arranged according to the optimum trim condition.

The shore connection known as cold-ironing is a shore-based operationalmeasure.
The electricity requirement of a ship is taken from the shore by a special cable. Since
the diesel generator does not work on a ship, this results with zero fuel consumption
and zero CO2 emission from the ship. On the other hand, the shore electricity should
be produced from renewable sources to assume that the operation results with zero
CO2 emission.

4.3.1.4 New Technologies

The new technologies are not common, but it is in the increasing trend in maritime
transportation in recent years. The new technologies which are mentioned in this
chapter are air lubrication system, diesel-electric machinery, hybrid auxiliary power
generation, renewable energy, carbon capture systems (CCS), and alternative fuels.
Alternative fuels will be mentioned later.

The air lubrication system is designed to reduce friction between hull and water.
It is a system that air is delivered via pumps to out of the hull. The air bubbles
are delivered between the hull and water due to the lower resistance between hull–
air–water than the hull–water (Lassesson and Andersson 2009). The total efficiency
saved is 9% with the air lubrication system (Winkel et al. 2015).

Diesel-electric propulsion is a propulsion system consisting of electric motors
powered by diesel engines. The electric motors are connected to the propellers. The
diesel-electric propulsors are able to work at higher total efficiency than the conven-
tional propulsion type because it can respond quicker at load changes, especially at
maneuvering operation of a ship. The maneuvering operation is the navigation of
a ship near coastal areas, such as port entry, canal, or strait passages. Another new
technology is the hybrid auxiliary power generation on a ship by using fuel cells and
batteries. The hydrogen, methanol, or natural gas fuel cells can be used to generate
energy that is supportive of the main engine. Since the maximum theoretical effi-
ciency is higher for fuel cells, it increases the energy efficiency of a ship and reduces
the CO2 emissions (Lassesson and Andersson 2009).
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Nowadays, renewable energy such as wind and solar power is used on ships.
Soft sails, rigid wing sails, kites, and Flettner rotors are some of the equipment and
systems for getting wind energy as an auxiliary energy to the ship main engine. Also,
solar panels are placed on the deck of the ship to change solar energy to the electricity
by storing at the batteries. These systems reduce fossil fuel consumption of a ship
and increase the use of zero-carbon energy.

Carbon capture systems (CCSs) aremostly used in power plants, steel, and cement
industries, but there are some studies to apply CCS on ships (Zhou and Wang 2014;
Akker 2017; Feenstra et al. 2019). Basically, a CCS captures the CO2 emission from
the ship funnel as an after-treatment system. The CO2 capture rate varies from 80 to
95% depending on the system specifications (American Society of Civil Engineers
(ASCE) 2014). It does not measure to reduce the CO2 emission, but a measure to
capture and store onboard.

4.3.2 NOX Emission Mitigation

NOX emission consists of NO and NO2 emissions. Although there are two types of
emissions in NOX , NO has a higher proportion than NO2; therefore, NO kinetics
are dominant at NOX formation. The NOX formation highly depends on maximum
in-cylinder temperature and oxygen content and also related to the pressure rise
rate (PRR) and maximum in-cylinder pressure since high PRR and maximum in-
cylinder pressure result in sudden high in-cylinder temperature. There are various
mitigation technologies and methods to overcome NOX formation at marine diesel
engines. Pre-combustion techniques, combustion intervention techniques, and after-
treatment technologies which are shown in Table 4.6 can be used on a marine diesel
engine. Alternative fuels will be discussed further in detail.

Pre-combustion techniques for NOX reduction are water/steam injection to the
intake air, fuel–water emulsion, engine modification, and alternative fuel usage. The
marine diesel engine manufacturer, MAN B&W, has a system named “Scavenge
Air Moisturizing System (SAMS)” which injects seawater into the intake air of an

Table 4.6 NOX mitigation
methods for ships

Pre-combustion Combustion
intervention

After-treatment

Water/steam
injection to the
intake air

Exhaust gas
recirculation
system

Selective catalytic
reduction system

Fuel–water
emulsion

Water/steam
injection into the
cylinder

Engine modification

Alternative fuels
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engine. The purpose is to reduce local maximum combustion temperature in the
combustion chamber by the cooling effect of the water (MAN 2014). The lower
maximum combustion temperature limits the NOX formation. Also, steam can be
introduced to the intake air to do the sameeffect aswater vapor. Thismethoddecreases
engine efficiency and increases the specific fuel consumption (SFC) andPMemission
(Andreoni et al. 2008). The water/steam injection can be also used as a combustion
intervention technique. The water/steam is injected during the combustion process as
the combustion intervention to do the same effect as the pre-combustion technique.

Fuel–water emulsion is the homogenous fuel–water mixture is used as a fuel at
marine diesel engines. It has a similar effect to the SAMS. Reduction at themaximum
combustion temperature is provided that results in lower NOX emission with slightly
increased SFC. The study results show that 30% NOX reduction was provided with
20–80% water–fuel emulsion (Kim et al. 2018) at a four-stroke diesel engine. MAN
states that 10% NOX reduction was achieved for each 10% water added at their
two-stroke marine diesel engine (MAN 2014).

The engine modification is the NOX mitigation method at pre-combustion and
combustion intervention stages. Optimum engine modification can achieve to lower
NOX emission. Optimized fuel injection valves and nozzles, the number and size of
the spray holes, fuel injection retardation, compression ratio reduction, increase of
injection pressure, induction swirl optimization, and intake air system modification
are some of the engine modifications (MAN 2014; Andreoni et al. 2008).

Exhaust gas recirculation (EGR) system is a combustion intervention technology.
It recirculates some of the exhaust gases, after cools down and cleans, delivers into
the cylinder to reduce the oxygen content in the cylinder, and decreases the nitrogen
oxidation inside the cylinder (Zincir 2019). NOX reduction of up to 70% can be
achieved with EGR (MAN 2014). The system decreases engine efficiency and NOX

emissions while increasing SFC, CO2, and PM emissions (Zincir 2014).
The selective catalytic reduction (SCR) system is an after-treatment system that

uses ammonia or urea to mitigate NOX emission by the chemical reaction. It can
remove 90–95% of NOX emission (MAN 2014). The system has side effects on the
engine such as reduced engine efficiency, increased SFC, and CO2 emissions (Zincir
2019).

4.3.3 SOX Emission Mitigation

The SOX emission depends on fuel sulfur content. Using low-sulfur heavy fuel oil or
marine diesel oil is an option to reduce SOX emission. The sulfur scrubber as an after-
treatment technology is another way to decrease the SOX emission from ships. There
are wet-type scrubbers that use either seawater or freshwater with a caustic soda
(NaOH) solution, and dry-type scrubbers use chemicals and capture SOX and PM
emissions inside the scrubber (Zincir 2014). Local regulations of California waters
do not allow to use the scrubbers and force ship operators to use low-sulfur fuels.
The sulfur scrubbers reduce engine efficiency and increase SFC and CO2 emission.
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The last way to mitigate SOX emission is the usage of sulfur-free alternative fuels on
ships (Andersson and Salazar 2015).

4.3.4 Mitigation Method for All Regulated Emissions:
Alternative Fuels

Up to now, emission mitigation methods and technologies for various emission types
were explained. It can be understood that an emission mitigation method or tech-
nology only decreases only one type of emission and it does not have any effect on
other types of regulated emissions. Therefore, sometimes two types of technology,
i.e., SCR for NOX emission and sulfur scrubber for SOX and PM emissions, are
applied to a ship to comply with recent emission rules and regulations. It means high
investment costs and enough space requirements on a ship. To overcome this issue,
alternative fuels can be used as fuel. Using alternative fuels can reduce the different
types of emissions at once without applying additional equipment for each emission
target.

The alternative fuels for the maritime transportation are liquefied natural gas
(LNG), methanol, liquefied petroleum gas (LPG), ethanol, ethane, dimethyl ether
(DME), biodiesel, biogas, synthetic fuels, ammonia, and hydrogen (Chryssakis et al.
2014; Sverrisdottir 2018; Zincir and Deniz 2018; Bakhtov 2019). And the possible
ones for the future are straight vegetable oil (SVO), bio-ethanol, and bio-ammonia
(Maritime Knowledge Center (MKC) 2017). Although there is a large variety of
alternative fuels for the maritime transportation, the most promising alternatives are
LNG and methanol, due to their good supply infrastructure and biofuel counterparts
as biomethane and biomethanol (Moirangthem 2016). Recent alternative fueled ship
numbers are 169 LNG-fueled ship in operation and 216 ships in order, 10 methanol-
fueled ship in operation and 6 in order, 12 LPG-fueled ships in operation and 14
ships in order, and 2 ethane fueled ships in operation and 2 in order (Zincir and
Deniz 2018; DNV GL 2020).

LNG, LPG, and methanol can decrease NOX emission by up to 90%, below the
NOX Tier III Limit. The CO2 emission reduction is 23%, 20%, and 10% by using
LNG, LPG, and methanol, respectively, and the sulfur-free structure of these fuels
results with a 90–97% reduction at SOX emission and 90% PM emission (ClassNK
2018). However, alternative fuels can increase engine efficiency and decrease SFC
in contrary to the after-treatment technologies.

Table 4.7 compares the emission mitigation technologies with the regular marine
diesel engine without any emission mitigation technology as the baseline. The most
popular technologies and alternative fuels at maritime transportation are included in
the comparison table. The emission types, engine efficiency, and space andmodifica-
tion requirement on a ship for the technology are the criteria. Yellow, orange, red, and
green colors indicate low effect, moderate effect, high effect, and no effect, respec-
tively. At space andmodification requirement criterion, colors have reverse meaning.



58 B. Zincir and C. Deniz

Table 4.7 Comparison of the emission mitigation technologies and alternative fuels

Emission Mitigation 

Technologies

Comparison Criteria of the Emission Mitigation Technologies

CO2

Emission

NOX

Emission

SOX

Emission

PM 

Emission

Engine 

Efficiency

Space & Modification 

Requirement

EGR - + S - - Moderate

SCR - + S S - High

Sulfur scrubber - S + + - High

WHRS + + + + + High

Engine modification -/+ +/- -/+ -/+ -/+ S

Low-sulfur conventional 

fuel
S S + + S S

Renewable energy assist + + + + + High

LNG + + + + + High

Methanol + + + + + Moderate

(− = worse than the baseline, + = better than the baseline, S = the same as the baseline)

Yellow, orange, and red colors indicate high requirements, moderate requirements,
and low requirements, respectively.

EGR as a NOX emission mitigation technology has a medium reduction effect
(70% of reduction) and slightly higher SFC, CO2, and PM emissions, and slightly
lower engine efficiencywith no effect on SOX emission. EGRhasmoderate space and
modification requirements on a ship when it is compared with other technologies,
such as SCR and sulfur scrubber. Increased CO2 and PM emissions and reduced
engine efficiency are the negative sides of the EGR.

SCR is another NOX emission mitigation technology that has a high reduction
effect (90–95% of reduction). It slightly increases CO2 emission and decreases the
engine efficiency, and there is no effect on SOX and PM emissions. SCR has a high
space and modification requirement on a ship since it has a complex system with
equipment high in number. The CO2 emission increase, engine efficiency reduc-
tion, and high space and modification requirement for the system elements are the
disadvantages of SCR.

The sulfur scrubber highly reduces SOX and PMemissions, slightly increases CO2

emission, and reduces engine efficiencywith no effect onNOX emission. It has a high
space andmodification requirement on a ship the same as SCR. The disadvantages of
the sulfur scrubber are slightly increased CO2 emission, reduced engine efficiency,
and high space and modification requirement of the system.

WHRS can reduce total fuel consumption onboard by getting energy from the
wasted exhaust energy and use it at a steam generation that can be used at a turbo-
generator for ship electricity production, additional mechanical energy to the ship
main engine, heating, freshwater generation, etc. This results in slightly lower CO2,
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NOX , SOX , and PM emissions with slightly higher engine efficiency. The WHRS
also needs high space and modification requirements on a ship.

The enginemodification can affect the emission formation. TheNOX emission can
be reduced with the trade-off of slightly higher SFC, CO2, SOX , and PM emissions
and slightly lower engine efficiency by changing fuel injection timing or injection
pressure. On the other hand, vice versa can be happened by doing enginemodification
on the main engine. There is no need for space and modification requirements on a
ship.

Use of low-sulfur conventional fuel highly decreases the SOX and PM emissions,
but there is no effect on CO2 and NOX emissions, and engine efficiency. Also, there
is no need for space and modification requirements on a ship since the same fuel
system is used.

The renewable energies, wind and solar, assist to the main engine or auxiliary
engines. This reduces total fuel consumption on a ship that results in slightly lower
CO2, NOX, SOX, and PM emissions with slightly higher engine efficiency. Renew-
able energy systems require high space and modification on a ship, and it is the
disadvantage of these systems.

LNG is the most popular alternative fuel in maritime transportation. When it is
compared with the conventional-fueledmain engine, the use of LNG on a ship results
in extremely lower CO2, NOX , SOX , and PM emissions with slightly higher engine
efficiency. The LNG storage and fuel system have a high space and modification
requirements on a ship. It requires special LNG tanks for the storage, double-walled
fuel piping with the LNG supply system to the main engine. The main engine must
have a modified fuel injection system with the safety systems for LNG fuel. High
space and modification requirement is the disadvantage of LNG fuel.

Methanol is the second most popular alternative fuel in maritime transportation
nowadays. Methanol moderately reduces CO2 emissions and highly decreases NOX,
SOX, and PM emissions. Methanol fuel usage moderately increases engine effi-
ciency if the optimum combustion conditions are provided. Methanol storage and
fuel system require some space andmodification on a ship, but they are less than LNG
storage and fuel system. There is no need for special storage tanks; methanol can be
stored in conventional fuel tanks after minor modifications. Similar fuel supply and
safety equipment with LNG are needed for methanol.

Themoderate space andmodification requirement on a ship andmoderate increase
at the engine efficiency is the advantage of methanol on LNG.Methanol with biofuel
option has more advantages since it is carbon–neutral fuel. Also, there are other
production methods by using renewable electricity and carbon capture from the
atmosphere or waste CO2 which is called electrofuel (Verhelst et al. 2019).

4.4 Methanol at Maritime Transportation

Methanol is one of the promising alternative fuels at the maritime transportation and
maritime projects, and commercial applications are in increasing trend. This section
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gives recent information about maritime rules and regulations for methanol as a fuel
for ships, marine projects, and commercial applications of methanol on ships.

4.4.1 Maritime Rules and Regulations for Methanol
as a Fuel for Ships

IMO has prepared and implemented maritime rules and regulations for the ships
doing worldwide trade. It has also had studies about rules for the usage of alternative
fuels on ships. The International Code of Safety for Ships UsingGases or Other Low-
Flashpoint Fuels (IGF Code) has been effective since January 2017. The IGF Code
aims to determine an international minimum standard for ships using gas fuels or
low-flashpoint liquids as a fuel. The Code contains mandatory criteria for the design
and installation of machinery, equipment, and systems for ships using gases or other
low-flashpoint fuels (IMO Web Site 2020). Firstly, the Code has concentrated on
LNG, but the draft guidelines for the safety of ships using methyl/ethyl alcohol as
fuel were prepared and sent to the Maritime Safety Committee for approval since
these fuels are low-flashpoint fuels (IMO Web Site 2020).

In addition to the IMO rules, there are rules and guidelines of classification soci-
eties to standardize international maritime transportation. The classification societies
do classification and statutory services of ships and help IMO about maritime safety
and pollution prevention. They develop and apply their own rules, in addition to the
IMO rules, and verify that the ships comply with the international and/or national
regulations (International Association of Classification Societies (IACS) 2020). The
classification societies determine their minimum standards which are usually higher
than the IMO standards and check the structural hull strength, propulsion and steering
systems, power generation, other auxiliary machinery systems, and ship safety
systems. The classification societies have their own guidelines for methanol-fueled
ships. The International Association of Classification Societies (IACS) members,
DNV GL, and Lloyd’s Register apply their own rules when they do the classification
of these ships. DNV GL gives approval to the methanol-fueled ships by the certifi-
cate with the notation of LFL fueled (DNV GL 2014) and Lloyd’s Register with the
notation of LFPF (GF, ML) (Lloyd’s Register 2019).

4.4.2 Marine Methanol Projects and Commercial
Applications

Various methanol projects at the maritime industry have been done until now. The
project subjects change from different combustion concepts to risk assessment of
the use of methanol on ships. Besides, there are commercial applications now doing
maritime trade. The section starts with the marine methanol projects.
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METHAPU (2006–2010)

METHAPU was an EU project with 6 project partners. The project aimed to assess
the maturity of methanol technology on a commercial vessel, validation of methanol
solid oxide fuel cell (SOFC) technology, determination of the technical requirements
of the use of methanol on commercial vessels, assessment of short-term and long-
term environmental impacts, and determination of the future research pathways for
methanol SOFC for larger ships (European Commission 2020).

EffShip (2009–2013)

EffShip was the Swedish-based project. The aim of the EffShip was to find the best
solution to comply with SOX and NOX limits in the short-term and GHG reduction
targets in the medium term and long term (Andersson and Salazar 2015). Various
technologies and marine fuels were evaluated. Methanol was found as the best alter-
native fuel with its advantages of availability, existing infrastructure, price, easy
application to a ship, and maturity of the system (Fagerlund and Ramne 2013).

e4ships and Pa-X-ell (2009–2016)

The e4ships project was funded by the German government. The aim of the project
was to develop themost advanced and largestmethanol fuel cell. The Pa-X-ell project
was the subproject of e4ships. It focused on the application of the methanol fuel cell
on a ferry named Mariella (Maritime Knowledge Center (MKC) 2018).

CleanShip (2010–2013)

CleanShip focused on clean shipping in the Baltic Sea. The ports in the Baltic Sea
and the shipowners whose ships were operating in the Baltic Sea involved in the
project. Methanol was considered as a possible alternative fuel for clean shipping in
the Baltic Sea. Also, a methanol fuel cell as an auxiliary engine was tested in the
project (Andersson and Salazar 2015; Paulauskas and Lukauskas 2013).

SPIRETH (2011–2014)

SPIRETH had commenced between 2011 and 2014. The aim of the project was
to observe the laboratory test results of methanol and dimethyl ether (DME) from
methanol use on a marine diesel engine (Andersson and Salazar 2015). In addition
to this, the project contributed to the IMO’s draft IGF Code by the risk and safety
analysis in the project. The findings showed that methanol is a promising alternative
fuel for the Nordic region and the Baltic Sea (Maritime Knowledge Center (MKC)
2018).

PILOT Methanol (2014–2015)

The PILOT Methanol project is a ship conversion and operation of the Ro-Pax ferry
Stena Germanica. The ship was converted to the dual-fuel operation with methanol
and diesel. Stena Germanica was the first methanol-fueled ship. The methanol fuel
conversion requirements and procedures on a ship were determined, and a bunkering
facility was formed. Besides, this project assisted in the regulation development
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for the methanol fuel operation both on a ship and during bunkering (Andersson
and Salazar 2015). The ship conversion was completed in April 2015, and she has
operated since that date.

SUMMETH (2015–2017)

The SUMMETH project aimed to test and evaluate different methanol combustion
concepts, including spark-ignition (SI) and compression ignition (CI) concepts, for
the smaller engines (between 250 and 1200 kW), to investigate the total GHG reduc-
tion potential ofmethanol as amarine fuel, determine the conversion requirements for
a ship, and assess the requirements for transport, distribution, and sustainable produc-
tion of methanol for the maritime industry (SUMMETH 2020). The project partners
were Lund University, Farjerederiet Trafikverket, Marine Benchmark, ScandiNAOS,
Scania, Svenskt Marintekniskt Forum, SSPA, VTT, and the project was financed by
Swedish Maritime Administration, Methanol Institute, Vastra Götalandsregionen,
and Oiltanking.

MethaShip (2015–2017)

The project partners Meyer Werft, Lloyd’s Register, and Flensburger Schiffbau-
Gesellschaft involved in the MethaShip funded by the German government. The aim
of the project was the assessment of the feasibility of new-building methanol-fueled
ships. There were two cruise ships and Ro-Pax ferry designs developed as the project
output (Andersson and Salazar 2015).

LeanShips (2015–2019)

LeanShips was an EU Horizon 2020 project with 49 partners. This project had
different work packages, and one of them was “The potential of methanol as an
alternative fuel.” In this work package, a high-speed marine diesel engine had been
modified to operate with the methanol–diesel dual-fuel engine concept. The labo-
ratory tests were focused on engine efficiency and emissions. The methanol–diesel
dual-fuel operation had an improvement of 12% in brake thermal efficiency, and NO
and soot emissions averagely reduced by 60 and 77% at all load range, respectively
(LeanShips Project website 2020).

GreenPilot (2016–2018)

The GreenPilot project comprised Svenskt Marintekniskt Forum, SSPA, Scandi-
NAOS, the Swedish Transport Administration, and the Swedish Maritime Adminis-
tration. The project focused on the conversion of small boats to the methanol-fueled
boats and engine efficiency and emissions of the converted boat. The conversion
requirements were determined, and various methanol combustion concepts were
evaluated in the project (Maritime Knowledge Center (MKC) 2018).

The research and development projects in the maritime industry have increased
the maturity of methanol fuel in maritime transportation. There are 10 methanol-
fueled ships in operation and 6 in order recently. The first methanol-fueled ship is
Stena Germanica that has operated since April 2015. Its operation resulted in 3–
5 g/kWh NOX emission, below 1 g/kWh CO and THC emissions, low PM emission
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from pilot MGO, and 99% SOX reduction with higher engine efficiency (Stefenson
2016). Waterfront Shipping ordered three methanol dual-fuel chemical tankers and
they started to operate them in April 2016 (Maritime Knowledge Center (MKC)
2018). These ships were the first new-building methanol-fueled ships in history. The
ships can operate with methanol, fuel oil, marine diesel oil, or gas oil. After these
pioneers, the methanol-fueled ship fleet has been in increasing trend.

4.5 Methanol Properties and Combustion Concepts

This section approaches methanol properties from the aspect of maritime transporta-
tion and explains the important fuel properties on ships. Besides, possible methanol
combustion concepts for marine diesel engines are mentioned and compared.

4.5.1 Methanol Properties from the Aspect of Maritime
Transportation

Methanol has been one of the top five produced chemicals worldwide (Indepen-
dent Commodity Intelligence Services (ICIS) 2017), with an annual production
capacity of about 95 million tons (Nash 2015) that includes the production of 20
million tons as a fuel or fuel blend (Landälv 2017). Methanol can be produced from
fossil fuel sources, mostly from natural gas and coal, or renewable sources. It can
also be produced from any carbonaceous sources including wood, agricultural, and
municipal waste (Yao et al. 2017). This type of methanol is biomethanol. It is stated
that biomethanol can reduce GHG emissions significantly compared to methanol
from fossil fuels (Maritime Knowledge Center (MKC) 2018). Additionally, there is
methanol that is produced by using renewable electricity, and carbon capture from
the atmosphere or waste CO2 is called electrofuel (Verhelst et al. 2019). Methanol
from renewable sources is a way for sustainable maritime transportation with 100%
renewable fuels (Andersson and Salazar 2015).

Methanol has been considered as a fuel option since the 1970s, and it was used
as a motor fuel until the mid-1990s. Methanol constitutes a 7–8% transportation
fuel pool of China, and up to 3% of methanol blend to gasoline is permitted in
European countries (Aakko-Saksa et al. 2020). Nowadays, methanol is also one of
the promising alternative fuels to conventional ones inmaritime transportation. Table
4.8 shows methanol properties.

Emissions

Methanol has the chemical formula of CH3OH. It has a high H/C ratio, and it does
not form particulate matter since methanol is not a long-chain hydrocarbon (Verhelst
et al. 2019). Ifmolarmass and lower heating value (LHV) ofmethanol are considered,
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Table 4.8 Properties of
methanol (Verhelst et al.
2019)

Specifications Methanol

Chemical formula CH3OH

RON 107–109

MON 92

H/C 4

O/C 1

LHV (MJ/kg) 19.9

A/FS 6.45

Density (kg/m3) 790

Vapor density (kg/m3) 1.42

Boiling point at 1 bar (°C) 65

Heat of vaporization (kJ/kg) 1100

Dynamic viscosity (20 °C) (mPas) 0.57

Molecular weight (kg/kmol) 32.04

Oxygen content by mass % 49.93

Hydrogen content by mass % 12.58

Carbon content by mass % 37.48

Auto-ignition temperature (°C) 465

Flashpoint (°C) 12

Adiabatic flame temperature (°C) 1870

methanol emits 20% less CO2 emission while its combustion when compared with
diesel with similar engine efficiencies (Maritime Knowledge Center (MKC) 2018).
Another report states that methanol combustion in an internal combustion engine
results in an approximately 10% reduction at CO2 emission compared with heavy
fuel oil (HFO) or distillate fuel (Gl 2019). The oxygen atom in themethanolmolecule
promotes more efficient combustion with lesser air requirement that lowers CO2 and
PM emissions. Alcohol fuel, methanol, decreases soot emissions by the assist of the
oxygen atom. Methanol combustion has reduced combustion temperature that offers
lesser NOX formation down to IMO Tier III Limit (Andersson and Salazar 2015).
Using methanol in diesel engines is a promising way to reduce both soot and NOX

emissions together (Tuner 2015). The sulfur-free structure of methanol results in no
SOX emission from the methanol combustion, and a ship can comply with the new
IMO sulfur emission cap. In addition to this, methanol combustion on diesel engines
can reduce polycyclic aromatic hydrocarbons that are the main reason for diesel fuel
toxicity (Wuebben 2016).

Efficiency

Liquid fuels absorb heat energy from inside of the cylinder after the injection during
the evaporation event. This is called the heat of vaporization (kJ/kg). Methanol has
almost 4 times higher heat of vaporization than the diesel fuel (Maritime Knowledge
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Center (MKC) 2018). It means methanol absorbs more heat energy to vaporize and
it results in a charge cooling effect and a lower in-cylinder temperature. Methanol
combustion has a lower heat transfer loss, lower compression work, and higher
engine efficiency related to the charge cooling effect (Shamun et al. 2018; Zincir
et al. 2019a). Also, it raises the intake air density and volumetric efficiency of the
engine (Verhelst et al. 2019). According to the MIT researchers, a diesel engine can
be downsized from a 9-L engine to a 5.5-L engine and 30% more engine power with
the use of methanol (Wuebben 2016). Besides, the charge cooling effect of methanol
reduces NOX emission since the combustion temperature is lower than the diesel fuel
combustion. The use of methanol at maritime transportation brings more efficient
and emission regulation compliant marine diesel engines in operation which will
contribute to sustainable maritime transportation.

Unique properties

Methanol has other unique properties. Methanol has a significant molar expansion
that increases in-cylinder pressure at the time of the combustion event without addi-
tional heat (Tuner 2015).Methanol is a high octane fuel that causes high auto-ignition
resistance. On the other hand, the cetane number of methanol is low. Methanol has a
higher laminar flame velocity than the conventional fuels that provide faster combus-
tion, lower heat loss to the cylinder walls, and higher engine efficiency. The high
octane and low cetane number of methanol make it an unsuitable fuel for compres-
sion ignition engines, but it can be burnt by doing hardware changes or/and fuel
reforming (Maritime Knowledge Center (MKC) 2018). Methanol has low lubricity
due to its lower kinematic viscosity. It has lower kinematic viscosity than diesel, so
lubrication additives have to be used with methanol to prevent corrosion at injec-
tion pumps, injectors, and other fuel system equipment (Tuner 2015). Methanol
is highly corrosive to some materials. The polar structure of methanol brings dry
corrosion on the materials (Verhelst et al. 2019). Metals including zinc, copper, lead,
aluminum, magnesium and elastomers, plastics, and rubber are extremely affected
by methanol (Methanol Institute, Compatibility of metals & alloys in neat methanol
service; Methanol Institute, Compatibility of elastomers in neat methanol service).

Safety on a ship

IMO indicates that marine fuels have to have a flashpoint higher than 60 °C on
a ship (International Maritime Organization (IMO) 1974). Methanol is one of the
low-flashpoint fuels. It has a flashpoint of 12 °C, and additional safety precautions
have to be taken on a ship. Similar safety precautions to LNG-fueled ships are
applied for the methanol-fueled ships. Besides its low flashpoint, methanol has an
invisible flame and quite wide flammability limits between 6.7 and 36%. Although
there are some considerations about the methanol safety on a ship, methanol vapor is
heavier than air andmethanol fire can be extinguished with water (Aakko-Saksa et al.
2020).High auto-ignition temperature reduces the risk of self-ignition or explosion of
methanol. Other than its low flashpoint, methanol is in liquid at ambient temperature
and pressure, and almost similar to HFO, and similar handling and safety practices
could be applied (Andersson and Salazar 2015).
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Storage and fuel operation on a ship

Methanol has similar physical properties to conventional marine fuels, such as HFO,
and it can be stored at the same bunker tanks after minor modifications (Andersson
and Salazar 2015; Stocker 2018; Zincir et al. 2019b). This means requirements for
methanol storage tanks, equipment, and procedures are lesser than the LNG storage
and have reduced capital cost. Additionally, since methanol is infinitely miscible
in water, it is not harmful to the environment and can be stored in the double hull
bottom of the ship (Verhelst et al. 2019; Landälv 2017). The LHV of methanol is
less than half of the LHV of diesel; therefore, roughly twice the tank volume of the
conventional fuel storage tank is required for the same distance of navigation. But
the double hull bottom storage opportunity of methanol is an advantage for methanol
storage on a ship. Lower LHV of methanol also affects the fuel injection capacity.
New injectors with a higher fuel flow rate have to be used to provide the same engine
power as conventional fuels.

Environmental impact

Methanol can be assumed as environmentally friendly fuel. Fuel spillages from ships
are important environmental incidents for marine ecology. Methanol is biodegrad-
able and has a short half-life time (1–6 days) in ground and water (Aakko-Saksa
et al. 2020). Methanol dilutes quickly in water and breaks down into CO2 and water
(Landälv 2017). The methanol spillage forms less ecological threat; on the other
hand, it can increase sea vegetation (Maritime Knowledge Center (MKC) 2018).
Besides, when methanol is compared with LNG, the vapor slip of methanol does not
increase the GHG effect.

Impact on health

Methanol is toxic for human beings and causes blindness when it is ingested as
10 mL and is fatal when it is ingested 60–100 mL. Methanol is also dangerous if
a person uptakes methanol through the skin and by inhalation (Aakko-Saksa et al.
2020). Methanol is odorless below 2000 ppm in air, so when it is used as a fuel on a
ship, the fuel system has to be completely closed-off, the ventilation system has to be
placed, and nobody has to touch methanol (Andersson and Salazar 2015). Although
it is toxic, it does not have a cancerous effect contrary to diesel.

Methanol is a significant alternativemarine fuel which promises good combustion
properties, high engine efficiency, low engine emissions, and low environmental
impact when its spillage or vapor slip to the atmosphere. Drawbacks of methanol are
low LHV, larger storage tanks than the conventional fuels, and toxicity.
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4.5.2 Methanol Combustion Concepts on Marine Diesel
Engines

The internal combustion engines convert chemical energy of the fuel to mechanical
energy by the combustion of fuel as a thermodynamic process. Fuel properties are
an important aspect of the combustion event. The properties of methanol and their
effects on the combustion event were mentioned in the previous section. Besides the
fuel properties, fuel combustion strategy compatibility is also crucial for high engine
efficiency and low emission formation. There are three main combustion strategies
for internal combustion engines. These are compression ignition (CI), spark ignition
(SI), and homogenous charge compression ignition (HCCI). Three main combustion
strategies form a combustion strategy triangle, and they are the corner points of the
triangle (Johansson 2016). In addition to the main combustion strategies, there are
intermediary combustion strategies between three main combustion strategies which
are suitable to combust methanol in a diesel engine. The intermediary combustion
strategies are dual-fuel combustion, direct injection spark ignition (DISI), reactivity-
controlled compression ignition (RCCI), and partially premixed combustion (PPC).
Figure 4.1 shows the combustion concepts for methanol. Since the book section
focuses on marine diesel engines, the combustion strategies for the marine diesel
engines will be discussed.

4.5.2.1 Methanol–Diesel–Additive Emulsion (MD95) Combustion
Strategy

Before explaining the intermediary combustion strategies, amethanol-additive emul-
sion combustion strategy should bementioned. It is a combustion strategy that can be
applied during conventional CI combustion. This strategy uses 95%methanol and 5%
dieselwith the ignition improver as a fuel emulsion (Ellis et al. 2018).MD95 combus-
tion strategy uses a very high compression ratio (28:1) to burnmethanol, and the igni-
tion improver also promotes the combustion. There are studies on Scania heavy-duty

Fig. 4.1 Scheme of the
combustion concepts (figure
reproduced and adapted)
(Zincir 2019; Johansson
2016)
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engines with MD95 (Aakko-Saksa et al. 2020; Ellis et al. 2018). This combustion
strategy can be used on smaller ships, but the main issue is high compression ratio
and material durability in the long-term.

4.5.2.2 PFI-SI Methanol Combustion Strategy

PFI-SI means port fuel injection—spark-ignited combustion strategy. It is a combus-
tion strategy similar to the conventional SI engines, but it can be applied to diesel
engines. The diesel engine is modified to run as a SI and PFI engine. Methanol
injected into the intake manifold and air–fuel mixture enters into the cylinder. And
then, the mixture is ignited by a spark plug. In a study, the NOX emission complied
with the IMO Tier III Limit, and almost zero emission was recorded with similar
engine efficiency and torque to a conventional CI (Ellis et al. 2018).

4.5.2.3 HCCI Combustion Strategy

HCCI, homogeneous charge compression ignition, combustion strategy is the third
main combustion strategy. It is one of the first low-temperature combustion strategies
(Lönn 2019). The HCCI is comparable to the SI engine, the mixture of fuel and air
enters into the cylinder, and the combustion event is initiated by the raised pressure
and temperature during the compression stroke.

The combustion starts in different areas in the combustion chamber at the same
time and can be called a distributed reaction (Johansson 2016). Actually, in contrary
to the strategy name, the combustion event is not homogenous; there are fast-burning
zones and slow-burning zones in the combustion chamber. The in-cylinder charge is
diluted to keep the reactivity speed to prevent high PRR and peak in-cylinder pressure
during the combustion event (Zincir 2019). This brings low-temperature combustion
that results in high engine efficiency and low soot and NOX emissions (Tuner 2015).
There are disadvantages of theHCCIwhich are difficulties in the combustion control,
low power production range, high PRR, high HC, and CO emissions (Zincir et al.
2019a; Lönn 2019). The disadvantages of the HCCI limit commercial using of this
combustion strategy.

4.5.2.4 Dual-Fuel Combustion Strategy

Dual-fuel combustion strategy, one of the intermediary combustion strategies, uses
two different fuels that one of them has a higher cetane and lower octane than the
other one. The main fuel is methanol as a high octane fuel, and the pilot fuel is diesel
as a low octane and high cetane fuel.Methanol can be injected into the port or directly
into the cylinder. Diesel is injected into the cylinder on to themethanol–air mixture in
the cylinder and ignites the mixture (Tuner 2016). The pilot fuel amount for igniting
the methanol–air mixture can be low as 1–2% of the total fuel (Johansson 2016). The
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timing of the combustion event is determined by the diesel injection timing, and the
methanol–air mixture is burned with flame propagation similar to SI engines (Zincir
2019).

Large marine diesel engine applications use this combustion strategy. Two top
marine diesel enginemanufacturers,MANandWartsila, have commercialmethanol–
diesel dual-fuel marine diesel engine applications on various ships, such as Stena
Germanica and several tankers of Waterfront Shipping.

4.5.2.5 RCCI Combustion Strategy

Reactivity-controlled compression ignition (RCCI) combustion strategy comprises
two different fuels with different octane numbers in various amounts to provide
an optimum combustion event. This combustion strategy is similar to the dual-fuel
strategy.High octane fuel is injected into the intake port and is premixedwith airwhile
low octane fuel is injected directly into the cylinder. Also, it is similar to the HCCI
combustion strategy since the RCCI uses dilution and low-temperature combustion
like the HCCI (Tuner 2015). The high engine efficiency, 60%, has been reported
(Splitter et al. 2013), and similar emission characteristics to the HCCI combustion
strategy have been achieved. Although the RCCI has high engine efficiency, this
combustion strategy is impractical due to the two fuel tanks and fuel supply systems
to the diesel engine.

4.5.2.6 DISI Combustion Strategy

Direct injection spark ignition (DISI) is a combustion strategy between SI and HCCI.
Methanol is combustedby a sparkplugmounted to the cylinder headof diesel engines.
The combustion event started the same as SI engines with flame propagation and
ends with similar to the HCCI combustion strategy. The in-cylinder mixture should
be suitable for proper flame propagation and also be diluted to slow down the auto-
ignition process (Johansson 2016). To heat the in-cylinder mixture, negative valve
overlaps are often used to hold residual gases in the cylinder and the spark plug ignited
the diluted in-cylinder mixture (Li 2018). The engine efficiency of more than 51%
can be achieved with a stratified late injection of methanol in the DISI combustion
strategy (Björnestrand 2017). But the operation range is narrow between the knock
and misfire during the stratified combustion.

4.5.2.7 PPC Combustion Strategy

Partially premixed combustion (PPC) is a combustion strategy combining conven-
tional CI and HCCI combustion strategies. The main principle of PPC is the sepa-
ration of the start of combustion and end of injection (Tuner 2016). The aim of
a comparatively earlier injection of methanol than the conventional CI during the
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compression stroke is to constitute a partially homogenous air–fuel mixture in the
cylinder before the combustion event. The combustion event starts with a stratified
charge, but it is not diffusion-controlled, spray-driven combustion (Johansson 2016).
The PPC strategy has simple combustion control, low NOX and soot emissions, and
good engine efficiency (Zincir et al. 2019a, b). Methanol has a high burning rate at
the PPC strategy that leads to reduced heat transfer losses and lowers NOX emis-
sion since high-temperature combustion period is lower (Shamun 2019). The PPC
strategy achieved engine efficiency which was higher than 53% with methanol as
a fuel (Shamun et al. 2017a). The split injection can be used to form an optimum
combustion event with high engine efficiency and low engine emissions.

The methanol project named SUMMETH is one of the crucial projects for
maritime transportation. Possible combustion strategies for marine diesel engines
powered between the ranges of 250 and 1200 kW. The engine power range repre-
sents themain engine of small tonnage ships or auxiliary diesel engines for electricity
generation on large ships. But this project is the only project that compares methanol
combustion strategies for marine diesel engines in detail, so this study can also
give an opinion about the marine engines larger than 1200 kW. Table 4.9 shows
the compared methanol engine combustion strategies with additional after-treatment
methods. There are more combustion strategies in the study (Ellis et al. 2018), but
some of them are not included in the table. The alternative combustion strategies
are compared with the conventional CI engine. The yellow color indicates a slightly
higher or lower difference, the red color indicates a significantly higher or lower
difference, and the green color indicates no difference during the comparison with
the conventional CI engine.

Table 4.9 Comparison of methanol engine combustion strategies (Ellis et al. 2018)

Engine Type
Comparison Criteria of the Methanol Engine Combustion Strategies

Robustness Efficiency Power Noise HC CO NOX Soot

Conventional CI B B B B B B B B

MD95 with oxidation 

catalyst
- S - S S S + +

MD95 with particulate 

filter / SCR
- - - S S S + +

PFI-SI Lean burn - S - + - - + +

DISI Lean burn - + - + - - + +

Dual-fuel - - - + - - S +

DI Dual-fuel S S S S - - + +

PPC - + S - S S + +

(B = the baseline, − = worse than the baseline, + = better than the baseline, S = the same as the
baseline)
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The conventional CI engines have a robust operation; therefore, they are preferred
to use at heavy duties, such as marine engines. The study compared the robustness of
alternative combustion strategies. It can be seen that only DI dual-fuel strategy has
the same robustness as the conventional CI engine. All other alternative combustion
strategies, except PPC, have slightly lower robustness since these strategies can
affect more from the start–stop operation and higher in-cylinder corrosion can be
observed (Ellis et al. 2018). PPC has significantly lower robustness, due to its poor
low load operation by the cycle-to-cycle in-cylinder pressure variation and sudden
high pressure rise rates in the cylinder (Tuner 2015; Ellis et al. 2018).

The engine efficiency is only higher than the conventional CI at DISI lean burn
and PPC concepts. PPC strategy has the highest engine efficiency in the study. There
is an engine power reduction at all alternative combustion strategies, except DI dual
fuel and PPC. The engine power is the same at these combustion strategies. The noise
level is slightly higher at the PPC concept since the combustion is more aggressive
(Ellis et al. 2018). The PFI-SI lean burn, DISI lean burn, and dual fuel have a lower
noise level than the conventional CI.

It can be seen in Table 4.9 that the effect of the MD95 with particulate filter/SCR
and PPC on the total emissions is higher than the other combustion concepts. They
significantly reduced the NOX and soot emissions, while HC and CO emissions
remained the same as the conventional CI.

The study (Ellis et al. 2018) showed that the PPC strategy can achieve significantly
higher engine efficiency than the conventional CI engines without a decline at the
engine power. Also, this strategy can substantially reduce NOX and soot emissions
while HC and CO emissions remain the same. The only disadvantage of PPC is the
lower robustness, due to its poor operation at the low loads. Although the previous
studies (Tuner 2015; Ellis et al. 2018) indicated that the low load operation of the
PPC strategy is problematic and results in high engine emissions, later studies (Zincir
2019; Zincir et al. 2019a, b) showed that the PPC strategy can operate well with high
engine efficiency and low engine emissions. The next sectionwill contain the findings
of these studies.

4.6 The Methanol Partially Premixed Combustion Strategy
for Maritime Transportation

The medium to high loads of the methanol PPC engines have been operated without
any combustion issues and emission problems at the previous studies (Zincir 2019;
Shamun et al. 2016, 2017a, b, 2018; Ellis et al. 2018). Themethanol PPC strategy has
shown high engine efficiency than the conventional CI engines with lower CO2 and
NOX emissions. The sulfur-free structure of methanol does not emit SOX emission,
and the low-carbon chain structure of the methanol molecule extremely decreases
PM emission formation. The measured PM emission at a methanol PPC study was
0.000004 g/kWh (Tuner et al. 2018), and another study states that the main reason for
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the PM emissions is from the lubrication oil (Shamun et al. 2017a). The PM emission
from the methanol PPC strategy can be assumed as zero, and this is an advantage
for using EGR for further decrease of NOX emission without PM emission trade-
off. Otherwise, the low load methanol PPC is problematic due to the possibilities of
poor combustion, engine stability problems, high CO, and unburned hydrocarbons.
High octane fuels like methanol can cause combustion stability problems by its high
auto-ignition resistance (Tang et al. 2017). Also, leaner in-cylinder air–fuel mixtures
at the low load operation, which results in very long ignition delay, and retarded
combustion phasing, occur combustion stability issues (An et al. 2018).

The methanol PPC was found as a promising combustion strategy in the previous
section, except its significantly lower robustness when it is compared with a conven-
tional CI engine. The studies (Tuner 2015; Ellis et al. 2018) indicate that themethanol
PPC strategy has a poor operation and high engine emissions at the low load oper-
ation. The stable operation of methanol PPC with low engine emissions at medium
to high loads has been proofed at the previous studies until now; for this reason only
the low load operation will be discussed. This section will give some findings of
previous low load studies to contradict these statements and proof that the methanol
PPC can be an alternative combustion strategy for the marine engines at all engine
loads.

4.6.1 Low Load Performance Comparison
of the Conventional CI and Methanol PPC

Maritime transportation routes can be at either open seas or near coastal areas. Ship
speed at open seas is at normal speeds, but nowadays reduced speed is used as an
operational measure to decrease fuel consumption and mitigate CO2 emission. This
measure is called slow steaming that was proposed by the major shipping company,
Maersk, in 2007 (Tezdogan et al. 2015). To reduce ship speed, the engine load
is reduced to a certain level. According to MAN B&W, which is the marine engine
manufacturer with the largest market share, the slow steaming can safely and reliably
be done at below to a 10% engine load by taking necessary precautions (MAN,
PrimeServ 2012).

The near coastal areas, such as straits, canals, and ports, are the other areas for
the slow speed navigation. The main engine has to operate smoothly and with good
combustion stability since these areas are dangerous and risky areas with shallow
waters and close distance to the coastal lands. And this type of navigation forms
an important part of the ship main engine operation. A study indicates that the low
load operation of the main engine constitutes approximately 20% of the total engine
operation of a ship (Baldi et al. 2013). In addition to this, emissions from the ships
are a crucial problem for near coastal settlements. Maritime transportation activity
near coastal areas increases health issues due to the raised harmful emissions, and
vegetation areas are degraded.
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The methanol PPC strategy can be a solution for greener shipping, especially in
the near coastal areas. To find this, Zincir et al. (2019b) made a study about the low
load operation of the methanol PPC strategy and the MGO-fueled conventional CI
engine was compared. The experimental findings of the methanol PPC strategy are
compared with the results of the empirical formulas of the conventional CI engine.
The empirical formulas have been used in previous studies (Ammar 2019; Ammar
and Seddiek 2017; EEA 2000). Detailed information about the formulas can be found
in the study (Zincir et al. 2019b). The methanol PPC experiments were done at 2, 3,
and 5 bar gross-indicated mean effective pressure (IMEP) which were assumed as
10, 15, and 25% load, respectively. The SFC, emissions, and efficiency of the engine
fueled with marine gas oil were calculated by the empirical and theoretical equations
in the study.

Engine performance

The engine performance criterion includes engine stability, gross-indicated effi-
ciency (ïGIE), SFC, and specific energy consumption (SEC). The engine stability
was measured by the coefficient of variation IMEP (COV IMEP). It is a term repre-
senting the stable engine operation, and the top limit is 5% (Przybyla et al. 2016).
Equations (4.1)–(4.3) show how to calculate the COV IMEP.

IMEPn = 1/Vd

720∫

0

pdV (4.1)

x = 1/N
N∑
1

xi (4.2)

COV IMEP =
⎛
⎝

√√√√ N∑
i=1

(xi − x)2/N )/x

⎞
⎠ · 100% (4.3)

where N is continuously sampled cycles during the experimental study (N = 300)
and xi is IMEPn of a specific cycle.

Methanol is a high octane fuel that has a high auto-ignition resistance. To over-
come this issue to combust methanol in diesel engines, intake air is heated to an
optimum point. Intake temperature is one of the important intake parameters for
high engine stability. The study showed that higher intake temperature results in
more stable engine operation with reduced COV IMEP (Zincir et al. 2019a). The
intake temperature was held constant at 150 °C to provide good engine stability.

The ïGIE of the methanol PPC strategy was calculated by Eq. (4.4), and the ïGIE
of the MGO-fueled diesel engine was calculated by Eq. (4.5) (Klaus et al. 2013).

ηGIEMeOH = IMEP /FuelMEP (4.4)
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ηGIEMGO = 3600/(LHV × SFC) (4.5)

The SFC for the methanol PPC strategy was derived from the experimental study,
and the SFC of the MGO-fueled diesel engine was calculated by Eq. (4.6) (Ammar
and Seddiek 2017; EEA 2000). The SEC is a measure in MJ/kWh basis which is
calculated by Eq. (4.7) (Toolbax and (ETB) 2003).

SFC = 14.1205/ % load + 205.7169 (4.6)

SEC = (SFC × LHV)/1000 (4.7)

The LHV of methanol is 19.9 and 42.8 MJ/kg for MGO at the SEC calculation.
The COV IMEP of methanol PPC strategy was below 5% at all low loads in the

experimental study (Zincir et al. 2019b). It was 3.3%, 2.4%, and 1.4% from 10 to
25% engine load. The MGO-fueled diesel engine has been used for many years in
maritime transportation, and there have not any engine stability issues at low load
operation. The ïGIE of the methanol PPC and the MGO-fueled diesel is shown in
Fig. 4.2.

It can be seen in the figure that the methanol PPC strategy has a higher ïGIE than
the MGO-fueled diesel engine. ïGIE is 0.422, 0.459, and 0.463 at the engine loads
10%, 15%, and 25%, respectively, for the methanol PPC while it is 0.240, 0.280,
and 0.320 at the same engine loads for the MGO-fueled diesel engine. The high
heat of vaporization of methanol formed a cooling effect in the cylinder, reduced the
maximum combustion temperature, lowered heat transfer loss, and also decreased

Fig. 4.2 Gross-indicated
efficiency comparison of
methanol PPC and MGO CI.
Values are taken from Zincir
et al. (2019b), and a new
figure is formed
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Fig. 4.3 Specific fuel
consumption comparison of
methanol PPC and MGO CI.
(Values are taken from
(Zincir et al. 2019b), and a
new figure is formed)

compression work that resulted in higher engine efficiency than the MGO-fueled
diesel engine. Themethanol PPC has precedence over theMGO-fueled diesel engine
at low load operations.

Another comparison between the methanol PPC strategy and the MGO-fueled
diesel engine is the SFC comparison. Methanol has less than half of the LHV of
diesel, so it is obvious that methanol has a higher fuel consumption. Figure 4.3
shows the SFC comparison of two fuels. TheMGO-fueled diesel engine has the SFC
of 347, 300, and 262 g/kWh, while the methanol PPC has the SFC of 427, 400, and
391 g/kWh from 10 to 25% engine load. The SFC seems higher at the methanol PPC
strategy, but the SFC and the SEC should be considered together. Figure 4.4 shows
the SEC comparison of both fuels. It can be seen that the methanol PPC strategy has
the SEC of 8.5, 8.0, and 7.8 MJ/kWh while the MGO-fueled diesel engine has the
SEC of 14.8, 12.8, and 11.2 MJ/kWh. Despite the higher SFC consumption of the
methanol PPC, it has lower SECconsumption. This is because of the engine efficiency
difference between two combustion strategies at the low load operation. Higher
engine efficiency of the methanol PPC strategy provides lower energy required to
provide the same engine load. Again, it is proofed that the methanol PPC concept is
a promising tool for the stable and efficient combustion at the low load operation of
the marine diesel engines.

Engine emissions

The regulated emissions in maritime transportation are CO2, NOX , SOX , and PM
emissions. The study (Zincir et al. 2019b) compares emissions of the methanol PPC
strategy and the MGO-fueled diesel engine. The emissions of the methanol PPC
strategy, except SOX and PM emissions, were measured during the experiments. On
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Fig. 4.4 Specific energy
consumption comparison of
methanol PPC and MGO CI.
(Values are taken from
(Zincir et al. 2019b), and a
new figure is formed.)

Table 4.10 Emission factor coefficients (Revised from Zincir et al. 2019b)

Coefficient NOX SOX PM CO2

a 0.1255 2.3735 0.0059 44.1

z 1.5 n/a 1.5 1.0

b 10.4496 −0.4792 0.2551 648.6

the other hand, the emissions of the MGO-fueled diesel engine were calculated by
the empirical formulas. Equations (4.8) and (4.9) with the coefficients in Table 4.10
were used to calculate the emissions (Zincir et al. 2019b; Ammar 2019; Ammar and
Seddiek 2017; ICF 2009).

E = a(%load)−z + b (4.8)

ESOx = a(SFC × S%) + b (4.9)

where a, z, and b are the emission factor coefficients. S% is the fuel sulfur fraction
that was taken as 0.1% to represent low-sulfur marine gas oil (LSMGO) and comply
with the new sulfur regulation limit.

The specific CO2 emissions of the methanol PPC strategy and the MGO-fueled
diesel engine are shown in Fig. 4.5. The specific CO2 emissions of the MGO-fueled
diesel engine are 1112, 961, and 841 g/kWh, while it is 587, 550, and 520 g/kWh
for methanol PPC at 10%, 15%, and 25% engine load, respectively. CO2 emission is
related to fuel consumption and the carbon content of the fuel. Although themethanol
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Fig. 4.5 Specific CO2
emissions of methanol PPC
and MGO CI. Values are
taken from (Zincir et al.
2019b), and a new figure is
formed

PPC strategy has a higher SFC than theMGO-fueled diesel engine, the carbon content
of methanol is lower thanMGO. The carbon content of methanol is 37.5%, while it is
85.7% for the MGO (Systems and (GCS) 2019). Besides, the methanol PPC engine
efficiency is higher than the MGO-fueled diesel engine which results in lower CO2

formation.
Figure 4.6 shows NOX emissions of the methanol PPC strategy and the MGO-

fueled diesel engine. The MGO-fueled diesel engine has the NOX emission of 14.4,

Fig. 4.6 Specific NOX
emissions of methanol PPC
and MGO CI. Values are
taken from Zincir et al.
(2019b), and a new figure is
formed
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12.6, and 11.5 g/kWh from 10 to 25% engine load, respectively. The engine was
considered operating at 800 rpm which was the same as the experimental studies
with the methanol PPC. The IMO Tier I Limit is 11.8 g/kWh for the engine at
800 rpm. The MGO-fueled diesel engine does not fulfill with even the IMO Tier I
Limit at 10 and 15% engine loads. However, the methanol PPC concept complies
with the IMO Tier III Limit of 2.4 g/kWh. The NOX emissions are 0.3, 0.4, and
1.4 g/kWhbetween10 and25%engine loads. TheNOX formation depends onhigh in-
cylinder temperature. The high heat of vaporization ofmethanol decreasesmaximum
combustion temperature, and it results in a lower NOX formation. Also, the methanol
PPC strategy has a shorter burn duration which means the maximum in-cylinder
temperature period is shortened. Themethanol PPC strategy complies with the recent
NOX emission limit at the low load operation without any after-treatment system.

The SOX emission from the marine engines is more important after the new IMO
Sulfur Cap regulation entered into force on January 1, 2020. Methanol has a sulfur-
free structure that does not emit SOX emission. It is naturally the SOX emission
regulation compliant fuel. Figure 4.7 shows the SOX emission comparison of the
methanol PPC strategy and the MGO-fueled diesel engine. The methanol PPC plot
is drawn as zero at all loads in the study. The MGO in the study (Zincir et al. 2019b)
was assumed as LSMGO (0.1% sulfur in the fuel) and complied with the sulfur
regulation. The specific SOX emission of the MGO-fueled diesel engine is 0.34,
0.23, and 0.14 g/kWh between 10 and 25% engine loads, and complies with the SOX

ECA Limit. Figure 4.8 shows the specific PM emissions of methanol PPC strategy
and MGO-fuelled diesel engine. Methanol fuel does not emit PM emission due to
its sulfur-free structure. The PM emission has the same ECA and non-ECA limits.
It can be seen that the MGO-fuelled diesel engine does not comply with the PM

Fig. 4.7 Specific SOX
emissions of methanol PPC
and MGO CI. Values are
taken from Zincir et al.
(2019b), and a new figure is
formed
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Fig. 4.8 Specific PM
emissions of methanol PPC
and MGO CI. Values are
taken from Zincir et al.
(2019b), and a new figure is
formed

ECA limit. The MGO-fueled diesel engine has the PM emissions of 0.44, 0.36, and
0.30 g/kWh which are above the PM ECA limit of 0.35, 0.30, and 0.26 g/kWh at
10%, 15%, and 25% engine load.

The methanol PPC strategy proved itself at medium to high engine load at the
previous studies. Also, it showed good emission performance when it was compared
with the MGO-fueled diesel engine at the low load operation. Methanol has lower
carbon content than the MGO, and the PPC strategy has higher gross-indicated effi-
ciency that resulted in lower CO2 emission than the MGO-fueled diesel engine. The
NOX emission was lower than the IMO Tier II Limit for the methanol PPC strategy,
and the sulfur-free structure of methanol does not emit SOX and PM emissions. The
methanol PPC strategy is a promising fuel combustion strategy combination for the
marine engines at the low load operation.

4.7 Summary

This chapter covered the status of maritime transportation, international maritime
rules and regulations, emission mitigation technologies and methods on ships,
methanol at maritime transportation, methanol properties, and combustion concepts,
and themethanol partially premixed combustion strategy formaritime transportation.

Maritime transportation is an important way to perform international trade. It
constitutes 90% of worldwide trade by 96,295 ships in various tonnages. Ships
consume a huge amount of fuel and emit a high level of pollutants to the atmosphere.
To decrease shipboard emissions, IMO has been working on international maritime
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emission rules and regulations. The international maritime emission rules and regu-
lations are becoming stricter day by day. The chapter gave detailed information about
recent rules and regulations aboutCO2,NOX , SOX , andPMemissions. Emissionmiti-
gation technologies and methods have been used to comply with the recent rules and
regulations. There are design measures, engine and engine room machinery modifi-
cations, operational measures, and new technologies to reduce CO2 emissions from
ships, and pre-combustion, combustion intervention, and after-treatment methods to
decrease NOX emissions from ships. SOX emissions are mitigated by using low-
sulfur conventional fuels, SOX scrubbers, or sulfur-free alternative fuels. Alternative
fuels can reduce all types of emissions at once without any other methods. The most
popular alternative fuels at maritime transportation are LNG andmethanol.Methanol
was compared with LNG and some emission mitigation technologies and was found
as the most promising emission mitigation element.

Maritime-based methanol projects and methanol-fueled commercial applications
are in increasing trend. The IGF Code entered into force in January 2017 by IMO.
The Code contains mandatory criteria for the design and installation of machinery,
equipment, and systems for ships using gases or other low-flashpoint fuels, such as
methanol. There are also the classification society rules and guidelines for methanol.

Methanol emits low CO2 and NOX emissions and zero SOX and PM emissions.
This is important to comply with the recent international emission rules and regu-
lations. Methanol provides higher engine efficiency than diesel thanks to its unique
properties. Methanol has similar physical properties to conventional marine fuels,
and it can be kept at the same bunker tanks after minor modifications. The only
disadvantage is its LHV is less than half of the LHV of diesel, so double the onboard
storage volume of the conventional fuel is required for the same distance.Methanol is
environmentally friendly because it is biodegradable and does not give much damage
to sea ecology. On the other hand, it is toxic for humans, and the ship crew has to be
careful during the methanol operation.

Methanol can be combusted at diesel engines by various combustion strategies.
The most promising combustion strategy is PPC. This strategy can provide higher
engine efficiency than the conventional CI with no power reduction. Besides, it
can reduce NOX and soot emissions while HC and CO emissions remain the same.
The methanol PPC strategy proved itself at medium to high engine loads. The only
drawback according to the previous studies is lower robustness than the conventional
CI, because of its poor low load performance. But it was shown in the chapter that
the methanol PPC can be operated at the low loads with good engine stability of
3.3%, 2.4%, and 1.4%, high engine efficiency (0.422, 0.459, and 0.463) than the
conventional CI (0.240, 0.280, and 0.320) at the engine loads 10%, 15%, and 25%,
respectively.

The MGO-fueled diesel engine has the SFC of 347, 300, and 262 g/kWh, while
the methanol PPC has the SFC of 427, 400, and 391 g/kWh at the same engine loads.
On the other hand, the SEC of the methanol PPC is lower than the MGO-fueled
diesel engine with 8.5, 8.0, and 7.8 MJ/kWh while it is 14.8, 12.8, and 11.2 MJ/kWh
at the same engine loads. Although the SFC is higher at the methanol PPC, the high
engine efficiency provides lower SEC.
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The methanol PPC strategy has lower emissions than the MGO-fueled diesel
engine, which complies with IMO Tier III Limit and IMO Sulfur Cap. The methanol
PPC strategy has 587, 550, and 520 g/kWhCO2 emissions and 0.3, 0.4, and 1.4 g/kWh
NOX emissions, while the MGO-fueled diesel engine has 1112, 961, and 841 g/kWh
CO2 emissions and 14.4, 12.6, and 11.5 g/kWh NOX emissions at 10%, 15%, and
25% engine load, respectively. The SOX and PM emissions are zero for the methanol
PPC strategy.

Methanol is one of the promising alternative fuels for maritime transportation and
the usage of methanol as a fuel will be increased in the future. Using biomethanol
will further decrease CO2 emissions drastically. In addition to this, the PPC strategy
can be used at the marine engines with methanol to provide high engine efficiency
and low engine emissions.

References

Aakko-Saksa PT, Westerholm M, Pettinen R, Söderström C, Roslund P, Piimakorpi P, Koponen P,
Murtonen T, Niinistö M, Tuner M, Ellis J (2020) Renewable methanol with ignition improver
additive for diesel engines. Energy Fuels 34:379–388

Adland R, Cariou P, Jia H, Wolff F (2018) The energy efficiency effects of periodic ship hull
cleaning. J Clean Prod 178:1–13

Akker JT (2017) Carbon capture onboard LNG-fueled vessels, a feasibility study. MSc. Thesis,
Marine Technology, Delft University of Technology, The Netherlands

American Society of Civil Engineers (ASCE) (2014) Carbon capture and storage. https://ebookc
entral.proquest.com/lib/itup/detail.action?docID=3115707

Ammar NR (2019) An environmental and economical analysis of methanol fuel for a cellular
container ship. Transp Res Part D 69:66–76

Ammar NR, Seddiek IS (2017) Eco-environmental analysis of ship emission control methods: case
study RO-RO cargo vessel. Ocean Eng 137:166–173

Andersson K, Salazar CM (2015) Methanol as a marine fuel report. FCBI Energy
Andreoni V, Miola A, Perujo A (2008) Cost effectiveness analysis of the emission abatement in
the shipping sector emissions. JRC Sci Tech Rep. EUR 23715 EN-2008. https://doi.org/10.2788/
77899

An Y, Jaasim M, Raman V, Perez FEH, Sim J, Chang J, Im HG, Johansson B (2018) Homogenous
charge compression ignition (HCCI) and partially premixed combustion (PPC) in compression
ignition engine with low octane gasoline. Energy 158:181–191

BakhtovA (2019) Alternative fuels for shipping in the Baltic sea region. BalticMarine Environment
Protection Commission Report

Baldi F, Bengtsson S, Andersson K (2013) The influence of propulsion system design on the carbon
footprint of different marine fuels. In: Low carbon shipping conference, London 2013

Bazari Z (2016) IMO train the trainer (TTT) course on energy efficient ship operation, module
2—ship energy efficiency regulations and related guidelines

Björnestrand L (2017) Efficiency and emissions analysis of amethanol fuelled direct injection spark
ignition heavy duty engine. Master Thesis, Department of Energy Sciences, Lund University,
Sweden

Chryssakis C, Balland O, Tvete HA, Brandsæter A (2014) DNVGL strategic research & innovation
position paper 17-2014, alternative fuels for shipping

Chryssakis C, Brinks HW, Brunelli AC, Fuglseth TP, Lande M, Laugen L, Longva T, Raeissi B,
Tvete HA (2017) Low carbon shipping towards 2050. DNV GL Technical Report

https://ebookcentral.proquest.com/lib/itup/detail.action%3FdocID%3D3115707
https://doi.org/10.2788/77899


82 B. Zincir and C. Deniz

ClassNK (2018) Alternative fuels and energy efficiency for the shipping industry: an overview of
LNG, LPG and methanol fuelled ships. [Powerpoint slides]. https://gmn.imo.org/wp-content/upl
oads/2018/01/AnnexV-2-5-Alternative-Fuels-and-Energy-Efficiency.pdf

Deniz C, Zincir B (2016) Environmental and economical assessment of alternative marine fuels. J
Clean Prod 113:438–449

DNV GL (2014) DNV GL to class new methanol-fuelled tankers. https://www.dnvgl.com/news/
dnv-gl-to-class-new-methanol-fuelled-tankers-7579

DNV GL (2017) EUMRV regulation, get the details on monitoring, reporting and verifying in line
with the new EU MRV regulation—the smart way to comply. DNV GL Technical Report, Apr
2017

DNV GL (2020) Alternative-fuelled ships. https://www.dnvgl.com/services/alternative-fuels-ins
ight-128171

DNV GL (2020) EU MRV and IMO DCS. https://www.dnvgl.com/maritime/insights/topics/EU-
MRV-and-IMO-DCS/index.html

DNV GL (2019) Alternative fuels in the Arctic. Technical report, 27.02.2019
Durmusoglu Y, Kocak G, Deniz C, Zincir B (2015) Energy efficiency analysis of pump systems
in a ship power plant and a case study of a container ship. In: Proceedings 16th IAMU Annual
General Assembly, Opatija, Croatia, 7–10 Oct 2015

EEA (2000) Analysis of commercial marine vessels emissions and fuel consumption data. Office
of Transportation and Air Quality. U.S. Environmental Protection Agency. EPA420-R-00-002

Ellis J, Ramne B, Bomanson J, Molander P, Tuner M, Aakko-Saksa P, Svanberg M, Rydbergh T,
Berneblad B (2018) SUMMETH—sustainable marine methanol. Final Report—Summary of the
SUMMETH Project Activities and Results. Doc. Number: D6.2, 10.04.2018

Engineering Toolbax (ETB) (2003) Fuels—higher and lower calorific values. https://www.engine
eringtoolbox.com/fuels-higher-calorific-values-d_169.html

European Commission (2020) CORDIS EU Research Results. METHAPU. https://cordis.europa.
eu/project/id/31414

European Energy Agency (EEA) (2019) Emissions of air pollutants from transport. https://www.
eea.europa.eu/data-and-maps/indicators/transport-emissions-of-air-pollutants-8/transport-emi
ssions-of-air-pollutants-6#tab-related-briefings

Fagerlund P, Ramne B (2013) Effship project: summary and conclusions
Fan YV, Perry S, Klemes JJ, Lee CT (2018) A review on air emissions assessment: transportation.
J Clean Prod 194:673–684

Feenstra M, Monterio J, Akker JTVD, Abu-Zahra M, Gilling E, Goetheer E (2019) Ship-based
carbon capture onboard of diesel or LNG-fuelled ships. Int J Greenhouse Gas Control 85:1–10

Global Combustion Systems (GCS) (2019) Oil fuel properties. https://www.globalcombustion.com/
oil-fuel-properties/

ICF (2009) Current methodologies in preparing mobile source port-related emission inventories.
Environmental Protection Agency, U.S

IMOWeb Site (2020a) International Code of Safety for Ships Using Gases or Other Low-flashpoint
Fuels (IGF Code). https://www.imo.org/en/OurWork/Safety/SafetyTopics/Pages/IGF-Code.aspx

IMO Web Site (2020b) Media centre. https://www.imo.org/en/MediaCentre/MeetingSummaries/
CCC/Pages/CCC-6th-session.aspx

International Association of Classification Societies (IACS) (2020) Classification societies—what,
why and how? https://www.iacs.org.uk/media/3785/iacs-class-what-why-how.pdf

Independent Commodity Intelligence Services (ICIS) (2017) Chemical profile special. ICIS
Chemical Business 2017 (26 May–1 June)

International Council on Clean Transportation (ICCT) (2018) The International Maritime Organi-
zation’s initial greenhouse gas strategy. Apr 2018

International Maritime Organization (IMO) (2014) Third greenhouse gas study
International Maritime Organization (IMO) (1974) International convention for the safety of life at
sea (SOLAS)

https://gmn.imo.org/wp-content/uploads/2018/01/AnnexV-2-5-Alternative-Fuels-and-Energy-Efficiency.pdf
https://www.dnvgl.com/news/dnv-gl-to-class-new-methanol-fuelled-tankers-7579
https://www.dnvgl.com/services/alternative-fuels-insight-128171
https://www.dnvgl.com/maritime/insights/topics/EU-MRV-and-IMO-DCS/index.html
https://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html
https://cordis.europa.eu/project/id/31414
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-air-pollutants-8/transport-emissions-of-air-pollutants-6%23tab-related-briefings
https://www.globalcombustion.com/oil-fuel-properties/
https://www.imo.org/en/OurWork/Safety/SafetyTopics/Pages/IGF-Code.aspx
https://www.imo.org/en/MediaCentre/MeetingSummaries/CCC/Pages/CCC-6th-session.aspx
https://www.iacs.org.uk/media/3785/iacs-class-what-why-how.pdf


4 Methanol as a Fuel for Marine Diesel Engines 83

International Maritime Organization (IMO) (2008) ResolutionMEPC.177(58), Annex 14, Adopted
on 10 October 2008, amendments to the technical code on control of emission of nitrogen oxides
from marine diesel engines (NOX Technical Code)

International Maritime Organization (IMO) (2011) ResolutionMEPC.203(62), Annex 19, Adopted
on 15 July 2011. Amendments to the annex of the protocol of 1997 to amend the international
convention for the prevention of pollution from ships, 1973, as modified by the protocol of 1978
relating thereto (inclusion of regulations on energy efficiency for ships in MARPOL annex VI)

International Maritime Organization (IMO) (2017) Consideration of how to progress the matter of
reduction ofGHGemissions from ships, existing IMOactivity related to reducingGHGemissions
in the shipping sector, 21 Feb 2017

International Maritime Organization (IMO) (2020a) IMO data collection system. https://www.
imo.org/en/ourwork/environment/pollutionprevention/airpollution/pages/data-collection-sys
tem.aspx

International Maritime Organization (IMO) (2020b) Nitrogen oxides. https://www.imo.org/en/
OurWork/Environment/PollutionPrevention/AirPollution/Pages/Nitrogen-oxides-(NOx)-%E2%
80%93-Regulation-13.aspx

International Maritime Organization (IMO) (2020c) Sulphur oxides. https://www.imo.org/en/Our
Work/Environment/PollutionPrevention/AirPollution/Pages/Sulphur-oxides-(SOx)-%E2%80%
93-Regulation-14.aspx

Johansson, B (2016) Fuels and combustion. In Boot M (eds) Biofuels from lignocellulosic biomass:
innovation beyond bioethanol. Wiley-VCH Verlag GmbH & Co. KGaA, pp 1–27

Kim M, Oh J, Lee C (2018) Study on combustion and emission characteristics of marine diesel oil
and water-in-oil emulsified marine diesel oil. Energies 11:1830. https://doi.org/10.3390/en1107
1830

Klaus OL, Villetti L, Siqueira JAC, De Souza SNM, Santos RF, Nogueira CEC, Rosseto C (2013)
Efficiency and fuel specific consumption of an engine running on fish biodiesel. Sci Res Essays
8(42):2120–2122. https://doi.org/10.5897/SRE2013.5550

Landälv I (2017) Methanol as a renewable fuel—a knowledge synthesis. Technical Report f3—The
Swedish Knowledge Centre for Renewable Fuels

Lassesson H, Andersson K (2009) Energy efficiency in shipping—review and evaluation of the
state of knowledge. Department of Shipping and Marine Technology, Division of Sustainable
Ship Propulsion, Chalmers University of Technology

LeanShips Project website (2020) https://www.leanships-project.eu/demo-cases/demo-case-05/ove
rview/

Li C (2018) Stratification and combustion in the transition from HCCI to PPC. PhD Thesis,
Department of Energy Sciences, Lund University, Sweden

Lloyd’s Register (2019) Rules for the classification of methanol fuelled ships. July 2019
Lönn S (2019) Investigation of PPC in an optical engine: with focus on fuel distribution and
combustion characterization. PhD Thesis, Department of Energy Sciences, Lund University,
Sweden

MAN (2014) Exhaust gas emission control today and tomorrow, application on MAN B&W two-
stroke marine diesel engines. MAN Technical Report

MAN (2014) Waste heat recovery system (WHRS) for reduction of fuel consumption, emissions
and EEDI. MAN Technical Report

MAN, PrimeServ (2012) Slow steaming benefitting retrofit solutions from MAN PrimeServ.
Technical Paper, Sept 2012

MaritimeKnowledgeCenter (MKC), TNO, TUDelft (2017) FrameworkCO2 reduction in shipping.
Project Final Report, MIIP019-2016

Maritime Knowledge Center (MKC), TNO, TU Delft (2018) Methanol as an alternative fuel for
vessels. Public Final Report, MIIP001-2017

Methanol Institute (2016) Compatibility of elastomers in neat methanol service. Methanol Safe
Handling Techn Bull

https://www.imo.org/en/ourwork/environment/pollutionprevention/airpollution/pages/data-collection-system.aspx
https://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/Nitrogen-oxides-(NOx)-%25E2%2580%2593-Regulation-13.aspx
https://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Pages/Sulphur-oxides-(SOx)-%25E2%2580%2593-Regulation-14.aspx
https://doi.org/10.3390/en11071830
https://doi.org/10.5897/SRE2013.5550
https://www.leanships-project.eu/demo-cases/demo-case-05/overview/


84 B. Zincir and C. Deniz

Methanol Institute (2016) Compatibility of metals & alloys in neat methanol service. Methanol
Safe Handling Techn Bull

Moirangthem K (2016) Alternative fuels for marine and inland waterways. European Commission
JRC, Petten

Nash, M (2015) IHS chemical: overview of the global methanol industry: the times they are a-
changin’ IHS Chem 2015

Paulauskas V, Lukauskas V (2013) CleanShip, clean Baltic Sea shipping. 3.6 Sustainable shipping
and port development. Klaipeda Science and Technology Park, Klaipeda

Przybyla G, Postrzednik S, Zmudka Z (2016) The impact of air-fuel mixture composition on SI
engine performance during natural gas and producer gas combustion. In: IOP Conference Series
on Material Science and Engineering, vol 148(1):12082, Sept 2016

Shamun S (2019) Characterization of the combustion of light alcohols in CI engine: performance,
combustion characteristics and emissions. PhD Thesis, Department of Energy Sciences, Lund
University, Sweden

Shamun S, Shen M, Johansson B, Tuner M, Pagels J, Gudmundsson A, Tunestal P (2016) Exhaust
PM emissions analysis of alcohol fueled heavy-duty engine utilizing PPC. SAE Int J Engines
9(4):2016. https://doi.org/10.4271/2016-01-2288
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Chapter 5
The Potential of Various Alcohol Fuels
for Low-Temperature Combustion
Engines

S. Rajkumar and J. Thangaraja

5.1 Introduction

Due to higher compression ratio, better thermal efficiency, and good torque char-
acteristics of diesel engine compared to its counterpart spark ignition (SI) gasoline
engines, the diesel engines have become indispensable tomeet the power demands for
on-road and off-road applications. However, the oxides of nitrogen (NOx) and smoke
emission from the diesel engine are its major concerns. To surmount the depletion of
fossil fuel resources and harmful emissions from these sources, the emission norms
are tightened. Currently, the stringent emission norms keep the researchers in active
mode to establish feasible solutions tomitigate the emissions fromconventional fossil
fuels. Several alternative strategies, namely alternate fuels, advanced combustion
technology, and after treatment techniques, are practiced. In this regard, the alternate
fuels from biomasses like alcohol and biodiesel are proved to be effective alter-
nate fuels for internal combustion engines. Alcohol fuels have many advantages like
renewable in nature, higher latent heat of evaporation (beneficial in NOx reduction),
and fuel-bound hydroxyl (OH) group (reduces smoke emission). However, direct
usage of alcohols in compression ignition (CI) engines needs ignition aids due to their
lower cetane and viscosity characteristics. Therefore, the alcohol–diesel blends or
dual-fuelmode is preferred inCI engines. Biodiesel fuel is an efficient alternative fuel
for CI engines. The biodiesel fuels have several advantages like renewable in nature,
the presence of fuel-bound oxygen, and high miscibility with diesel. However, many
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researchers have reported an increase in NOx emission from biodiesel compared to
that of diesel fuel. Blending alcohol with biodiesel fuels decreases the NOx emission
by reducing in-cylinder temperature. In diesel engines, the NOx and soot emissions’
formation is influenced by flame temperature and equivalence ratio, respectively.
Hence, the simultaneous reduction of these emissions is possible by controlling the
flame temperature and local equivalence ratio. This is achieved in an advanced low-
temperature combustion (LTC) strategy. Numerous articles are available in the open
literature on the effect of LTC on performance, combustion, and emission character-
istics of CI engines (Amorim et al. 2017; Carlucci et al. 2014; Fang et al. 2013a). The
LTC could be attained with the help of advanced combustion strategies like homoge-
neous charge compression ignition (HCCI), partially premixed combustion (PPC),
premixed charge compression ignition (PCCI), and reactivity-controlled compres-
sion ignition (RCCI). In LTC mode, preparing homogeneous mixture is one of the
primary tasks, which can be done effectively with alcohol fuels because of its higher
volatility (Kumar and Rehman 2017). Alcohols are one of the favorable alterna-
tive fuels for LTC due to their higher octane number, wide equivalence ratio range,
and widened operational range with emissions reduction capabilities (Pachiannan
et al. 2019). Moreover, alcohol and biodiesel fuels are used in an internal combus-
tion engine with minimal or without major modifications (Çelebi and Aydın 2019).
Numerous articles on the use of alcohol fuels with diesel and biodiesel in both the SI
and CI engines are accessible from the literature (Nour et al. 2019; Yusri et al. 2017;
Shirazi et al. 2019). Hence, an effort is made to comprehend the outcome of alcohol
fuels on combustion and emission characteristics of low-temperature combustion
engines as shown in Fig. 5.1.

5.2 Overview of Alcohol Fuels

Methanol, ethanol, and butanol are the extensively utilized alcohols in both SI and
CI engines. The chemical structure of alcohol is represented as CnH2n+1OH. The
higher octane number of alcohol can reduce the knocking tendency in spark-ignition
(SI) engines, whereas the presence of fuel oxygen content in alcohol diesel blends
lowers the soot formation tendency in compression ignition engines. Concomitantly,
blending alcohol results in lower emissions in both the version of internal combustion
engines (Çelebi and Aydın 2019; Yusri et al. 2017).

5.2.1 Types of Alcohol Fuels

Among the oxygenated fuels, methanol came into the spotlight as a clean alternative
fuel supplementing conventional fossil fuels and is produced from fossil or bioenergy
resources. The merits of blending methanol with gasoline include high research
octane number and hence higher engine efficiency, higher latent heat, and wider
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Fig. 5.1 An outline of the chapter

flammability limits than those of gasoline result in lower combustion temperature
and thus lesser pollutant formation. Ethanol is a clear, colorless liquid and also known
as grain alcohol. The USA and Brazil produce 85% of the world’s ethanol as shown
in Fig. 5.2. In USA, corn is used to produce the majority of ethanol, while in Brazil
sugarcane is the preferred feedstock. n-propanol (1-propanol) and isopropanol (2-
propanol) are the two isomers of propanol (C3H7OH). Though the energy density
of propanol is higher than ethanol, they are not recommended in the automotive
fuel segment due to their higher production cost. Hence, only very few studies are
attempted in comparison to ethanol and butanol isomers (Shirazi et al. 2019). Among
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Fig. 5.2 Major ethanol-producing countries in the world (Annual Fuel Ethanol Production 2020)

the different isomers of butanol (C4H9OH), n-butanol and isobutanol are the potential
blends for spark-ignition engines.

The other isomers, viz. secondary butanol and tertiary butanol, are not recom-
mended due to their extremely low motor octane rating (32) and higher melting
point (about 25 °C), respectively. Though butanol can be obtained from both fossil
and renewable resources, production through biological pathways is highly preferred
to mitigate greenhouse gas emissions. Biobutanol is produced through fermenta-
tion of straw, sorghum, sugar beets, wheat, corn, sugar cane, and cassava (Shirazi
et al. 2019). In comparison with propanol and butanol, methanol is toxic and less
volatile (Yusri et al. 2017). Table 5.1 provides the property comparison of methanol,
ethanol, propanol, and butanol fuels. In particular, the four alcohols have higher
octane number, heat of evaporation, and auto-ignition temperature than those of
fossil fuels, and also they contain fuel-bound oxygen.

Among the alcohol groups, butanol has higher boiling point, thus requires higher
temperatures for the evaporation. Longer ignition delay periods could be observed
in the case of methanol and ethanol due to their higher heat of vaporization. Due
to their higher heating values, propanol and butanol lower the fuel consumption for
the same power output. The higher flash point of propanol and butanol offers safer
storage and fuel transportation.

5.2.2 Standard Requirements

Flexible-fuel vehicles (FFVs) are designed to operate on alcohol and gasoline in any
combination from a single fuel tank.As shown inTable 5.2,ASTMStandards provide
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Table 5.1 Physicochemical properties of fuels (Yusri et al. 2017; Shirazi et al. 2019)

Properties Fossil fuels Alcohol fuels

Gasoline Diesel Methanol Ethanol Propanol Butanol

Chemical
formula

C8H18 C12H26 CH3OH C2H5OH C3H7OH C4H9OH

Molecular
weight (g/mol)

114 170 32.04 46.07 60.10 74.12

Oxygen content
(% wt.)

– 0 49.93 34.73 26.62 21.6

Cetane number 0–10 40–55 3.8 5–8 12 25

Research octane
number

80–99 20–30 136 129 112 96

Boiling point
(°C)

40–200 143 65 79 97 117

Density (kg/m3) ~740 840 791.3 789.4 803.7 810

Viscosity @
40 °C (mm2/s)

~0.6 2.43 0.59 1.13 1.74 2.22

Lower heating
value (MJ/kg)

42.7 42.5 20.01 26.08 29.82 33.01

Heat of
vaporization @
25 °C (kJ/kg)

349 243 1162.64 918.42 727.88 585.40

Flash point (°C) −13 to 45 65–88 12 13 22 35

Auto-ignition
temperature
(°C)

257 ~300 463 420 350 345

Stoichiometric
air–fuel ratio

14.7 14.3 6.47 9.01 10.35 11.19

the specification for methanol fuel blends (M51–M85), ethanol fuel blends (E51–
E83), butanol for use in automotive spark-ignition engines equipped with flexible-
fuel and dedicated spark-ignition engines. For optimumvehicle operation, the alcohol
content in the fuel blend is a vital parameter to ascertain the proper air–fuel ratio by
the fuel metering system of the FFVs.

5.2.3 Economic Benefits of Alcohol Fuels

The pricing policy of biofuels is a crucial parameter to sustain their growth in compar-
ison to conventional fossil fuels. European Union has set a goal to consume 10% of
biofuels by 2020, and the USA is aiming for 36 billion gallons of biofuels by 2022
(Çelebi and Aydın 2019). Gallagher et al. (2005) emphasized the relation between
capital costs and plant size for the economical production of biofuels. Typical biofuel
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Table 5.2 Comparison of standard requirements of the alcohol fuel blends (ASTM Standard
D5797-18 2018; ASTM Standard D5798-20 2020; ASTM Standard D7862-19 2019)

Properties Methanol blends Ethanol blends Butanol

ASTM standard D5797-18 D5798-19 D7862-18

Alcohol content (% by vol.) 51–85 51–83 94

Vapor pressure (kPa) 62–83 48–65

Methanol content (% by vol., max) – 0.5 0.4

Ethanol content (% by vol., max) – – 1.0

Lead (mg/L, max) 2.6 – –

Phosphorus (mg/L, max) 0.2 – –

Sulfur (mg/kg, max) 80 80 30

Acetic acid (mg/kg, max) 50 50 56 (mg/L)

Unwashed gum content (mg/100 mL, max) 20 20 –

Solvent washed gum content (mg/100 mL,
max)

5 5 5

Total inorganic sulfate (mg/kg, max) 4 – –

Water (% by mass, max) 0.5 1.0 1.0 (by vol.)

Total inorganic chloride (mg/kg, max) 1.0 1.0 8.0

Copper content (mg/L, max) – 0.07 –

Existent sulfate (mg/kg, max) – – 4

productions in large scale were assumed to be 245million L/year for ethanol and 110
million L/year for biodiesel (Pimentel and Patzek 2005). Lin et al. (2013) recom-
mended utilizing waste feedstock (such as food waste or reused cooking oil) to
lower the production cost of biofuels. Considering the Indian scenario, Thangaraja
and Srinivasan (2019) found that the price of coconut biodiesel blend (B20) is slightly
higher (0.017 $) in comparison to fossil diesel. Figure 5.3 summarizes the price vari-
ation between fossil and biofuel blends (E85 and B20) in major clean cities of the
USA. It is interesting to observe that the price of biofuel blends is converging closer
to fossil fuels in recent years.

5.2.4 Implementation of Alcohol Fuels in Combustion
Engines

The current stringent emission norms led the researchers to shift their focus toward
establishing alternative fuels and to develop advanced combustion strategies for
subsiding the fossil fuel dependency and mitigating the deleterious emission from
the internal combustion engines. In this regard, one of the promising alternate fuels
such as alcohol deemed to be a suitable source to overcome the adverse impact of
emission caused by internal combustion engines. However, the concurrent decrease
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Fig. 5.3 Average retail fossil and biofuel blend prices in the USA (Clean Cities Alternative Fuel
Price Reports 2020)

of NOx and soot emissions is one of the major inherent drawbacks of the diesel
engine. LTC is one of the advanced combustion strategies which show the poten-
tial of reducing NOx and soot emissions. The LTC is accomplished with the help
of altering the injection timing, a higher rate of exhaust gas recirculation (EGR),
varying the fuel reactivity, etc. To abate the consequences of high rate of EGR and
retarded injection timing, it is desirable to implement a fuel which has lower cetane
number and higher volatility, like alcohol fuel (Zhang et al. 2012; Fang et al. 2013b).
Moreover, alcoholic fuels are considered as suitable in LTC due to their desirable
properties, namely high auto-ignition resistance and enhanced ignition delay, which
helps in allowing adequate time for mixing the air and fuel and evaporating the fuel
faster. Its hydroxyl group and higher latent heat of vaporization reduce the smoke
emission especially at high loads (Lapuerta et al. 2010) and NOx emission signifi-
cantly vis-à-vis diesel fuel (Doǧan 2011). Therefore, the next section describes the
potential of alcohol fuels in achieving low combustion strategies and their effect on
combustion and emission characteristics of internal combustion engines.

5.3 Usage of Alcohol Fuels in LTC Strategies

It is well known that the simultaneous reduction of NOx and PM emissions neces-
sitates avoiding both the high-temperature stoichiometric regions and local fuel-
rich regions which are inherent in diesel combustion. It is informed that the low-
temperature combustion improves fuel atomization and mixing, lowers the local
equivalence ratio and reduces combustion temperature (Leermakers and Musculus
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2015; Yousefi et al. 2018) which can abate the NOx and particulate matter (PM) emis-
sions simultaneously (El-Asrag and Ju 2014;Niemeyer et al. 2015). The alcohol fuels
make use of the full merits of HCCI combustion due to their desirable properties such
as higher octane number, wider range of equivalence ratios with a reduction in emis-
sions (Maurya and Agarwal 2014). The alcohol fuel used in other mode of LTC
such as RCCI engine increases the thermal efficiency along with decrease in harmful
exhaust pollutants (Dou et al. 2017; Jamrozik 2017). As this chapter discusses the
effect of alcohol fuels onLTC, for the sake of brevity the LTCconcept is not explained
in detail. Though several papers published on alcohol fuels, this work provides the
effect of alcohol fuels which is characterized in terms of number of fuels used for
blending. This section describes the suitability of alcohol fuel for LTC strategies
and their effect on performance, combustion, and emission characteristics of engines
under LTC mode.

5.3.1 Binary Blends

The binary blends consist of alcohol fuels blended with gasoline–diesel–biodiesel.
This section describes the use of binary blends on LTC mode.

5.3.1.1 Diesel–Alcohol Blends

In the normal mode of combustion, it is reported that the alcohol fuels increase the
intensity of premixed combustion phase due to increase in ignition delay period
and heat release which in turn increases the combustion temperature (Ning et al.
2020). However, the high volatility and low reactivity of ethanol fuel suit LTC oper-
ation in diesel engines (Asad et al. 2015). Increasing the quantity of ethanol reduces
the premixed phase of combustion and NOx and soot emissions but it increases
HC emission. The reduction of NOx is attributed to the reduction in combustion
temperature due to charge cooling. The higher premixed ratio (increase in ethanol
fraction) increases the delay period and retards combustion due to higher resistance
to auto-ignition of ethanol fuel and lower cetane number which in turn affects the
auto-ignition process, respectively (Mancaruso andVaglieco 2015). The binary blend
diesel–ethanol (15% of ethanol) in a double-injection strategy reduced the NOx and
smoke emissions by 85% and 33%, respectively (Srihari and Thirumalini 2017). The
reduced heat release rate, and combustion temperature and the higher latent heat
of evaporation of ethanol fuel caused the NOx reduction. The smoke reduction is
attributed to the fuel-bound oxygen of ethanol fuel and improved fuel–air mixing.
However, the HC and CO emissions are observed to increase at all the load condi-
tions. It is suggested that increasing the inlet air temperature can decrease CO and
HC emissions with a trade-off in NOx emission (Maurya and Agarwal 2011).

The use of diesel with higher alcohols like isobutanol and n-pentanol blends
(RajeshKumar and Saravanan 2016) established an increase in ignition delay and rate
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of premixed combustion phase with retarded occurrences. Butanol blends increased
the ignition delay, peak pressure, and combustion efficiency vis-à-vis pentanol blends
which is attributed to low cetane number and higher oxygen content of butanol fuel
compared to those of pentanol. The viscosity and density of isobutanol are lower
compared to those of n-pentanolwhich enhance the spray behavior.While the butanol
blends are noted to be comparable with the performance of diesel fuel, it is observed
to be better than pentanol. In emission standpoint, butanol offered a huge reduction
in NOx than pentanol blends due to longer delay period, reduction in combustion
flame temperature, and lower oxygen content of butanol blend. However, the lower
oxygen content of butanol increased the smoke emission.

The RCCI strategy is one of the LTC variants, which addresses the several prob-
lems associated with HCCI and PCCI mode such as extending LTC to higher load,
combustion phasing for a wide range of engine load conditions and excessive pres-
sure rise rates at higher loads. Since the homogeneity of the fuel plays a major role in
LTC, the use of port injected low reactivity fuel (LRF) and earlier direct injection of
high reactivity (HRF) fuel is suggested for RCCI engines. The proper fuel blending
provides the required fuel reactivity which can be changed by varying the quantity
of LRF and HRF. These varying reactivities between LRF and HRF help control the
various parameters of LTC for extending the range of engine load and speed condi-
tions (Splitter and Reitz 2014). It is proved that the spatial stratification of the fuel
reactivity influences the duration of combustion. For obtaining the necessary fuel
reactivities, alcohol fuels, namely methanol, ethanol, and butanol, qualify as LRFs
in the RCCI combustion concept. Among the variety of alcohol fuels, butanol is one
of the potential low-reactivity fuels for RCCI mode due to its higher heating value,
more energy density, low hydrophilicity, and non-corrosiveness (No 2016; Pan et al.
2017). The use of alcohol fuels achieves stable and extends the operation of RCCI
engine (Dempsey et al. 2013; DelVescovo et al. 2015) due to their low reactivity
and higher latent heat of evaporation. A small fraction of ethanol (about 10–20%)
reduces the NOx and smoke emissions in compliance with EUROVI emission norms
with enhanced HC and CO emissions for a wide range of engine loads (Benajes et al.
2015). However, higher premixed ratios of ethanol are observed to increase CO and
HC emission, while lowering NOx and soot emissions significantly due to enhanced
cooling effect and reduction in in-cylinder temperature, respectively (Qian et al.
2015). It is stated that the increasing the ethanol premixed ratio delays the phasing
of combustion and reduces NOx emission to an extremely low level, and hence the
alcohol fuel becomes a good choice as LRF for RCCI engine (Zhu et al. 2015). The
methanol–diesel combination in the RCCI engine emits low NOx emission vis-à-vis
gasoline–diesel pair (Li et al. 2016) which is attributed to reduced local combustion
peak temperature and equivalence ratio. However, in general, CO and HC emissions
increase (Tutak 2014; Işık and Aydın 2016) with ethanol fuel. In RCCI mode, it is
found that the isobutanol–diesel blend is capable of mitigating CO, HC, NOx, and
particulate matter emissions vis-à-vis gasoline–diesel combination (Pan et al. 2020).
The isobutanol–diesel retards the combustion phase with higher mean in-cylinder
temperature along with the longer ignition delay and lower rate of pressure rise vis-
à-vis gasoline–diesel. Recently, alcohol fuels are more focused as LRF for the RCCI
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engine because of their superior physical and chemical properties (Liu et al. 2018;
Zheng et al. 2018).

5.3.1.2 Biodiesel–Alcohol Blends

Biodiesel and higher alcohols have gained popularity among the other alternative
fuels for diesel engines due to their renewable characteristics. It is concluded that
adding the higher alcohols to biodiesel fuel lowers the density and viscosity of
biodiesel and hence enhances the atomization and auto-ignition characteristics. It
also assists the combustion process to occur in semi-LTC with reduced NOx emis-
sions (Atmanli and Yilmaz 2020). As shown in Fig. 5.4, the combination of higher
alcohols has lowered the NOx emission significantly than that of diesel (D) and waste
cooking biodiesel (WB).

It is showed that the particle number concentrations are significantly reduced
when two fuel-bound oxygen fuels, namely biodiesel and ethanol are used (Su et al.
2013). This explains the benefit of the fuel oxygen content in decreasing the PMemis-
sion. n-butanol reduced the NOx and soot emissions by 75% and 98%, respectively,
compared to those of diesel fuel in LTC mode due to low-combustion temperature
and oxygen content. However, it is reported that an incomplete combustion during
the premixed phase of combustion increased the CO and HC emissions (Soloiu et al.
2013). Use of n-butanol with high-pressure direct injection is suggested for LTC
operation compared to diesel fuel (Han et al. 2013). The n-butanol decreases soot
emission due to low boiling point, low viscosity, and higher latent heat of evaporation
and significant improvement in the fuel–air mixing. As n-butanol easily blends with
diesel (Rakopoulos et al. 2010; Merola et al. 2014) because of its less hydrophilicity
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and higher miscibility nature compared to ethanol, n-butanol has good potential for
LTC engines. Usage of alcohol fuels like n-butanol reduces the particulate matter
emission to nearly zero levels (Han et al. 2013) and also reduces PM emission
significantly even at a higher rate of EGR rate (Huang et al. 2016).

5.3.1.3 Gasoline–Alcohol Blends

The most important drawback of the HCCI engine is the extension of its operating
range over a wide range of engine loads. This can be surmounted by employing
alcohol–gasoline fuel blends with the optimal start of injection and blend ratio
(Turkcan et al. 2014). In this study, ~80% of the total fuel (of the ethanol–gaso-
line blend) is injected in suction stroke, and the balance fuel is injected towards the
later stage of compression stroke to control the ignition timing. It is concluded that for
the fixed start of injections, the blend ratio affected the control of HCCI combustion
phases significantly. However, n-butanol–gasoline blend auto-ignites earlier vis-à-vis
ethanol–gasoline blends and reduced the combustion duration (He et al. 2015). n-
butanol–gasoline blends also decreased the indicatedmean effective pressure (IMEP)
and indicated thermal efficiency (ITE).

5.3.2 Ternary Blends

In order to avoid the separation of ethanol from diesel fuel, an emulsifier or a surfac-
tant is essential for increasing the premixed ratio of ethanol (SatgéDeCaro et al. 2001;
Xing-Cai et al. 2004). Fortunately, biodiesel stabilizes the diesel and ethanol mixture
and helps in achieving a homogeneous mixture of ethanol–diesel blends (Fernando
andHanna 2005;Kwanchareon et al. 2007). The increase in smoke emission at higher
load during LTC operation can be mitigated with the help of oxygenated fuels like
biodiesel, and hence, it extends the higher operational load limit of LTC engines
(Ickes et al. 2009). It is proved that biodiesel and ethanol blends reduce the smoke
emission vis-à-vis conventional diesel combustion (Xue et al. 2011; Zhu et al. 2011).
In an investigation, with the blends of ethanol–diesel–biodiesel (waste cooking oil)
and EGR (Fang et al. 2013b), among the various blends of biodiesel–ethanol–diesel,
it is observed that the ethanol blends lower the NOx and smoke emissions about
8.55 and 31.79% (for BDE10—blend of 10% ethanol+ 10% biodiesel+ remaining
diesel) and 23.08 and 73.44% (for BDE20—blend of 20% ethanol + 10% biodiesel
+ remaining diesel) due to lower energy release and higher latent heat of evaporation
of alcohol fuel, respectively. Similar kinds of results, i.e., decrease in NOx and smoke
emissions and increase in HC and CO emissions, are also reported with diesel–rape
seed biodiesel–ethanol blends (Pidol et al. 2012).

In ethanol RCCI combustion mode, it is observed that the engine knock is
completely eliminated with reduced heat losses (Işık and Aydın 2016). Increase
in quantity of ethanol reduced NO emission for all the tested fuel blends. BSFC is
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found to increase in 30% ethanol RCCI operation for all fuels vis-à-vis 50% ethanol
RCCI operation. In 50% ethanol RCCI operation, the BSFC is comparable to that
of single fuel mode. This shows the effect of blending modes on the performance of
the engines. It is shown that 5% rice wine alcohol with 75% diesel and 20% neem
methyl ester increases the brake thermal efficiency by 8% and decreases the brake
specific fuel consumption by 3.33% compared to those of diesel fuel. However, NOx

emission increased because of the presence of oxygenated biodiesel. The NOx emis-
sion of 20, 5, and 10% biodiesel fuel (with 5% rice wine and remaining fraction is
diesel) are noted to be 6.4%, 4.26, and 2.14% higher than vis-à-vis base line diesel
fuel (Reang et al. 2020).

5.3.3 Quaternary Blends

The experimental investigation (Appavu et al. 2019) established that the use of higher
alcohol like pentanol as a quaternary blend with diesel, biodiesel, and vegetable oil
overcomes the demerits involved with neat biodiesel operation. It is noted that at
full load condition, the quaternary blends reduced the NOx emission by 11.23%.
This is ascribed to higher latent heat of vaporization of the blends which caused
LTC, eventually decreasing the NOx emission. The NOx emission is found to be
less for all the pentanol blends (from DBOP10 to DBOP40) compared to that of
B100 (neat biodiesel—refer Fig. 5.5). However, increasing the pentanol concentra-
tion increased the NOx emission while it decreased hydrocarbon, carbon monoxide,
and smoke emissions. In another experimental investigation (Yesilyurt et al. 2020),
the various fuel blends such as binary (diesel and biodiesel), ternary (diesel,
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biodiesel and vegetable oil) and quaternary blends (diesel, biodiesel, vegetable oil
and isopentanol/isopropanol/n-butanol) are considered for the study.

The brake thermal efficiency of all quaternary blends is observed to be higher
than B100, which increases with increasing the pentanol concentration. Increasing
the concentration of pentanol in blend increased NOx emission and reduced CO, HC,
and smoke emissions vis-à-vis diesel fuel. It is also observed that diesel–gasoline–n-
butanol blends increased the brake-specific fuel consumption, CO and HC emissions
and reduced NOx and soot emissions (Huang et al. 2016). In RCCI mode, diesel–
biodiesel–ethanol–gasoline blends increased the peak pressure at higher loads,
decreased both the NOx (below EURO VI) and smoke emissions and increased CO
and HC emissions (Benajes et al. 2015). The effect of alcohol blends on LTC engines
is summarized and shown in Table 5.3.

Table 5.3 Summary of the effect of alcohol fuel on LTC engines

Blend types Key inferences

Binary blends • Decrease in peak cylinder pressure and heat release for lean mixture
(Maurya and Agarwal 2014)

• n-butanol gasoline blends shortens the combustion duration (less than 15°
CA) and advances the auto-ignition

• Decrease in NOx and increase in CO and HC emission are observed
• Increase in combustion efficiency (8.3%) and decrease in NOx (26%),
soot (71%), CO and HC emissions (~one third) in RCCI mode (Pedrozo
et al. 2016)

• Gasoline-n-butanol blends decrease NOx , smoke, CO, HC emissions
(Huang et al. 2016)

Ternary blends • Ethanol–diesel–biodiesel (waste cooking oil) blends result in a decrease
in BSFC and similar brake thermal efficiency

• A decrease in NOx and soot emission and an increase in CO (maximum of
100%) and HC (by 600 ppm) emission

• Ethanol RCCI reduced engine knocking (Işık and Aydın 2016)
• Increase in fuel consumption, BTE, peak cylinder pressure, and peak heat
release rate in RCCI mode (Işık and Aydın 2016)

• Shorter combustion duration and ignition delay, however, combustion
duration increases with increase in premixed ratio

• It is possible to decrease CO and HC emission by increasing alcohol
content

Quaternary blends • Higher brake thermal efficiency can be obtained
• In RCCI mode, it is possible to achieve NOx emission comply EURO VI
norms

• It is possible to decrease CO and HC emission by optimizing the alcohol
content
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5.4 Summary

The detailed discussion on alcohol fuels reveals that the alcohol fuels are capable
of achieving low-temperate combustion by utilizing the entire advantages of this
combustion concept. The oxygen content of alcohol fuel helps solve one of the
major drawbacks of LTC such as higher CO and HC emissions. The alcohol fuels are
reported to widen the operating load range of LTC. Thus, the various alcohol fuels
become more suitable for LTC, and the conclusion of the chapter is presented in the
next section.

5.5 Conclusions

This chapter provided the essential details of the alcohol fuel as alternate fuels for
internal combustion engines. Alcohol fuels are characterized by their renewability,
closer to the properties of gasoline, better adaptability with diesel and advantages
of emission reduction. This chapter explained the potential of various alcohol fuels
in terms of emission reduction when it is adapted to low-temperature combustion
techniques. The alcohol fuel is found to be suitable for any mode of LTC such as
HCCI, PCCI, PPC, and RCCI. The fuels are used without major or no modification
of the existing engines. Moreover, alcohol fuels are one of the appropriate alternate
fuels for theHCCI enginewhich effectively utilizes the fullmerits of LTC. The higher
octane number, oxygen content, and lower latent heat of evaporation of alcohol fuels
suit the requirement of reactivity stratification in RCCI engines. Alcohol fuels are
capable of overcoming themajor drawback of extending the operational range of LTC
engines. Therefore, it is concluded that the alcohol fuel has the potential as effective
alternative fuels and for reducing the harmful emissions from internal combustion
engines especially in the LTC mode.

Nomenclature

B20 80% diesel and 20% biodiesel blend
BSNO Brake-specific nitric oxide
BTE Brake thermal efficiency
CI Compression ignition
CO Carbon monoxide
CO2 Carbon dioxide
EGR Exhaust gas recirculation
FFV Flexible fuelled vehicles
HC Hydrocarbon
HCCI Homogeneous charge compression ignition
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HRF High-reactivity fuel
IMEP Indicated mean effective pressure
ITE Indicated thermal efficiency
LRF Low-reactivity fuel
LTC Low-temperature combustion
MTBE Methyl tertiary butyl ether
PCCI Premixed charge compression ignition
PPC Partially premixed combustion
NOx Oxides of nitrogen
RCCI Reactivity-controlled compression ignition
SI Spark ignition
WB Waste cooking biodiesel.
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Doǧan O (2011) The influence of n-butanol/diesel fuel blends utilization on a small diesel engine
performance and emissions. Fuel 2467–2472. https://doi.org/10.1016/j.fuel.2011.02.033

Dou Z, Yao C,Wei H,Wang B, LiuM, Chen C, Gao J, Shi J (2017) Experimental study of the effect
of engine parameters on ultrafine particle in dieselmethanol dual fuel engine. Fuel 192:45–52.
https://doi.org/10.1016/j.fuel.2016.12.006

El-Asrag HA, Ju Y (2014) Direct numerical simulations of NOx effect on multistage autoigni-
tion of DME/air mixture in the negative temperature coefficient regime for stratified HCCI
engine conditions. Combust Flame 161(1):256–269. https://doi.org/10.1016/j.combustflame.
2013.07.012

Fang C, Yang F, OuyangM, Gao G, Chen L (2013a) Combustion mode switching control in a HCCI
diesel engine. Appl Energy 110:190–200. https://doi.org/10.1016/j.apenergy.2013.04.060

FangQ,Fang J,Zhuang J,HuangZ (2013b)Effects of ethanol-diesel-biodiesel blends on combustion
and emissions in premixed low temperature combustion. Appl ThermEng 54(2):541–548. https://
doi.org/10.1016/j.applthermaleng.2013.01.042

FernandoS,HannaM(2005) Phase behavior of the ethanol-biodiesel-dieselmicro-emulsion system.
Trans Am Soc Agric Eng 48(3):903–908. https://doi.org/10.13031/2013.18494

Gallagher PW, Brubaker H, Shapouri H (2005) Plant size: capital cost relationships in the dry mill
ethanol industry. Biomass Bioenerg 28(6):565–571. https://doi.org/10.1016/j.biombioe.2005.
01.001

Han X, Zheng M, Wang J (2013) Fuel suitability for low temperature combustion in compression
ignition engines. Fuel 109:336–349. https://doi.org/10.1016/j.fuel.2013.01.049

He BQ, Liu MB, Zhao H (2015) Comparison of combustion characteristics of n-butanol/ethanol-
gasoline blends in a HCCI engine. Energy Convers Manag 95:101–109. https://doi.org/10.1016/
j.enconman.2015.02.019

Huang H, Zhou C, Liu Q, Wang Q, Wang X (2016) An experimental study on the combustion and
emission characteristics of a diesel engine under low temperature combustion of diesel/gasoline/n-
butanol blends. Appl Energy 170:219–231. https://doi.org/10.1016/j.apenergy.2016.02.126

Ickes AM, Assanis DN, Bohac SV (2009) Load limits with fuel effects of a premixed diesel
combustion mode. SAE Technical Paper, 4970. https://doi.org/10.4271/2009-01-1972
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Chapter 6
Challenges in Blending
the Diesel–Ethanol Blends Using Butanol
as Co-solvent Along with Diesel
for Replacing the Neat Diesel to Fuel
Compression Ignition Engines Suitable
for Low-Temperature Application

B. Prabakaran

6.1 Introduction

Renewable energy resources are the major available resources to replace diesel fuel
and reduce the dependency of diesel fuel to fuel compression ignition (CI) engines.
This is the reason for the researchers to find out a renewable source such as alcohols
or biodiesels from various edible or non-edible oils to reduce the consumption of
diesel by blending to fuel CI engines. Alcohols are better than biodiesels in terms of
combustion efficiency and emissions when fueled in compression ignition engines.
Utilization of biodiesel from edible resources as fuel will lead to lack of resource for
food. Ethanol (Han et al. 2020) can be blended into diesel for fueling in diesel engine
which can be manufactured from biomass. The author utilized ethanol into diesel
engine in a dual-fuel mode up to 80% and tested for performance. Author concluded
that although 80% blending of ethanol is possible for blending, the increase in the
ethanol content increased the ignition delay and decreased the thermal efficiency. It
was also reported that misfire occurred by fueling blends containing higher volume
of ethanol (higher than 30%) into diesel engine. The limitations in using biodiesel
(Shamun et al. 2018; Belgiorno et al. 2018; Mamat et al. 2019) as fuel were stated
by the author and recommended for low volume of biodiesel (up to 20%) along with
diesel in diesel engine. The author also stated that there was a significant decrease in
power by the utilization of biodiesel into CI engine. This motivated the researchers
to increase the focus on fueling the CI engines with alcohol-blended diesel instead of
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Table 6.1 Properties of fuels standard

S. No. Property Diesel Ethanol Butanol

1 Density (kg/m3) 829 785 809

2 Kinematic viscosity (mm2/s) 4.04 1.07 2.6

3 Calorific value (MJ/kg) 42.8 26.9 33.1

4 Heat of vaporization (MJ/kg) 0.84 0.92 0.43

5 Flammability limits, volume (%) 0.6 19 11.2

6 Flashpoint (°C) 74 13 35

7 Cetane number 50 8 25

8 Research octane number 15–25 129 96

9 Energy density (MJ/L) 45.5 19.6 29

biodiesel-blended diesel. The utilization of methanol is not found attractive as this is
meant as poisonous. This paved a way to progress to the next lower alcohol ethanol
and its blend with diesel to fuel CI engine. Ethanol started its attempt as fuel for CI
engines from 1980s onward. Compilation of previous researches for the utilization of
diesel–methanol and diesel–ethanol blends (Kumar et al. 2013) into diesel enginewas
reported. The author conducted a study on the solubility, properties, and performance
of these blends by fueling into CI engine. Table 6.1 shows the standard properties
of diesel, ethanol, and butanol (Gao et al. 2019). From the table, the research octane
number of ethanol is very much higher, this will lead to higher rate of combustion,
and hence, ethanol has been chosen.

The author concluded that further research on the utilization of higher volume
of ethanol in ethanol–diesel and higher volume of butanol in butanol–diesel blends
can be further progressed in low-temperature analysis. Flame spread characteristics
(Singh and Bharj 2019) of ethanol–diesel (containing 5% ethanol) in a CI engine
have been compared with that of diesel. The author stated that the flame spread speed
was found decreased at the initial phase and remains unchanged after certain height
of ullage. This was due to the increase in the combustion efficiency and the rate of
oxidation due to the higher oxygen content in the ethanol–diesel blends compared to
that of diesel. A study was conducted by fueling 20% of ethanol along with Jatropha
methyl ester and diesel blends on the evaporation characteristics in CI engine. It
was reported that the liquid penetration and vapor penetration of the ethanol-blended
biodiesel–diesel blends were found matching with that of diesel. The improvement
in the evaporation rate of the fuel blend was due to the higher heat of vaporization
of ethanol in the blend and the higher boiling point of the biodiesel in the blend.
Ethanol was blended with diesel up to 19% and studied (Rakopoulos et al. 2019)
for the essential properties such as cetane number, calorific value, sulfur content,
and flashpoint. The author reported that the properties are found to be closer with
respect to that of diesel fuel and suitable to fuel CI engine. The author also studied
the performance and emissions characteristics of ethanol–diesel blends when fueled
in CI engine. The report indicated that there was a significant increase in brake
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thermal efficiency, decrease in the emissions and exhaust temperature by utilizing
ethanol–diesel blend in CI engine. Cyclic irregularities of diesel–ethanol (Yu 2019)
and diesel–butanol blends were compared when fueled in CI engine as fuel to replace
diesel. The author stated that the cyclic variations produced by diesel–ethanol blends
were found to be a bit stronger compared to those produced by diesel–butanol blends.
The author stated that the reason for this activity was due to the fuel-bound oxygen
possessed by ethanol in the blend. Most researchers attempted diesel–ethanol blends
as fuel; however, attempts are limited for the fuel blend (Woo et al. 2016; Verma et al.
2018; Ribeiro et al. 2007; Hafid et al. 2017) possessing higher volume of ethanol
and for low temperatures. Hence, this experimental study considers the objective
as utilizing higher volume of ethanol under low temperature up to 5 °C with the
assistance of n-butanol as co-solvent.

6.2 Materials and Methods

6.2.1 Fuels Used and Preparation of Blends

Diesel used in this study is Bharat Stage VI of low-sulfur diesel procured from
market. Ethanol is procured from bioethanol producer who produces bioethanol
(Stoeberl et al. 2011) from waste cut vegetables. These wastes are generally not
utilized properly and thrown into garbage and causing land pollution to a greater
extent. Biobutanol is procured from a bulk manufacturer who produces butanol from
food (Hansen et al. 2005) wastages. This is the novelty in this study. To start with,
biobutanol has been blended in proportions (Table 6.2) ranging from 0 to 10% in
increments of 1% and kept separately. Table 6.2 lists the different proportions of
diesel, ethanol, and butanol.

These biobutanol–diesel blends were taken in a beaker for blending of bioethanol.
Bioethanol was filled in burette and slowly added into biobutanol–diesel blends in
the proportions ranging from 0–50% in increments of 5% of bioethanol assisted with
magnetic stirring. This was carefully handled such that bioethanol will not evaporate
during the process of blending. The magnetic stirrer (Fig. 6.1) was operated at a
speed of 1500 rpm and for a set cycle of 2 min.

Each blend has been stirred for three to five times, and the prepared blends were
kept in a temperature-controlled box (Fig. 6.2) for five different temperatures 5, 10,
15, 20, and 25 °C. This temperature range has been chosen by considering the climatic
conditions of India. In India, most part of the country (Prabakaran and Vijayabalan
2016) will attain 5 °C during the winter season. The fuel blend found by this study
has to be suitable to fuel CI engine for most places in our country.

Fuel blends after the temperature stability tests are presented in Fig. 6.3. Figure 6.3
shows three representative samples kept at 5 (Fig. 6.5), 15 (Fig. 6.4), and 25 °C
(Fig. 6.3) for a period of 20 days. Periodical monitoring has been performed, and the
statuses of the blends were recorded. This is to find out the homogeneity of the fuel
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Table 6.2 Various proportions of diesel–ethanol blends by varying butanol from 0–10%

Percentage of butanol Fuels in percentage by volume

1 D 94 89 84 79 74 69 64 59 54 49

E 5 10 15 20 25 30 35 40 45 50

2 D 93 88 83 78 73 68 63 58 53 48

E 5 10 15 20 25 30 35 40 45 50

3 D 92 87 82 77 72 67 62 57 52 47

E 5 10 15 20 25 30 35 40 45 50

4 D 91 86 81 76 71 66 61 56 51 46

E 5 10 15 20 25 30 35 40 45 50

5 D 90 85 80 75 70 65 60 55 50 45

E 5 10 15 20 25 30 35 40 45 50

6 D 89 84 79 74 69 64 59 54 49 44

E 5 10 15 20 25 30 35 40 45 50

7 D 88 83 78 73 68 63 58 53 48 43

E 5 10 15 20 25 30 35 40 45 50

8 D 87 82 77 72 67 62 57 52 47 42

E 5 10 15 20 25 30 35 40 45 50

9 D 86 81 76 71 66 61 56 51 46 41

E 5 10 15 20 25 30 35 40 45 50

10 D 85 80 75 70 65 60 55 50 45 40

E 5 10 15 20 25 30 35 40 45 50

D—Diesel, E—Bioethanol, B—Biobutanol

blend and to ensure that there is no phase separation between diesel and alcohols.
The blends were also kept under 30 and 35 °C for 20 day. The blends are in the single
liquid phase and no separation has been observe.

6.2.2 Testing the Properties of Fuel Blends

Prepared fuel blends (100 blends) were tested for the essential properties required as
per the ASTM standards, and the properties were compared (Prabakaran et al. 2017)
with respect to the diesel fuel as base. The instruments used for the properties along
with the accuracy and ASTM standards are listed in Table 6.3. Table 6.4 lists the
properties of five representative fuel blends (Prabakaran et al. 2019) containing 15,
25, 35, 45 and 50% of ethanol in comparison with that of diesel.
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Fig. 6.1 Magnetic stirrer
used for the blend
preparation

Fig. 6.2 Temperature
control box for storing the
prepared blend in various
temperatures
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Fig. 6.3 Representative blends of diesel–ethanol with 10% n-butanol kept at 25 °C after 20 days

Fig. 6.4 Representative blends of diesel–ethanol with 10% n-butanol kept at 15 °C after 20 days
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Fig. 6.5 Representative blends of diesel–ethanol with 10% n-butanol kept at 5 °C after 20 days

Table 6.3 List of instrument used for property testing

S.
No.

Property Unit Instrument used Accuracy Percentage
of
uncertainty

ASTM standard

1 Flashpoint ºC Pensky–Martens
Closed cup

±0.1ºC ±0.05% ASTMD
93-16a

2 Kinematic
viscosity

mm2/s Red wood
viscometer

0.01
Centi
Stokes

±0.02% ASTMD445/446

3 Calorific
value

kJ/kg Bomb
calorimeter

1 J/grams ±0.1% ASTMD
4868

3 Cetane
Number

No
unit

Ignition delay ±0.1 ±0.07% ASTMD976/ASTMD4737

6.2.3 Experiment Setup

A single cylinder, four-stroke, water-cooled, direct injection, Kirloskar make diesel
engine (Holman andGajda 2001) of 4.4 kW capacity at the rated speed 1500 rpmwas
used for testing the fuel blends. The engine (Fig. 6.6) is coupled with eddy current
dynamometer with electrical loading.

Fuel flow was measured with the help of burette and digital stop watch. Intake
air flow was monitored by manometer and orifice plate. The displacement volume
of the engine used was 661.5 cc, with a compression ratio of 17.5:1, and nozzle
opening pressure was set at 200–205 bar. A provision was made for mounting the



114 B. Prabakaran

Table 6.4 Properties of diesel–ethanol–butanol blends

Blend Flashpoint Energy
content

Density Kinematic
viscosity

Oxygen
content

Cetane
number

Units °C MJ/kg kg/m3 mm2/s %

Diesel 74 42.8 829 4.04 0 50

Ethanol 13 26.9 790 1.37 34.8 8

n-butanol 35 33.1 809 3.2 21.58 25

D75E15B10 64 40.24 823 3.7 5.64 43.3

D65E25B10 57.9 38.65 818 3.45 9.12 39.1

D55E35B10 51.8 37.06 813 3.19 12.59 34.9

D45E45B10 47.5 37.13 807 2.94 17.16 30.7

D40E50B10 39.6 33.88 805 2.62 19.6 26.5

Fig. 6.6 Schematic layout of experimental setup

pressure transducer to capture the in-cylinder pressure signals during combustion
and to feed the captured signals to the data acquisition device. The injection system
of the experimental setup was mechanically controlled type, and this was periodi-
cally cleaned and calibrated as per the recommendations of the manufacturers. Air
preheater is used to preheat the incoming air, and it is fixed in the suction side of
the engine. In the present study, a heater of coil type of 1.0 kVA capacity is used for
heating the incoming air. The temperature of the coil can be varied by varying the
input electrical supply by a power regulator installedwith the heater. The temperature
of the incoming air to the air preheater and outgoing air from the air preheater has
been measured by two separate thermocouple enabled with electronic readout. In the
present study, a single, three-hole jet injector is deployed assisted by the mechanical
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Fig. 6.7 Pressure calibration
gage for fuel injector

centrifugal-type governor for injecting the fuel into the cylinder. The nozzle opening
pressure is maintained at 200 bar. Variation of injection pressure was done by placing
a washer of 0.20 mm for every 10 bar variation in between the nozzle and injector
spring. The nozzle opening pressure was measured by calibrated gage with dial.
The injector was clamped in the arms of the gage (Fig. 6.7), and the tripping fuel
pressure was measured and indicted in the dial. This ensured the proper setting of
the nozzle opening pressure. Normal injection timing is maintained at 23 °bTDC.
Variation of injection timing was done by placing a shim of 0.25 mm (to attain 3°
advance) between engine and fuel pump. The shim used has been calibrated and
supplied by the manufacturer to attain the specified angle. Data acquisition system
used for the present study consists of a computer, programmed with AVL 621 Indi-
Modul system, which is receiving the signals amplified by a charge amplifier from a
water-cooled pressure transducer of KISTLER piezoelectric transducer. This system
was controlled by IndiCom software. Specifications of the pressure transducer are
given in Appendix 4. This device was programmed for generating the combustion
data according to the pressure input. Crank angle encoder captures the position of the
crank angle of the respective pressure signal and was duly connected to the engine.

Hundred consecutive cycles of pressure data were captured and recorded for
the analysis of combustion characteristics in the data acquisition system. This data
acquisition system is programmed for combustion parameters calculation from the
input received from the pressure transducer, crank angle encoder, and intake air
measurement. This also receives the input from the thermocouples for the temperature
of the intake air, exhaust gases, and in-cylinder. AVL-444 Di-Gas analyzer is used in
this study for capturing the emissions from the test engine fuelled by the blends during
the experiment. This measures CO, HC, NOx, and CO2 and oxygen concentration.
It uses non-dispersive infrared (NDIR) sensor for measuring CO, CO2, and HC.
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Also, it measures NOx and oxygen concentrations by electrochemical sensors. All
the emissions are recorded and converted to g/kWh for further analysis. This device
is auto-calibrated periodically as per the manufacturer advice. The measured values
from the exhaust gas analyzer are in ppm (Gnanamoorthi andDevaradjane 2015), and
the following conversion equations depict the conversion of ppm to g/kWhr which
are standard equations (assuming 5% residual oxygen).

1000 ppm of NOx corresponds to 6.60 g/kWh
100 ppm of HC corresponds to 0.20 g/kWh
100 ppm of CO corresponds to 0.36 g/kWh.

6.2.4 Experimental Uncertainty

Any experiment has its own uncertainty, and the overall uncertainty depends on the
uncertainties of the various instruments used in the study and environment. In the
present study, various instruments have been used, and each one has different level
of uncertainty. This affects the final result. Hence, a detailed uncertainty analysis
was carried out by the method of (Kuszewski 2018). The method implemented is
recording five consecutive readings for each setting, and the average of these five
readings was considered. The error included in these readings was found by using
rootmean squaremethod. Themaximumuncertainty of the experimentwas arrived as
±1.3%. The uncertainty in anymeasured parameterwas estimated based onGaussian
distribution method with confidence limits of±2σ (95% of measured data lie within
the limits of 2σ of mean). Thus, the uncertainty (Eq. (6.1)) was estimated using the
following equation:

Uncertainty of anymeasured parameter (�xi ) = (
2σi/Xi

) ∗ 100 (6.1)

Experiments were conducted to obtain the mean (Xi ) and standard deviation (σ i)
of any measured parameter (Xi) for a number of readings. Engine was allowed to
operate at a typical operating condition. The number of readings (minimum five
readings) was taken for speed, load, temperature, pressure, exhaust gas emissions,
and time taken for a specified volume of diesel consumption. Some of the measuring
instruments and its ranges, accuracy, and the percentage of uncertainties are given at
the end of this explanation. From the uncertainties of the measured parameters, the
uncertainties in computed parameters are evaluated by using an expression, which is
derived as follows. If an estimated quantity R depends on independent variable like
(x1, x2, x3, …, xn), then the error in the value of “R” is given by equation

R = f (x1, x2, . . . , xn) (6.2)

with “R” as the computed result function of the independent measured variables x1,
x2, x3, …, xn, as per the relation equation x1 ± �x1, x2 ± �x2, …, xn ± �xn as



6 Challenges in Blending the Diesel–Ethanol Blends Using Butanol … 117

the uncertainty limits for the measured variables or parameters and the error limits
for the computed result as R ± �R. To get the realistic uncertainty limits for the
computed result, the principle of root mean square method (Eq. (6.3)) was used to
get the magnitude of error given by Holman et al.

�R =
[(

∂R

∂x1
�x1

)2

+
(

∂R

∂x2
�x2

)2

+ · · · +
(

∂R

∂xn
�xn

)2
]1/2

(6.3)

Using equation, the uncertainties in the computed values such as brake power,
brake thermal efficiency, and fuel flowmeasurements were estimated. The measured
values such as speed, load, fuel time, voltage, and current were estimated from their
respective uncertainties based on the Gaussian distribution.

The estimated uncertainty values at a typical operating condition are given below:

Speed: ±0.12% Load: ±0.49%

Mass flow rate of air: ±0.62% Mass flow rate of diesel: ±0.87%

Brake power: ±0.25% Brake thermal efficiency: ±0.27%

NOx : ±1.1% Hydrocarbon: ±0.01%

CO ±0.8% Smoke: ±1.3%

There are various methods available to reduce the errors observed in the instru-
ments such as selecting the instruments according to the measurement level required
(range of measurement), accuracy of the instrument used, and sensitivity, and this
experiment was conducted by deploying the appropriate instruments within the range
of measurement, accuracy, and sensitivity requirement.

6.3 Results and Discussion

Cylinder pressure diagram with respect to crank angle is the indication of effect
of in-cylinder combustion in an engine. Generally, cylinder pressure of any engine
depends on the volatility of the fuel used, time duration of combustion, rate of heat
release, and energy content of the fuel. It is seen from Fig. 6.8 that higher in-cylinder
pressure is produced by blends D75E15B10 and D65E25B10 compared to diesel.

This is due to the improved complete combustion of the blends by the addition
of ethanol to a certain extent. However, fuel blends D55E35B10 and D45E45B10
produce lesser in-cylinder pressure compared to diesel (Pinzi et al. 2018). This is
due to the suppression of combustion by the higher volume of ethanol in the blends,
which is due to higher heat of vaporization. It can also be observed from figure that
the peak pressure from D75E15B10 and D65E25B10 is found to be higher by 6.4%
and 15.2% compared to diesel. Figure 6.9 shows the variation of in-cylinder peak
pressure versus brake power for the blends. It is seen that the addition of ethanol (up
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Fig. 6.8 Variation of
in-cylinder pressure versus
crank angle

Fig. 6.9 Variation of
in-cylinder peak pressures of
diesel–ethanol–butanol
blends

to a volume of 25%) into diesel increases the in-cylinder peak pressure significantly.
Also, the increase in the in-cylinder peakpressure is foundproportional to the increase
in brake power. This is due to the improvement in the physico-chemical properties
of the blends by the addition of ethanol. The improvement in kinematic viscosity
(Yilmaz 2012) and density results in better atomization which leads to the more
complete combustion.

It is also seen that the addition of ethanol into diesel (higher than 25% by vol.)
reduces the in-cylinder peak pressure significantly. This is due to the dominance
of heat of vaporization of the blends with the increase in the volume of ethanol
(higher than 25% by vol.) in the blend. This produces a cooling effect which results
in poor atomization and low rate of oxidation which results in lower in-cylinder peak
pressure. The increases in in-cylinder peak pressure of D75E15B10 and D65E25B10
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Fig. 6.10 Variation of HRR
of fuel blends with crank
angle at rated power

significantly. Also, the increase in the in-cylinder peak pressure is found proportional
to the increase in brake power. This is due to the improvement in the physico-chemical
properties of the blends by the addition of ethanol. Heat release rate is an indicator
of combustion efficiency, and these parameters is helping for explaining the brake
thermal efficiency (BTE), exhaust gas temperature, rate of pressure rise, emission
parameters, and cylinder pressure.

Figure 6.10 shows the variation of HRR of fuel blends with 10% butanol as co-
solventwithout anymodification under full load condition.HRRgraphs are generated
at all loads, and for representation HRR at full load condition is presented. It can be
seen fromfigure that ethanol addition up to 25% increases theHRR to a greater extent
due to the enhanced combustion behavior resulted from better atomization. However,
the increase in ethanol content beyond 25% decreases HRR of the blends due to poor
atomization which result in lower heat release rate. From figure, it is also seen that
the blends containing lower ethanol offer higher HRR and blends containing higher
ethanol offer lower HRR. The peak HRR of the blends occurs an angle away from
that of diesel with respect to top dead center. The combustion duration of the blends
containing lower ethanol is shorter than that of blends containing higher ethanol
content.

The increases of HRR of D65E15B10 and D55E25B10 are found to be 8.8 and
12.9% higher compared to diesel (Verma et al. 2018). It can be observed from
Fig. 6.11 that two (Ghadikolaei et al. 2018) blends D75E15B10 and D65E25B10
offered higher BTE compared to diesel at all load conditions. This is due to an
increase in volatility and an improvement in spray characteristics of the fuel blends
till the addition of 25% of ethanol into diesel. This results in higher BTE. However,
for the two blends D55E35B10 and D45E45B10 produced lower BTE compared
to diesel. This is mainly due to the decrease in self-ignition property of the final
blend by the presence of higher volume of ethanol due to this increase in the heat
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Fig. 6.11 Variation of brake
thermal efficiency versus
brake power

of vaporization. This increase in heat of vaporization produces cooling effect in the
in-cylinder thereby reducing the temperature which in turn reduces the reactivity of
oxygen with the fuel. The increases of BTE for D75E15B10 and D65E25B10 are
found to be 4.1 and 9.2% higher compared to diesel at full load condition (Kuszewski
2018).

Also, the decreases of BTE for the blends D55E25B10 andD45E45B10 are found
to be 1.9 and 2.6% lower than diesel. Variations of EGT versus brake power for the
blends are presented in Fig. 6.12. It is seen that the EGT of the blends containing
higher volume of ethanol produced a cooling effect by the dominance of heat of
vaporization of the final blends. This produces a cooling effect in the in-cylinder

Fig. 6.12 Variations of
exhaust gas temperature
versus brake power
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Fig. 6.13 Variation of NOx
emissions of fuel blends
versus brake power

which reduces the rate of reaction of fuel particles with oxygen available in the in-
cylinder and results in lower BTE and lower EGT. This is the main reason for the
decrease in EGT of D55E35B10 and D45E45B10 (Rakopoulos et al. 2014). The
increases of EGT for the blends D75E15B10 and D65E25B10 are found to be higher
by 16.9% and 22.6%, respectively, compared to diesel at rated power. The decreases
of EGT for the blends D55E35B10 and D45E45B10 are found to be 13.6% and
20.4%, respectively, compared to diesel at rated power. This emission from a CI
engine is an indication of degree of complete combustion and higher temperature
of the in-cylinder (as the formation of oxides of nitrogen is a higher-temperature
reaction). From Fig. 6.13, it can be seen that the blends containing lower volume of
ethanol (less than 25%) produce higher NOx emissions and the blends containing
higher volume of ethanol (more than 25%) produce lower NOx emissions compared
to diesel. This is mainly due to the higher temperature has been offered by the blends
of lower ethanol content and lower temperature offered by the blends containing
higher ethanol content. Also, the addition of ethanol up to 25% by volume improves
the volatility, atomization of the fuel blends in the in-cylinder, and self-ignition
property of the final blend. This is due the higher heat of vaporization of ethanol
which suppresses the combustion temperature to a greater extent. D75E15B10 and
D65E15B10 offer higher NOx emissions and are found to be 2.6% and 7.6% higher
compared to diesel. However, D55E35B10 andD45E45B10 offer significantly lower
NOx emissions compared to diesel (Rakopoulos et al. 2008). Smoke emissions from a
CI engine are also an indication of low temperature of in-cylinder during combustion
and the availability of oxygen for combustion of fuel. Figure 6.14 indicates the
smoke emissions of blends containing 15, 25, 35, and 45% of ethanol with 10%
butanol as co-solvent. From the figure, it is observed that D65E25B10 offers the
lowest smoke emissions compared to those produced by other blends. This is due
to the improved combustion characteristics of the final blend containing ethanol up
to 25% by volume. More specifically, the addition of ethanol up to 25% by volume
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Fig. 6.14 Variation of
smoke emissions versus
brake power

improves the evaporation rate of the final blend, which leads to a shorter duration for
combustion, thereby offering higher temperature.

This enhances the fuel blend to produce lesser smoke emissions compared to
diesel and other blends. However, addition of ethanol higher 25% increases the heat
of vaporization of the final blend which suppresses the combustion temperature and
hence offers lower in-cylinder temperature. This lower temperature reduces the reac-
tivity of oxygen in the in-cylinder, which results in higher smoke emissions. This is
the main reason for the higher smoke emissions from D55E35B10 and D45E45B10
compared to diesel. Carbon monoxide emissions from any CI engine are an indi-
cation of efficiency of combustion, degree of temperature of the in-cylinder during
combustion, availability of oxygen for combustion, and self-ignition property of the
fuel utilized in the engine. The present work utilized 15, 25, 35, and 45% of ethanol
which possesses higher heat of vaporization.

Hence, this volume of ethanol offers lower temperature in the in-cylinder resulting
in higher CO emissions from the blends containing higher volume of ethanol
compared to diesel. From Fig. 6.15, it can be seen that blends containing lower
volume of ethanol produce lower CO emissions and blends containing high volume
of ethanol produce higher CO emissions. This is mainly due to the improvement
in the physical and chemical properties of the blend containing lower volume of
ethanol (up to 25%) which reduces the CO emissions to a greater extent. Lower
volume of ethanol improves the volatility and better atomization of the final blend,
which enhances complete combustion and gives out lesser CO emissions compared
to diesel. However, addition of ethanol higher than 25% to diesel increases the
heat of vaporization to a greater extent which produces a cooling effect in the in-
cylinder and hence produces higher CO emissions. This is also due to the slow rate of
reactivity of oxygen with fuel during the combustion D75E15B10 and D65E25B10
produce lower CO emissions and D55E35B10 and D45E45B10 produce higher CO
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Fig. 6.15 Variation of CO
emissions versus brake
power

emissions compared to diesel. The decreases of CO emissions from D75E15B10
and D65E25B10 are found to be lower by 27% and 46.1%, respectively, at rated
power in comparison with diesel. The increases in CO emissions from D55E35B10
and D45E45B10 are found to be 37.2% and 58.2%, respectively, at rated power in
comparison with diesel. This emission from any CI engine is also an indication of
incomplete combustion, as the combustion is the one converting the available hydro-
carbon in the fuel to carbon dioxide and water as products of complete combustion
in the in-cylinder. From Fig. 6.16, it can be seen that containing 15% of ethanol
offers lower HC emissions compared to diesel. This is mainly due to the increase in

Fig. 6.16 Variations of HC
emissions of fuel blends
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physico-chemical properties of the blends containing lower volume of ethanol and
decrease in combustion characteristics of the blends containing higher volume of
ethanol. The flame quenching at the vicinity of the cylinder walls and poor pene-
tration at the crevice volume and the cylinder corners are the reasons for the higher
HC emissions. Figure 6.16 shows that D75E15B10 and D65E25B10 produce 28
and 7.6% lower than diesel. The blend containing 45% of ethanol offers higher
HC emissions compared to those produced by other blends. However, D55E35B10
and D45E45B10 produce significantly higher emissions compared to diesel at load
conditions. However, D55E35B10 and D45E45B10 offer 8.2 and 12.6% lower in-
cylinder pressure compared to diesel at full load compared to those produced at low
load conditions. Also it can be observed that the start of pressure rise of all fuel
blends is away from that of diesel. This is due to low cetane number of the final
blend compared to diesel with respect to top dead center. The previous phase of the
present study indicated that D45E45B10 blend is the possible volume of ethanol
which has failed to produce better performance and emission characteristics. As
the blends are producing comparatively low performance the option available to is
modify the existing engine operating parameters to fuel the fuel blend in the existing
engine. Also in the first phase, this blend has not suffered phase separation which
is the major limitation of utilizing ethanol diesel blends in CI engine up to a lower
temperature of 5 °C. The suitable parameters for fuelling CI engine by D45E45B10
have been determined by Taguchi method on ANOM approach (analysis of mean).
This part of the work used Taguchi method for designing experimental layout and
rank matrix to attain optimum level of parameters. The steps involved in the opti-
mization process are as follows: (1) selection of operating parameters and their levels
(2) selection of orthogonal array by Taguchi method (3) preparation of experimental
layout (4) conducting the experiments using the experimental layout (5) observa-
tion of response parameters (6) listing the results and formation of rank matrix (7)
suggesting optimal level of parameters, and (8) conducting engine experiment using
optimal parameters.

Present investigation has considered four operating parameters, viz. injection pres-
sure (IP), injection timing (IT), compression ratio (CR), and intake air temperature
(IAT) for optimization. The range and level of parameters are decided with literature
support and preliminary engine experiments. Table 6.6 shows the level of operating
parameters. Using these parameters and their levels, a suitable orthogonal array,
experimental layout, and number trials of the experiments have been arrived from
Taguchi method of optimization.

Taguchi method of optimization offers a systematic approach to arrive at the
level of performance parameters involved in the response parameters. The Taguchi
method uses an orthogonal array for designing the experimental layout. The selection
of orthogonal array is arrived from the degrees of freedom of the parameters involved
(Rakopoulos et al. 2008). The minimum number of experiments (trials) for selecting
the optimum level of parameters can be determined using the relation:

N = (L − 1) ∗ P + 1 (6.4)
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Table 6.5 Instruments used with accuracies and uncertainties

S. No. Instruments Range Accuracy Percentage of
uncertainties

1 Smoke level measuring
instrument

BSU 0–10 + 0.1 to −0.1 ±1

2 Exhaust gas temperature
indicator

0–900 °C +1 to −1 °C ±0.15

3 Speed measuring unit 0–10,000 rpm +10 to −10 rpm ±0.1

4 Burette for fuel
measurement

+0.1 to −0.1 cc ±1

5 Digital stopwatch +0.6 to − 0.6 s ±0.2

6 Manometer +1 to −1 mm ±1

7 Pressure pickup 0–110 bar + 0.1 to −0.1 kg ±0.1

8 Crank angle encoder +1° to −1° ±0.2

where N = total number of test runs, L = number of levels of parameters, and P =
number of control parameters.

The present study uses (Table 6.5) four parameters and three levels, and hence,
the total degrees of freedom of control parameters are 8. Therefore, L9 is suitable
OA for the total degrees of freedom of involved parameters.

Analysis of Mean (ANOM) This is used after attaining the experimental results as
per the L9 orthogonal array of nine experiments containing three sets of reading in
each setting. A rank matrix table is utilized for the analysis of captured data. A rank
matrix Table 6.8 has been constructed to arrive at the optimal level of parameters.
Average of the sum of the each level outcome has been obtained, and the rank is
tabulated for the maximum of the outcome.

Assuming that Y as output parameter and the level summation has been obtained
as follows:

A1 = Y1 + Y2 + Y3(in which the level 1 is denoted in the orthogonal array) (6.5)

Similar calculation has been done for three levels and for four parameters, from
which the rank matrix table has been constructed.

Table 6.6 Parameters involved in the optimization and their levels

S. No. Symbol Parameters Level 1 Level 2 Level 3

1 A Injection pressure (IP) (bar) 190 200 210

2 B Injection timing (IT) (°BTDC) 26 29 32

3 C Compression ratio (CR) 17.5 19 21

4 D Intake air temperature(IAT) (°C) 50 75 100



126 B. Prabakaran

Table 6.7 L9 orthogonal array

Trial No. Column No.

A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Table 6.8 Rank matrix (for BTE)

Rank A1 (Level 1) B2 (Level 3) C3 (Level 3) D4 (Level 3)

Level/Parameter A B C D

1 31.3 31.6 30.6 30

2 31.05 29.86 31.36 31.6

3 31.1 31.96 31.66 31.7

From Table 6.7, it can be concluded that IP 190 bar (LEVEL1), IT 29 °bTDC
(LEVEL3), CR 19 (LEVEL3), and IAT 100 (LEVEL3) are the optimal parameters
by comparing the rank.

The same sets of readings are captured for NOx to match with the brake thermal
efficiency. The optimized levels of operating parameters are as shown in Table 6.7.
Blend D45E45B10 has been tested under the modified operating parameters, and the
results are compared with diesel and D45E45B10 under normal operating param-
eters. The same engine has been used for the testing of the blends under modified
operating parameters. The results of the experiment are presented in graphical form.
The variations of cylinder pressure with crank angle at rated power for the blend
D45E45B10 under standard operating parameters and modified operating param-
eters are presented in Fig. 6.17, and it is seen that the modified engine operating
parameters increased the cylinder pressure significantly compared to diesel. This is
due to the increased heat energy release in the combustion chamber with increase in
compression ratio and intake air temperature.

Also, the advancement in the injection timing improves the pre-combustion phase
and results in more complete combustion. This shows the suitability of the modified
engine operating parameters for the blend D45E45B10. The increase in pressure
of D45E45B10MOP is found as 7.1% higher than diesel at rated power. However,
the cylinder pressure is found lesser than diesel. This is due to the lesser essen-
tial properties of D45E45B10 in comparison with diesel. Variation of in-cylinder
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Fig. 6.17 Variation of
cylinder pressure with crank
angle at rated power

peak pressure versus brake power for D45E45B10 under modified engine operating
parameters is shown in Fig. 6.18. It is seen that the in-cylinder peak pressure increases
by fuelling D45E45B10 under modified operating parameters compared to that of
normal operating parameters. This is due to the suitability of the modified operating
parameters for the blend D45E45B10. Also, the increase in the in-cylinder peak
pressure is found proportional to the increase in brake power. This increase is due to
the improved rate of combustion by the increase in compression ratio and intake air
temperature. Also, the advancement of injection timing improved the pre-combustion
phasewhich suppresses the dominance of heat of vaporization of the blend. However,
the in-cylinder peak pressure of D45E45B10MOP is found lesser than diesel at all
load conditions. This is due to the lesser energy content of D45E45B10 in compar-
ison with diesel. The increase in the in-cylinder peak pressure of D45E45B10MOP is

Fig. 6.18 Variation of
in-cylinder peak pressure
versus brake power
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Fig. 6.19 Variation of HRR
with crank angle at rated
power

found as 6.3% higher than D45E45B10. Heat release rate is an indicator of combus-
tion efficiency, and these parameters are helping for explaining the BTE, exhaust gas
temperature, rate of pressure rise, emission parameters, and cylinder pressure.

Figure 6.19 shows the variation of HRR of fuel blends with 10% butanol as co-
solventwithout anymodification under full load condition.HRRgraphs are generated
at all loads, and for representation HRR at full load condition is presented. It can
be seen from figure that ethanol addition up to 25% increases the HRR to a greater
extent due to the enhanced combustion behavior resulted from better atomization.
However, the increase in ethanol content beyond 25%decreasesHRRof the blends as
poor atomization resulting in lesser heat release rate. From Fig. 6.19, it is also seen
that the blends containing lower ethanol offer higher HRR and blends containing
higher ethanol offer lower HRR. The peak HRR of the blends occur an angle away
from that of diesel. The combustion duration of the blends containing lower ethanol
is shorter than that of blends containing higher ethanol content.

The increases of HRR of D65E15B10 and D55E25B10 are 8.8% and 12.9%
higher than diesel. From Fig. 6.20, it is observed that the target blend D45E45B10
offers higher BTE with modified operating parameters compared to that of BTE
with normal operating parameters. However, this blend offers lesser BTE compared
to that of diesel. The reason for the increase in BTE is due to the increase in heat
content of the combustion chamber resulted from the enhanced combustion triggered
by the modified operating parameters. Ignition quality decreases the combustion
temperature and thereby lesser BTE compared to diesel. Similar observation was
presented by previous researchers (Verma et al. 2018) (Fig. 6.20).

The increase in BTE by the modification of operating parameters is 6.7%
compared to those in normal operating parameters, which indicates the suitability of
the parameters for the target blend. The decrease in BTE of the target blend at modi-
fied operating parameters is only 2.1% compared to diesel. Variation of EGT with
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Fig. 6.20 Variation of brake
thermal efficiency versus
brake power

Fig. 6.21 Variation of EGT
versus brake power

respect to brake power is as shown in Fig. 6.21. The quantity of ethanol in the blend
determines the performance of the blend as the increase in ethanol volume results
in poor to brake power for the blend D45E45B10 operated under normal operating
parameters and modified operating parameters in comparison with diesel. It is seen
that there is a significant increase in EGT of D45E45B10MOP in all load conditions
compared to those under normal operating parameters. This is due to the higher heat
energy release by the blend operated under modified operating parameters. This is
due to the suppression of the dominance created by the heat of vaporization of the
higher volume of ethanol by the modified parameters to a certain extent. However,
the EGT of D45E45B10MOP is found lesser than diesel. The increase of EGT of
D45E45B10MOP is found 13.1% higher than D45E45B10 at rated power. This is
due to the increase in heat content of the target blend operating with modified oper-
ating parameter and compressed air, which helps to combust the fuel by reducing the
ignition delay. However, the emissions of NOx are lesser than diesel as the higher
volume of ethanol suppresses the temperature of the in-cylinder. The increase in NOx
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emissions due to the modification of operating parameters is 100% (approximately
double) compared to that of operating under normal operating parameters.

The decrease in NOx emissions of D45E45B10 –MOP is 40.5% compared to that
of diesel at full load condition. Figure 6.23 shows the smoke opacity of the target
blend under modified operating parameters at all load conditions. It can be observed
that there is a significant reduction in smoke emissions from the target blend under
modified operating parameters compared to that under normal operating parameters.

This is due to the reasonof increased temperature of the in-cylinder by themodified
operating parameters which enhances higher heat release resulted from compressed

Fig. 6.22 Variation of NOx
emissions versus brake
power

Fig. 6.23 Variation of
smoke opacity versus brake
power
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Fig. 6.24 Variations of CO
emissions versus brake
power

air. However, the higher heat of vaporization of the blend still suppresses the temper-
ature, and hence, there is an increase in smoke emissions compared to that of diesel.
The decrease in smoke emissions is 21.2% compared to D45E45B10 operated under
normal operating parameters. The increase in smoke emissions of D45E45B10-MOP
is 16.5% higher than diesel at full load condition. Similar results were observed by
previous researchers (Ghadikolaei et al. 2018). From Fig. 6.24, it can be seen that
there is a significant reduction of CO emissions due to the modification of operating
parameters to the target blend.

This is due to impact of themodified parameters on the combustion characteristics
to a certain extent. However, the higher ethanol content increases the heat of vapor-
ization of the final blend, which results in poor ignition quality which results in lesser
temperature of the in-cylinder shows the variation of CO emissions of D45E45B10
fuelled in the test engine under modified operating parameters compared to that of
diesel. This reduces theBTEof the blend lesser than diesel. The increase inBTEof the
blend at modified operating parameters is 29.6% compared to that operated under
normal operating parameters. However, the increase in CO of the blend is 19.3%
higher than diesel. Higher ethanol content affects the self-ignition property; hence,
it reduces reaction rate, combustion temperature, and heat release rate (Rakopoulos
et al. 2008). Figure 6.25 presents the HC emissions of D45E45B10 under modified
operating parameters alongwith diesel for comparison. It is seen that there is a signif-
icant reduction in HC emissions from the target blend. This is due to the increase heat
content of the combustion chamber and compressed air by the modified parameters
which results in better reactivity of the available oxygen with fuel.
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Fig. 6.25 Variation of HC
emissions versus brake
power

6.4 Conclusion

Different phases of study have been followed to utilize diesel ethanol blends as fuel
in compression ignition (CI) engine in this study. Experiments have been conducted
with diesel ethanol without co-solvent and with butanol as co-solvent. The effects
of engine operating parameters such as injection pressure (IP), injection timing (IT),
compression ratio (CR), and intake air temperature (IAT) on engine performance,
combustion, and emission were studied.

• Results of the solubility test indicate that ethanol can be blended with diesel up
to a volume of 50% with 10% butanol as co-solvent. This blend is found as stable
up to a lower temperature of 5 °C for 20 days.

• Results of property testing show those properties of the blend containing 45% of
ethanol and 10% butanol as co-solvent are found suitable for replacing diesel to
fuel CI engine. However, blend containing 50% ethanol and 10% butanol is found
not suitable as the cetane number is less than 30 which is a minimum requirement
as per ASTM standards.

• The D80E20 shows higher peak pressure of 72.2 bar compared to D90E10l and
diesel showing 68 bar and 66.4 bar, respectively, at rated power due to improved
physico-chemical properties, better ignition quality, improved air–fuel mixing,
and higher oxygen content. D80E20 shows higher HRR of 71.2 J/o CA compared
to diesel and D90E10 at rated power. The brake thermal efficiency of D80E10
(31.8%) is higher than that of diesel (30.2%). Increase theNOx emission by 13.2%
in the case of D80E20, whereas 2.9% increase is observed for D90E10 compared
with diesel.

• The lower cetane number of D45E45B10 retards the combustion by 4 ºCA
compared to diesel operation. The peak pressure is lower for D45E45B10 in
the entire load range when compared to diesel operation. This blend shows a
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significantly lower brake thermal efficiency compared to diesel operation and is
found 16.8% lesser than diesel at rated power.

• The NOx emission for D45E45B10 is 22.5% lesser, and the increase in smoke
emission is about 49.2% compared to diesel. HC is increased by 6.7% in the case
of D45E45B10 operation compared to diesel operation. The CO emission follows
the same trend as that of HC emission. Although this phase gave adverse effects
in performance and emissions, higher volume of ethanol is utilized without any
phase separation.

• D45E45B10MOP operation advances the combustion and improves premixed
combustion compared to D45E45B10 under normal operating parameters.
However, D45E45B10 shows lower peak heat release rate and peak pres-
sure at rated power compared to diesel operation. This blend produced an
increase in BTE at rated power is 6.8% higher than D45E45B10 fuelled under
normal operating parameters. However, BTE of D45E45B10MOP is found
lesser than diesel at rated power. An increase in NOx emission by fueling
D45E45B10MOP operation is found compared to D45E45B10. The increase in
NOx emissions of D45E45B10MOP is found thrice that of NOx emissions from
D45E45B10 fuelled under normal operating parameters.However,NOx emissions
of D45E45B10MOP are found lesser than diesel at rated power.

• The smoke emission is reduced by 15.4% in fueling D45E45B10MOP compared
to D45E45B10 fuelled under normal operating parameters. The HC and CO emis-
sions are reduced by 22.5% and 9.2%, respectively, in fuelling D45E45B10MOP
compared to D45E45B10 fuelled under normal operating parameters.

As a sum up, although the efficiency produced by D45E45B10 is found to be
marginally lower and the emissions of smoke, and HC and CO produced are found to
be marginally higher compared to that of diesel. The utilized ethanol and butanol are
manufactured fromwaste products, and the emissions of oxides of nitrogen produced
are found to be significantly lower compared to that of diesel. Hence, higher volume
of ethanol can be utilized and a saving of 55% of diesel fuel can be achieved by the
implementation of this modification in fuel and in engine. This in turn reduces the
dependency of other countries for import of crude oil.
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Chapter 7
Recent Development for Use
of Alcohol-Based Renewable Fuels
in Compression Ignition Engine

Nikhil Sharma

7.1 Introduction

Energy crisis and growing environmental concerns have given importance to renew-
able fuels. Beyond the problems of energy crises, renewable fuel provides advantage
to overcome harmful emissions with fossil fuels. Petroleum reserves are limited and
may vanish in future if they are consumed continuously. Due to limited fossil fuel
availability, dependence of the global transportation sector (94%) is estimated to
decrease to 89% by 2030 (Petroleum 2012). Securities of energy supply and climate
change are the principal factors encouraging use of alternative fuels in transport
sector. Due to limited resources and increasing demand for energy, numerous alter-
native transport fuels are being considered. Alternative fuel candidates, which are
expected to displace petroleum fuels in the transport sector, have to perform nearly
similar to conventional fuels. Cost competitiveness, infrastructure development, toxi-
city, emissions, and contribution to greenhouse gas (GHG) emissions could be fair
criteria to judge those alternative fuel candidates. Fuels other than diesel and gasoline
are considered as alternative fuels. These comprise electricity, liquefiedpetroleumgas
(LPG), unconventional fossil oils, natural gas, hydrogen, Fischer–Tropsch liquids,
ethers, alcohols, biodiesels, gasohol, etc.Market developments and government poli-
cies for implementation of appropriate alternative fuels will play a significant role
in their implementation and acceptance. The aim in near future should be to diver-
sify energy resources portfolio in order to meet future transport sector demands. Dr
Rudolf Diesel demonstrated that a fuel–air mixture in engine combustion chamber
can be ignited by compression ignition. The engine was successfully operated in
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compression ignition mode in 1897 (Debnath et al. 2013). Since 1897, compres-
sion ignition engine is preferred to be used in applications of power generation,
transportation, agriculture, offshore drilling, military, marine, telecommunication,
and generator. With growing population, energy security is becoming an important
concern for government worldwide. Due to this reason, scientists are exploring for
renewable environmentally friendly fuels which can be blended with conventional
gasoline or diesel fuel to reduce carbon footprint.

In general, alcohols are usually considered as a spark-ignition engine fuel. Few
decades back, in 1970 and 1980, it was emphasized and shown that it is likely to
use alcohols as diesel engine fuel with addition of fuel additive and ignition aids.
Sometimes, tertiary butyl alcohol (TBA) is considered as an additive, extender, and
co-solvent when mixing methanol and ethanol. Dimethyl ether (DME) is considered
as a clean fuel because of no carbon bound present in DME structure and therefore
produces less emission and is excellent fuel to be used with diesel. However, DME
has limitation in terms of production, handling of fuel, and availability. Therefore,
alcohols are considered as a fuel because it has combustion properties similar to
diesel and gasoline. Alcohols have relatively lower energy density; they produce
formaldehyde and acetaldehyde combustion by-products.

Fuel properties: Alcohols consist of hydroxyl groups fixed to a carbon atom.
Molecular structures of primary alcohols vis-à-vis gasoline are shown in Table 7.1.

Alcohols are oxygenated fuel and when blended with diesel results in complete
combustion due to inherent oxygen content of fuel. Figure 7.1 shows various
oxygenates as a replacement for conventional fuel. Figure 7.2 shows diesel engine
emission and its cause. Figure 7.3 shows possible emission reduction techniques once
the emission is formed in tail pipe. Once they are formed in the tail pipe, diesohol
results in efficient combustion efficiency and reduces the engine-out gaseous and
particulate emissions. The most popular oxygenated fuels are methanol, ethanol,
and butanol, and the physical and chemical properties allow them to be used in
compression ignition engine. Pentanols are less used as a commercial fuel because
of high cost of production. There are two popular methodologies of alcohol diesel

Table 7.1 Molecular
structures of primary alcohols
vis-à-vis gasoline

Test fuel Molecular structure

Methanol

Ethanol

Butanol
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Fig. 7.1 Flowchart of
oxygenates as an additive for
automotive application

Fig. 7.2 Diesel engine emission and cause

Fig. 7.3 Diesel engine
after-treatment emission
reduction strategies
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combustion in automotive sector among many other available alternatives. The first
method is the use of diesel–alcohol-blended externally for direct injection combus-
tion. In the second method, mineral diesel is injected in cylinder as high-reactivity
fuel (HRF), and alcohol is injected in port as low-reactivity fuel (LRF). This is called
reactivity-controlled compression ignition (RCCI) combustion. Blending relatively
higher percentage of alcohol with diesel sometimes does not offer an ignition in
an un-modified engine with compression and therefore is a major issue. Therefore,
a high cetane number and low auto-ignition temperature are possible compression
ignition engine fuel. This is possible in dual-fuel engine. Liao et al. (2007) and Zhang
et al. (2008) investigated the laminar flame speed for mixtures of methanol and air
at relatively elevated temperatures. Authors stated that laminar burning velocity was
related to initial temperature and equivalence ratio. A notably large size of research
has been published on using alcohol with diesel in a compression ignition engine.
The present chapter reviews these to provide insightful views. This chapter addresses
several critical areas and future research scope.

7.2 Economic Aspect

It is important to discuss economic aspect of fuel because people’s decision to buy
biofuel is based on price. People will buy cars with biofuels if price of biofuel is
attractive and competitive compared to other biofuels and conventional fuels such
as diesel and gasoline. Some of the biofuels are being mass produced, and the tech-
nology has been developed over the past few decades. Nevertheless, some of the
biofuels are still in laboratory scale because of the higher price compared to conven-
tional fuels. Cost of biofuel varies from country to country because of variation in
feedstock prices. Government in different countries also encourages the industries
to produce biofuels and provide subsidy from year to year. This subsidy stimulates
industries to establish themself in due course of time andmakes the price competitive
in marketplace and develop infrastructure. Another aspect is taxes implemented by
government on fuels which makes a lot of difference in end user price.

Figure 7.4 shows the projected price of ethanol and butanol. Different biofuels
have different costs. For example, butanol is extensively investigated by researchers,
but the production of butanol is still limited to laboratory scale. The innova-
tive biotechnological production of biofuels from non-edible feedstocks results in
decrease of prices, and limited petroleum reserves may encourage people to use
biofuels.
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Fig. 7.4 Projected prices of ethanol, butanol, and acetone (Pfromm et al. 2010)

7.3 Properties of Alcohol Relevant to Engines and Its
Material Compatibility

As discussed earlier, alcohols are fuels of the family of oxygenate, and gener-
ally speaking, all alcohols can combust. Figure 7.5 shows structure of monohydric
alcohols. In organic compounds, one hydroxyl (−OH) group is replaced for one
hydrogen atom. Thus, methane becomes methyl alcohol, CH30H; ethane becomes
ethyl alcohol, C2H0H (ethanol). As of today, only ethanol and methanol are econom-
ically suitable as fuels for internal combustion engines. Biobutanol is also gaining an
interest, and process is being found out by scientists to make it an economical fuel for
internal combustion engine.Alcohols have relatively higher flame speeds and slightly
longer flammability limits compared to its counterpart hydrocarbons. A limitation
of oxygenated fuel is that it reduces the heating value of the fuel when compared
to hydrocarbon fuels. Methanol has relatively higher oxygen present in it compared
to butanol and can be commercially produced. As an internal combustion engine
fuel, methanol has physical and chemical fuel properties similar to ethanol. Also,

Fig. 7.5 Structure of
monohydric alcohols
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Table 7.2 Properties of alcohol fuels (Awad et al. 2017; Campos-Fernández et al. 2012; Chen
et al. 2010; Chen et al. 2013; Chen et al. 2014; Giakoumis et al. 2013; Kumar and Saravanan 2016;
Kumar et al. 2013; Shahir et al. 2014; Zhang et al. 2006)

Property Diesel Gasoline Methanol Ethanol Propanol Butanol

Boiling point (°C) 180–370 27–225 65 78 97.1 117–118

RON 20–30 80–99 136 129 112 96

CN 40–55 0–10 3.8 5–8 12 25

Low heating value (MJ/kg) 42.5 42.7 20.1 26.9 30.6 33.1

Heat of vaporization (kJ/kg) 243 349 1162.64 918.42 727.88 585.40

Flashpoint (°C) 65–88 −13 to 45 12 13 22 35

Auto ignition temperature
(°C) (Kumar and Saravanan
2016)

∼300 257 463 420 350 345

Stoichiometric air/fuel ratio
(Lapuerta et al. 2010)

14.3 14.7 6.47 9.01 10.35 11.19

methanol has relatively lower risk of flammability compared to gasoline. Ethanol is
a colorless and renewable fuel in nature because it is made from biomass by distilla-
tion fermentation. Ethanol can be produced from many different feedstokes but tend
to have same chemical formula irrespective to its production methodology. Octane
number of ethanol is relatively higher and therefore gives a premium blending prop-
erties. Propanol is relatively expensive and difficult to produce and therefore is a less
researched fuel among scientists. The energy content of propanol is nearly similar
to ethanol, and therefore, ethanol is preferred because of less cost of production.
Butanol is another promising renewable internal combustion fuel. Butanol has rela-
tively higher heat of evaporation than its counterpart ethanol and results in reduced
combustion temperature and therefore results in reduced formation of NOx (Cucchi
and Samuel 2015). Table 7.2 shows properties of alcohols adapted from the literature
for different investigations.

In the next section, alcohol-based fuel compatibility issues in IC engine will be
discussed. Thereafter, effect of specific alcohol on material compatibility issues in
IC engine will be discussed. Figure 7.6 shows alcohol-based material compatibility
issues.

Friction, wear, corrosion, and lubricant issues are related to fuel physical and
chemical properties. Viscosity, density, and oxidation stability are the fuel properties
among many others which cause such issues. High value of viscosity results in poor
atomization. Biodiesel has three OH groups attached on the glycerol molecules that
are esterified with the same fatty acid. Therefore, it is called simple triglyceride.
Figure 7.7 shows a simple triglyceride molecule structure.

• Wear and friction:Wear is common in internal combustion engine because of the
several rotating parts such as crankshaft, piston, and connecting rod and valves. In
addition to rotating parts, wear also depends on engine load, engine rpm, temper-
ature of the engine, type of lubricant used, and additives present in lubricant. This



7 Recent Development for Use of Alcohol-Based … 143

Fig. 7.6 Compatibility of
alcohol fuels for IC engine

Fig. 7.7 Simple triglyceride
molecule

wear due to rotating parts is dependent on lubricating property of fuel as well and
reduces the life engine components.

• Corrosion: Engine parts/components can become corrosive with time if fueled
with oxygenated fuel or if conventional fuel is blended with oxygenated fuel.
This is because alcohols may absorb water and in turn accelerates the rate of
corrosion. Corrosive rate of biofuels is also dependent on method of preparation
and from bacterial contamination during the fermentation process. Corrosion is
undesirable because it damages the metal surface of engine, in particular fuel
injection system. It is believed that anti-corrosion components added in fuel may
reduce the corrosion rate but with a plenty of new and more harmful emissions
products. Each alcohol fuel (ethanol, methanol, butanol, or propanol) has different
responses to corrosion because of its inherent properties.
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• Lubricity: Lubricity of fuel is vital property because it reduces wear and friction
of fuel injection component (injection pumps and fuel injectors) and other engine
rotating component. Lurbicating oil changes its property with time because it
gets contaminated from soot, metals, water, and other hydrocarbons produced
with combustion of fuel.

Apart from the above three alcohol-based fuel compatibility issues in IC engine,
different alcohols also have specific effect on material of IC engine. In the next
section, material compatibility issues by the use of specific alcohol fuel will be
discussed.

• Methanol: Among alcohols, methanol is more violent in terms of materials
compatibility, and it can affect both metals and elastomers. Magnesium has poor
reaction when it comes in contact with metals. Therefore, the use of magnesium is
usually probated. Moreover, aluminum is also corroded when it comes in contact
with methanol, but the reactions in comparison with magnesium are slow. Once
corrosion ofmethanol occurswith aluminum, aluminumhydroxide and gelatinous
precipitates are produced. These can plug filters and generally result in wear of
fuel injectors and results in increase of enginewear. Normal carbon steel and stain-
less steel do not result in aggressive corrosion and are relatively less affected by
methanol in dry form. The reason is that it does not have large amount of dissolved
water and therefore has less foreign impurities. On the other hand, metals such
as brass, bronze, and die cast zinc can corrode quickly when methanol is blended
with gasoline. Fuel hoses are more prone to damage (crack upon hardening), and
the life span of hoses is also less if they come in contact with methanol. Therefore,
hoses made of cross-linked polyethylene are compatible methanol fuel material

• Ethanol: Compared to methanol, ethanol is relatively less violent in terms of
materials compatibility toward both metals and elastomers. A corrosion poten-
tial is water present in methanol which results from art effect of production.
The amount of water is more compared to methanol and therefore more prone
to corrosion. Carbon steel, stainless steel, and bronze are the metals which can
be considered when using ethanol as a fuel. Metals such as magnesium, zinc,
cast iron, brass, and copper are not recommended. Aluminum is coated with
cadmium, hard chromium, nickel, or anodized aluminum to make them compat-
ible. Ethanol is less violent to elastomers compared to methanol. Buna-N, Viton,
Teflon fluorosilicones, neoprene, and natural rubber are some of the compatible
elastomers.

7.4 Cold Start

A cold start is a condition attained in vehicle when a vehicle is at low temperature,
relative to its normal operating temperature due to cold weather condition. Cold-start
emissions are unavoidable while driving a vehicle. In colder countries, low ambient
temperature results in increase in oil viscosity and also reduces the in-cylinder gas
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temperature up to few initial seconds of start of engine (An et al. 2016; Armas
et al. 2012). This low in-cylinder gas temperature makes the fuel droplets difficult
to atomize. Since droplets are less atomized, they evaporate relatively less, and they
mix lesser with the air. An ambient temperature of 20 degree C was considered
to be cold-start condition by Armas et al. (2012) investigate the effect of different
alcohol engine characteristics. In addition, cetane number of the blends during cold
start was adjusted so that blended fuel acts as an ignition improver in the existing
un-modified diesel engine. Moreover, alcohol may result in increase in emission at
cold-start conditions. In a study (Zhang et al. 2016), hot- and cold-start particulate
emissions were investigated by author. They found that cold start (120 s of idling)
resulted in increase in nucleation mode particles significantly compared to hot-start
emission. Another investigation (Iodice and Senatore 2014) found that higher blends
of ethanolwith gasoline resulted in relatively higher engine-out emission in cold-start
condition.

7.5 Combustion Characteristics

Ning et al. investigated diesel fuel and its blend with methanol, ethanol, and butanol
for combustion characteristics. Figure 7.8 shows combustion characteristics of diesel
with alcohol.

Fig. 7.8 Effects of alcohol additions on cylinder pressure (Ning et al. 2020)
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In this experimental investigation, a relative study of the consequences of addition
of alcohols such as methanol, ethanol, and n-butanol on the combustion character-
istics was achieved. Pmax in case of alcohol was found to be lower in comparison
with diesel. As seen in the figure, diesel and the n-butanol/diesel mixture resulted
in relatively higher Pmax value. Similarly, HRRmax was relatively higher for alcohol
fuels.

Yusri et al. (2019) investigated the effect of different fuel properties on combustion
characteristics. In this experimental investigation, n-butanol was blended with diesel
in volumes of 5, 10, and 15% in diesel fuel, and engine was operated at an engine
speed of 2500 rpmwith load of 15Nm. Figure 7.9 shows distribution of themaximum
engine in-cylinder pressure (Pmax) at 15 Nm load for an average of 1000 consecutive
engine cycles. It was observed that the Pmax decreaseswithmore butanol in the diesel-
blended fuels. Authors plotted the graph with the help of wavelet transform analysis.
By this innovative technique, the frequency of cyclic variation can be investigated
with the help of time series and frequency. As seen in the above graph, the engine
cycle-to-cycle distribution has significant effects on Pmax.

Similar to the above authors, Jamrozik et al. (2018) investigated the effect of
addition of alcohol fuel to diesel fuel in a compression ignition engine. Their exper-
imental investigation explores the results of blending alcohol to diesel fuel on the
basis of same energy content of fuel injected per cycle. Figure 7.10a represents the
blending of diesel fuel with ethanol, Fig. 7.10b represents blending of diesel fuel
with ethanol, Fig. 7.10c represents the blending of diesel fuel with 2-propanol, and
the last Fig. 7.10d represents blending of diesel fuel with 1-butanol.

In this paper, authors made a comparison based on the same energy content of
the diesel fuel replaced by different types of alcohol fuels. As seen in figure above,
15, 30, 45, 55, and 70% of total energy supplied with diesel fuel to the combustion
chamber was replaced by alcohol. The results were compared with reference fuel
diesel.

Consider the last case in Fig. 7.10 wherein 70% energy was provided by alcohol
fuel. The aim was to achieve 1100 J/cycle of energy by different test fuels. It can be
seen that in order to reach the goal of 1100 J/cycle, nearly 8 mg of diesel fuel and
39 mg of methanol, 30 mg of ethanol, 27 mg of 2-propanol, or 23 mg of 1-butanol
were needed to reach required energy content of fuel. It can be inferred from the
experiments that increasing percentage of alcohols in diesel fuel increase oxygen
content in the fuel–air mixture. This in turn affects stoichiometric fuel–air ratio and
thus changes the individual phases of the combustion process during a cycle.

Many researchers have blended kerosene with diesel to investigate emission char-
acteristics. In a similar experiment by Agarwal et al. (2019), authors experimentally
investigated diesel fuel blended with kerosene and gasoline. Authors implemented
advanced endoscopyvisualization technique tofindout soot distribution in the images
of combustion of compression ignition engine. Authors made a comparative analysis
K20 (20% kerosene (v/v) blended with mineral diesel) and G20 (20% gasoline (v/v)
blended with mineral diesel) with diesel.

Figure 7.11 shows combustion images acquired from endoscope and its spatial
soot distribution with respect to in-cylinder pressure and HRR curve. As seen in the
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Fig. 7.9 Pmax for different tested fuels (Yusri et al. 2019)

images, authors have attempted to correlate the results from combustion images to
in-cylinder data. The pressure crank angle curve showed superior combustion char-
acteristics compared to diesel and K20. In the results from pressure transducer data,
G20 exhibited better combustion characteristicswhen comparedwith diesel andK20.
As expected, Pmax, Rmax, and combustion duration were more for G20 test fuel.
As far as endoscopy images are concerned, G20 and K20 exhibited relatively lowest
R intensity values for G20 test fuel. This designated lower soot concentration for
G20 test fuel. Overall, authors made an experimental investigation using endoscopy
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Fig. 7.10 Effect of the addition of alcohol to diesel (Jamrozik et al. 2018)

technique and showed that it is a useful technique for characterization of in-cylinder
combustion process and detect soot distribution.

7.6 Conclusions, Outlook, and Recommendations

The literature review shows that blending of diesel with alcohol fuels can increase
combustion efficiency of engine. As expected from the calorific value, brake power is
relatively lower of alcohol-blended diesel fuel. Brake power also depends on cetane
number of blended fuel. Properties such as lower density, viscosity, and calorific value
of the alcohol fuels compared to mineral diesel result in increasing fuel consump-
tion. Many research laboratories are working on application of methanol, ethanol,
propanol, and butanol in the compression ignition engine like dual fuel, RCCI, and
PCCI because of the potential to decrease emissions. Higher vaporization and higher
oxygen content of fuel result in complete combustion and reduced emission. The
present review shows that alcohol is a promising fuel to be blended with diesel;
however, material compatibility and combustion process have to be optimized to
take the advantage of oxygen present in fuel to reduce emission.
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Fig. 7.11 Soot contours, cylinder pressure, and HRR (Agarwal et al. 2019)
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Chapter 8
Alcohol Fuels in Low-Temperature
Combustion Engines

Ayat Gharehghani and Alireza Kakoee

8.1 Introduction

In comparison with conventional compression ignition engines, low-temperature
combustion (LTC) operates in lower combustion temperature due to excess air to
fuel ratio ( QUOTE ), usually higher than 1, or usage exhaust gas recirculation
(EGR), Salahi and Gharehghani (2019). In fact, in stoichiometric condition, fuel–air
oxidation results in higher in-cylinder reaction temperature which producing high
level of NOx emissions; moreover, reduction of oxygen in the area of spray injecting
in conventional diesel combustion (CDC) engines leads to produce higher amounts
of soot emissions, Scott Goldsborough et al. (2017). Usually, high injection pressure
is needed to overcome fuel evaporation and mixing air–fuel issues to reduce soot
emissions, but high injection pressure increased wall impingement due to spray tip
penetration (STP) effects, Wu et al. (2017). Providing more ignition delay using
various techniques, such as variable valve timing control, high level of cooled EGR,
and low compression ratio, allowsmore time to air–fuel mixing process to have more
homogenous air–fuel mixture. Although EGR reduced in-cylinder peak temperature,
it limits engine operational range and deteriorates engine combustion process which
results in decrease of indicated thermal efficiency; in this case, higher amounts of
air needed to overcome deficiency of in-cylinder combustion, Imtenan et al. (2014),
Thangaraja and Kannan (2016). Recently, modern diesel engines are designed with
expensive strategies related to enhancing premixed charge and promote desire in-
cylinder peak temperature, such as dual-fuel injection, multiple injection strategies,
and negative valve overlapping technology to provide a low-temperature combustion,
Harari (2018) and Bhiogade et al. (2017). High swirl ratio and high fuel injection
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pressure achieved higher level of premixed air–fuel where EGR rate is used to control
and obtain desire start of combustion, Gharehghani et al. (2012).

Among all methods to control combustion emissions, advanced combustion tech-
nologywhich controlsmaximum in-cylinder temperature and equivalence ratio cause
to achieve cleaner combustion, especially lowerNOx emissions andnear-zero exhaust
particle matter (PM), homogenous charge compression ignition (HCCI), premixed
charge compression ignition (PCCI), and reactivity-controlled compression igni-
tion (RCCI) engines categorized in low-temperature strategies, was investigated and
studiedbyvarious researchers,Kakoee andGharehghani (2019). These investigations
encountered with various advanced combustion control techniques such as injection
timing strategies, EGRusage, and variable valve actuations (VVAs).Moreover, many
investigations suggested that a modification of fuel or combination of fuels and fuel
blending provides easier way to control in-cylinder combustion, Gharehghani and
Pourrahmani (2019). Generally, in low-temperature combustion strategies, higher
volubility and lower reactive fuel or fuel blends are preferable to conventional fuels,
like diesel or biodiesel, but various fuels beneficially influence the combustion and
emissions characteristics and detreated some other properties Taghavi et al. (2019).

Alcohol fuels were usedwidely as alternative fuels in spark-ignition and compres-
sion ignition engines. Ethanol, methanol, and n-butanol show many advantages in
diesel and spark-ignition engines. Colorless, high purity, and productibility from
many resources such as natural gas, coal, and biomass make alcohols attractive to
replace with conventional fuels such as diesel and gasoline, Zhen and Wang (2015).
Furthermore, primary alcohol contains higher oxygen content, and also, hydroxyl
group (OH) results to have more clean combustion, especially in soot emissions due
tomore late combustion phase and low temperature; in fact, cooling effects of alcohol
fuels provide lower temperature in-cylinder ambient in all loads that cause more late
combustion start that this engine specification is also influenced from lower cetane
number of alcohol fuels Nour et al. (2019), Hao Chen et al. (2018). According to high
octane number of alcohols, they can be used directly in spark-ignition (SI) engines
as single-fuel mode or with gasoline as dual-fuel SI mode, Gong et al. (2019,2020).
Lower cetane number and viscosity of alcoholsmake someobstacles in diesel engines
without ignition assistance; hence, alcohol fuels are usually used in dual-fuel mode
in diesel engines such as alcohol/diesel blends or in high loads in HCCI engines
directly, Çelebi and Aydın (2019).

In this chapter, application of alcohol fuels was discussed in various types of low-
temperature combustion (LTC) strategies, HCCI, PCCI, and RCCI. Three various
main alcohol types are investigatedwhich are ethanol,methanol, and butanol isomers.
Operational conditions effects, optimizing operational range, fuel properties, ringing
intensity(RI), and emission characteristics were investigated as themain topics in this
chapter. In this comparison study, each type of low-temperature combustion strate-
gies was discussed separately with three different alcohol fuel influences. Table 8.1
illustrates various alcohol fuel properties beside common commercial fuels (https://
en.wikipedia.org/wiki/Alcohol_fuel).

https://en.wikipedia.org/wiki/Alcohol_fuel


8 Alcohol Fuels in Low-Temperature Combustion Engines 155

Table 8.1 Alcohol fuel properties beside gasoline and diesel (https://en.wikipedia.org/wiki/Alc
ohol_fuel)

Specification Diesel Gasoline Methanol Ethanol

Molecular formulae C12–C25 C4–C12 CH3OH C2H5OH

Cetane number 48 10 03–05 8

Octane number 20–30 97 106–115 110

Oxygen content *** *** 49.9 34.8

Density (g/cm3) 0.8179 0.7371 0.793 0.7893

LHV (MJ/kg) 42.8 43.5 19.916 26.778

Boiling point 180–370 25–215 64.7 78

Latent heat (kJ/kg) 270 380–500 1167 904

*** means to Zero

8.2 Low-Temperature Combustion Strategies

Numerous advanced combustion strategies have been proposed in recent years to
meet the current and future emission requirements.Many of the current strategies fall
into the category of premixed low-temperature combustion (LTC). Lower combus-
tion temperatures have the following benefits: reduction in nitrogen oxide contam-
inants due to high activation energy of nitrogen oxide reactions (energy that needs
to produce nitrogen oxides), and the heat transfer losses are reduced, and the higher
proportion of special heaters ( QUOTE ) leads to more efficient work access, Kakoee
et al. (2018). In addition, with long ignition delay times, sufficient mixing time
is created before combustion begins, so rich areas are reduced and soot formation
is prevented. As it was mentioned, there are three general low-temperature strate-
gies available in the literature: homogeneous charge compression ignition (HCCI),
premixed charge compression ignition (PCCI) or partial premix combustion (PPC),
and reactivity-controlled compression ignition (RCCI) strategies. The relationship
betweendifferent pollutants for different values of local equivalence ratio and temper-
ature in the combustion strategies of CDC, HCCI, PCCI, and RCCI is shown in
Fig. 8.1. Although the boundaries shown in Fig. 8.1 are somewhat optional, the form
is useful for understanding different combustion properties Agarwal et al. (2017).

According to this figure, conventional diesel combustion (CDC) comprises areas
with high local equivalence ratios and high local temperatures, but low-temperature
strategies tend to operate in poor equivalence ratios with lower maximum temper-
atures than the formation of nitrogen oxides (NOx) and soot emissions prevented.
However, low-temperature zones are those where the least oxidation of unburned
hydrocarbons and carbonmonoxide occurs. Although low-temperature strategies can
reduce the emissions of nitrogen oxides and soot while maintaining diesel perfor-
mance with higher efficiencies, they often increase the emissions of unburned hydro-
carbons, carbonmonoxide, and sometimesmore difficult combustion controls. These
strategies also increase the maximum pressure rise rate (PPRR), Kim et al. (2009). In

https://en.wikipedia.org/wiki/Alcohol_fuel
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Fig. 8.1 Temperature and
equivalence ratio changes in
operational regimes of CDC,
HCCI, PCCI, and RCCI
(Agarwal et al. 2017)

addition to these low combustion temperatures, they often reduce the temperatures
of the exhaust gases and therefore require highly efficient tools to recover the energy
output such as advanced turbochargers (Kim et al. 2009).

8.2.1 Homogenous Charge Compression Ignition (HCCI)
and Alcohol Fuels

Ethanol was used in various investigations related to HCCI engines due to its desire
effects on combustion and emissions where wet ethanol that was produced cheaper
than dry ethanol, (which is shown in Fig. 8.2), was used directly in HCCI engines
(Fig. 8.3), Mack et al. (2009).

Fig. 8.2 Comparison
between expended energy of
ethanol and wet ethanol,
35% ethanol in water (Mack
et al. 2009)
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Fig. 8.3 Intake temperature
for various ethanol
percentages (Mack et al.
2009)

Based on Fig. 8.3, as it was expected, lower cumulative heat release was observed
in higher percentages of water that results to lower in-cylinder temperature caused to
increase carbon monoxide (CO) and hydrocarbon (HC) and reduced NOx and soot
as engine pollutant. But according to production energy consumption of ethanol in
comparison with wet ethanol, overlay, wet ethanol was suggested as suitable fuel in
HCCI engines (Mack et al. 2009).

According to restriction of air–fuel ratio in HCCI engines, a suitable air–fuel
(ethanol) ratio in various intake temperatures is reported in Fig. 8.4. According to
this figure, restricted air–fuel ratios are achieved with applying misfiring condition
and engine knocking limitation. More equivalence ratio of ethanol is required for
higher intake temperature Kumar et al. (2011).

Power boosting, downsizing, swirl motion, and thermo-physical properties of an
ethanolHCCI are illustrated inFig. 8.5; according to this figure, reduction in displace-

Fig. 8.4 HCCI stable
operating range of ethanol
(Maurya and Agarwal 2011)
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Fig. 8.5 Specific fuel
consumption against
displacement volume
(Viggiano and Magi 2012)

ment volume (V d) in a dimensionless heat loss, increased specific fuel consump-
tion; in this condition, there were higher amount of HC and CO and lower NOx as
emissions, Viggiano and Magi (2012).

Experimental analysis shows that ethanol HCCI engine produced higher ringing
intensity in higher charge temperature and more engine loads. Higher combustion
duration in diesel engines in comparison with ethanol ones increases the heat transfer
loses. More brake thermal efficiency occurred in ethanol case. In all loads, lower HC
and CO emissions were found for diesel HCCI case Bendu and Sivalingam (2016).

Ethanol and n-heptane were used also as a fuel mixture in HCCI engines. Higher
indicatedmean effective pressure was observed in higher ethanol percentages in high
loads. Due to higher octane number of ethanol than n-heptane increasing ethanol
percentage delayed start of ignition and reduced low-temperature heat released peak
point where misfiring was occurred at conditions above 50% of ethanol, Lü et al.
(2006). It should be explained that octane number is a factor to categorizing fuels in
direction of auto-ignition capability; fuels with high octane number and low cetane
number are weak in auto-ignition such as gasoline and alcohol fuels which cause to
use this type of fuels in CI engines with a high cetane number fuel such as diesel or
DME. Experimental analysis shows that although increasing n-heptane percentages
reduced in-cylinder pressure and temperature, sensitivity of these parameters was
negligible, approximately, Vuilleumier et al. (2014). Investigations on emissions
showhigher amounts ofHCandCO in higher ethanolwhere release ofNOx emissions
reported lower in higher ethanol, Wu et al. (2011). Gasoline/ethanol as port fuel
was investigated in a partial homogenous charge compression ignition engine in an
experimental and numerical research with diesel direct injection fuel. According to
the results in the same injection timing, ethanol produced lower engine emissions,
CO, HC, NOx, and soot (Wu et al. 2011).
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Comparative studies between ethanol and other fuels in HCCI engines were
performed by various researchers; for example, Zou et al. (2016) (https://en.wikipe
dia.org/wiki/Alcohol_fuel) compared alcohol fuels and diesel in a numerical study.
Ethanol, methanol, and gasoline were used as alternative fuels also, and comparing
results are reported by (Maurya and Agarwal 2014). Figure 8.6 depicts optimization
of operating range of various fuels in constant IMEPs. According to this figure, intake
temperature did not influence effectively on IMEP, but equivalence ratio QUOTE
shows significant effects on it; in Fig. 8.6, y-axis represented equivalence ratio
QUOTE and x-axis indicated intake temperature. From this figure, HCCI engines
have vast range of operational condition in lower engine speed where ethanol HCCI
engine operated in more region than two other fuels (methanol, gasoline).Ethanol
indicated that thermal efficiency was higher than methanol where ethanol ringing
intensitywas lower thanmethanol in the same temperature and equivalence ratio (ER)
(Maurya and Agarwal 2014). A comparison with natural gas during an experimental
HCCI engine showed higher operational range and combustion efficiency beside
high level of HC emission for ethanol and methanol than natural gas, Gharehghani
(2019).

Methanol was used as port fuel injection with different high-reactivity fuels such
as DME and diesel and also with gasoline which is a low-reactivity fuel. Experi-
mental investigation onmethanol inHCCI engines shows delaying in start of combus-
tion where also higher charge temperature has the same effect. Higher equivalence
ratio increased thermal efficiency in low charge temperature where in higher charge
temperature higher ER reduced it, Zhang and Wu (2016).

Methanol with DME as fuel mixture was used widely in HCCI engines due to
its production from biomasses (hydrated type), Huisman et al. (2011); experimental
investigation on this type of fuel mixture shows that DME was affected on HCCI
methanol engine where its concentration advanced start of combustion and boosted
indicated thermal efficiency where EGR also shows same effects in this type of
engine. Although methanol shows higher amounts of CO and HC in exhaust emis-
sions due to lower temperature, using DME and EGR with methanol reduced it
in HCCI engines. Yao et al. (2006), Pedersen et al. (2010). Numerical studies on
methanol and also ethanol show that blending with another fuels such as DME or
DEE (diethyl ether), higher equivalence ratio of these types of alcohols increased
in-cylinder temperature and pressure which increases engine knocking Zhou et al.
(2018). Computational control study in HCCI engine of methanol in combination
with DME shows that higher amounts of methanol increased the pressure rise rate
and reduced the cumulative heat release, Lee and Lim (2016).

Both gasoline and methanol were categorized in low-reactivity fuels with low
cetane number; as a result, combination of these fuels shows different behaviors
than methanol and gasoline alone or with other high-reactivity fuels such as DME
and diesel. According to experimental studies in a mixture of ethanol and gasoline,
advanced start of combustion occurred in comparison with gasoline alone in HCCI
engines, Turkcan et al. (2018) where higher amounts of ethanol or methanol in
mixture retarded start of combustion and CA50 (crank angle degree where 50% of
fuel burned). In a mixture of 10% of ethanol and gasoline (E10), higher amounts of

https://en.wikipedia.org/wiki/Alcohol_fuel
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Fig. 8.6 HCCI operation range for various cases studied in constant IMEPs, (Maurya and Agarwal
2014)
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pressure rise rate and rate of heat release were reported where M10 (methanol 10%
and gasoline) shows higher rate of heat release rate (ROHR) than E10 and gasoline
(Turkcan et al. 2018).Methanol also was used as cooling and anti-detonate fuel with
n-heptane in a HCCI engine, Thanapiyawanit et al. (2012). Comparison between
methanol, ethanol, gasoline, and natural gas shows thatmethanol has vaster operation
conditions than gasoline and natural gas, but it has lower area of operation than
ethanol as alcohol fuels in HCCI engines, and it should be noted at operational range
restricted with knocking area and misfiring limits, Kumar et al. (2014), Gharehghani
(2019).

Variation of fuel octane number can be performed with fuel blending. Methanol
and ethanol as alcohol fuels in HCCI engines were used in various researches as
discussed in the previous sections. Butanol isomers (1-butanol, 2-butanol and n-
butanol) and their properties are given in Table 8.2 and also investigated in several
studies. Butanol has higher cetane number than other alcohol that makes this fuel
attractive to use in HCCI engines. Experimental studies show than such as other
alcohol fuels n-butanol comparison with diesel fuel postponed start of combustion
with lower in-cylinder temperature cause to increased HC and CO2 and reduced
NOx emissions, Zheng et al. (2015). Cooling effects of alcohols result in controlling
in-cylinder temperature and pressure with boosting intake pressure and temperature
that cause to advancing combustion phasing and ROHR (rate of heat release) in
comparison with diesel HCCI case, Xie et al. (2016), and this property also results to
use this fuel with n-heptane which is a high-reactivity fuel in HCCI engines. Studies
show that n-butanol reduced maximum pressure rise rate blended with n-heptane
in comparison with ethanol/n-heptane fuel in HCCI mode, where higher hydroxyl
radicals of n-butanol show better condition than ethanol and isopropanol blend cases
in combustion quality and output emissions Saisirirat et al. (2011).

Advanced combustionphasing andhigher rate of heat release (ROHR) are reported
in n-butanol/gasoline HCCI engine in comparison with a gasoline HCCI engines.
Figure 8.7 shows experimental investigation results which indicate mean effective
pressure (IMEP) coefficient of variation as a factor of ringing intensity for various
n-butanol/gasoline compared also with ethanol/gasoline blends, Uyumaz (2015),

Table 8.2 Butanol isomers
thermos chemical properties
(He et al. 2015b; https://en.
wikipedia.org/wiki/Alcohol_
fuel)

Specification n-butanol 2-butanol Isobutanol

Molecule formula C4H9OH C4H9OH C4H9OH

Cetane number 12 * *

RON 96 101 113

Oxygen content 21.6 21.62 21.6

Density (g/cm3) 0.81 0.806 0.802

LHV (MJ/kg) 35.1 32.74 32.96

Boiling point 117.7 99.5 107.89

Latent heat (kJ/kg) 430 671 579.9

* means to Not defined

https://en.wikipedia.org/wiki/Alcohol_fuel
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Fig. 8.7 Coefficient of
variation of various fuels (He
et al. 2015a)

He et al. (2015a). According to Fig. 8.7, two various engine speeds B100 (100%
butanol) produced higher coefficient of variation (COV) of IMEP in various intake
temperatures (He et al. 2015a).

Comparative studies also reported that n-butanol and isobutanol required lower
intake temperature to achieve desire combustion phasing compared to ethanol and
gasoline where this temperature is reduced against boosting pressure, (He et al.
2015b). Due to suffering HCCI engine from engine knocking, it should be noted that
butanol 25% in butanol/n-heptane blends needs higher equivalence ratio to avoiding
misfiring and engine knocking compared with E25 and M25 which results in higher
specific fuel consumption, (Mack et al. 2016). In this case, butanol blends produced
moderate indicated thermal efficiency (ITE) and IMEP compared with ethanol and
methanol in HCCI engines, Calam et al. (2020).
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8.2.2 Premixed Charge Compression Ignition (PCCI)
and Alcohol Fuels

Premixed charge compression ignition (PCCI), categorized in low-temperature
combustion strategies, is first used by Aoyama et al. (1996).In PCCI strategies, fuel
is injected into the port fuel early to provide high premixed quality of fuel and air,
and PCCI abbreviation is used for early in-cylinder injection also. In this strategy, the
fuel, for example, diesel, is usually injected into the cylinder at crank angle degree
of 30 to 160 degree bTDC. Mohammadi et al. (2005). In this case, similar to other
low-temperature strategies, various control methods were studied such as multi-fuel
injection strategies, EGR usage, and alternative fuel use. In PCCI engine, using
ethanol in combination with diesel reduced NOx emissions beside delayed combus-
tion start (Mohammadi et al. 2005). In comparison with gasoline, ethanol/diesel
blends produced higher break thermal efficiency, and as the nature of LTC strate-
gies, higher hydrocarbons were observed in PCCI engine Saravanan et al. (2015).It
should be noted that ethanol/diesel blends produced lower amounts of HC and CO
compared to ethanol/gasoline mixture. Saravanan et al. (2015). Experimental and
numerical studies showed that in PCCI engines higher ethanol percentages reduced
pressure rise rate and heat release rate (HRR) where these changes increased HC and
CO emissions Natarajan et al. (2017), Elzahaby et al. (2018).

Methanol (alcohols) properties such as high mixing rate and octane number cause
to difficult cold start and crudely operation of diesel engine Li et al. (2014). Comple-
mentary physico-chemical properties of methanol and DME make it attractive for
researcher in PCCI engines due to its perfect stratification combustion (Li et al.
2014). Experimental investigations revealed that in methanol direct injection (DI)
and DME port fuel injection (PFI), too early injection of methanol results in low in-
cylinder temperature that cause a long ignition delay for formation of a high premixed
ratio. This low-temperature ignition delay produced higher amounts of CO and HC.
On the contrary, very late injection timing dropped in-cylinder temperature, and
as a result, combustion process of DME will end sooner than usual and results to
remained unburned methanol cause to excessive amount of HC, especially CO. In
moderate injection timing, in-cylinder temperature is high enough, and ignition delay
is short; as a result, combustion of methanol occurred at high speed which results
in minimum release of HC and CO (Yan and Zhang 2014). Higher DME provides
higher in-cylinder temperature that produced lower engine-out emissions (Yan and
Zhang 2014).

Butanol usage with diesel (blend injecting) decreased the net heating value of fuel
mixture which increased brake-specific fuel consumption (BSFC). This influence is
also observed in addition to EGR to fuel mixture. In the same injection timing,
especially earlier start of injection (SOI), higher injection pressure increased BSFC.
Earlier start of injection of butanol produced higher in-cylinder pressure, and more
advanced start of combustion results in advance combustion phasing. Earlier start of
injection (SOI) also resulted in fast heat release rate and strong premixed combustion,
Valentino et al. (2012).
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A premixed charge compression ignition engine fueled with ultra-low-sulfur
diesel (ULSD#2) and n-butanol was compared with direct binary mixture of the
same fuel mixture by Soloiu et al. (2015). It was reported that butanol percentages
were more effective in direct injection of binary mixture fuels where there was about
12 CAD change in delaying of start of combustion from zero to 65% butanol addi-
tion. In-cylinder pressure was higher in port fuel injection (PFI) of butanol, and this
is because of effects of fuel cetane number. In PFI strategy, due to lower homo-
geneity of diesel and n-butanol, combustion occurred first in ULSD#2, so butanol
burning will be started after ULSD#2 which denoted more effectiveness of ULSD#2
cetane number on combustion start, and this phenomenon is different in n-butanol
and ULSD#2 binary mixture.

In fact, ULSD#2roles as semi-one fuels with lower cetane number that postponed
start of combustion (Soloiu et al. 2015). In PFI strategy, ringing intensity reduced
against increasing butanol percentages; in the contrary, higher amounts of butanol
in direct injection increased ringing intensity. Apparent heat release rate (APHRR)
influences greatly on engine ringing intensity which is higher in direct injection (DI)
strategies. Moreover, lower semi-one fuel cetane number is effective on RI also.
Lower amounts of engine-out emissions were observed in direct fuel blend injection
also (Soloiu et al. 2015). It should be noted that due to lower viscosity of Bu65-DI
than ULSD#2, opening of injector delayed a bit and lower LHV of Bu65-DI causes
to increase injection duration 2 CAD more than ULSD#2 (Soloiu et al. 2015).

8.2.3 Reactivity-Controlled Compression Ignition (RCCI)
and Alcohol Fuels

One of the low-temperature combustion strategies is reactivity-controlled compres-
sion ignition (RCCI) which is interested by researchers as a way to have high efficient
and clean combustion. In this strategy, low-reactivity fuel such as gasoline or alcohol
fuels or blend of alcohol fuels and gasoline or diesel were imported to the cylinder
via intake port that is known as port fuel injection (PFI), and high-reactivity fuel like
diesel, n-heptane, dimethyl ether (DME), etc., is injected directly into the cylinder
which is known as DI fuel; in other words, this strategy provides a lean mixture
which cause to have low-temperature combustion that results to have more clean
combustion beside high engine efficiency Kakoee et al. (2019).

Various experimental and computational researches have been done on ethanol as
low-reactivity fuel beside a high-reactivity fuel with single direct injection. A multi-
dimensional computational research with Kiva-3v coupling with chemistry solver
(CHEMKIN) on early diesel injection into provided in-cylinder E85 (85% hydrous
ethanol) and air mixture as a PCCI dual-fuel strategy was done which was later called
RCCI, (Splitter et al. 2011). RCCI mode (E85 + diesel) shows smoother operation
where burn duration takes 3.5 ms and PCCI diesel takes 2.5 ms of burn duration
(Splitter et al. 2011). RCCI mode of operation cause to delay start of combustion
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(SOC) in comparison with diesel PCCI which is because of fuel mixture reduced
cetane number, but ethanol PCCI has more delayed SOC in comparison with two
other investigated studies (RCCI diesel and PCCI diesel), and this phenomenon is
due to lower cetane number of fuel–air mixture of ethanol and then ethanol/diesel
and diesel, Splitter et al. (2010). Comparison between gasoline and ethanol in three
different premixed ratios (0.47, 0.57, and 0.67) shows that ethanol postponed the start
of combustion because of higher octane number than gasoline, and this property also
causes to lower in-cylinder peak pressure; ethanol/n-heptane blends produced lower
amounts of NOx in comparison with gasoline/n-heptane RCCI engine cases, Qian
et al. (2015). Studies also show that in the same case of engine load, ethanol produced
higher in-cylinder temperature and pressure beside more delayed start of combustion
and lower burn duration (Qian et al. 2015). In the same ethanol percentage, SOCwas
delayed, and burn duration decreased in higher engine loads which cause to reduce
thermal loses and higher thermal efficiency beside higher ringing intensity, Dempsey
et al. (2012). It should be noted that octane number in RCCI engines influenced from
both LRF and HRF where in PCCI engine that usually used a single-fuel affected
from PFI fuel, the main difference between effects of octane number in RCCI and
PCCI engines is related to circumstances of start of combustion; in RCCI engines,
combustion will start due to HRF and penetrated to fuel–air mixture, but in PCCI
engine, even in two or one fuel due to premixed fuel–air, the combustion start due to
PFI air–fuel (fuels) mixture cetane number or on the other words in PCCI premixed
fuels roles as a unic fuel with fuel mixture cetane number.

Single-injection strategy in CDC engines and RCCI strategy usually produce high
in-cylinder pressure rise rate that cause to knocking in internal combustion engines,
as a way to overcome this problem, double-injection strategy is used and has been
investigated numerically and experimentally by many researchers with various fuel
blends and engine characteristics. Investigating the main SOI changes shows that
delaying in main SOI descends ringing intensity and rate of heat release (ROHR) in
medium load of operation for various ethanol-gasoline (E10-95, E10-98, E20-95, and
E85, port fuel injected)and B7 (biodiesel/diesel) blends; in this case, CA50 increased
and start of combustion delayed Benajes et al. (2015). A double-injection strategy
with 75% hydrous ethanol and diesel RCCI engine shows that the second injection
timing had no effect on HC and CO emissions in all engine load cases where NOx

emission in low loads increased with delaying SOI2 Fang et al. (2015).
Experimental studies on methanol low-reactivity port fuel injection in combina-

tion with diesel DI as high-reactivity fuel show that RCCI mode of operation with
methanol produced lower in-cylinder pressure and temperature with SOC delaying,
Jia and Denbratt et al. (2018). Delayed diesel injection postponed start of combus-
tion which reduced brake thermal efficiency (BTE) and engine output power (Wei
et al. 2016). Increasing methanol mass fraction (methanol mass to total mass) from
zero to moderate amounts (40 and 60) ascended in-cylinder pressure and tempera-
ture, and methanol boiling point is lower than diesel, wherein moderate amounts of
methanol/diesel blends a better combustion occurred due tomoderate cetane number,
but in higher amount of methanol, octane number increased which causes to lower
combustion quality. In higher amount of methanol, 80%, for example, misfiring was
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Fig. 8.8 Injection timing effect on emissions (Li et al. 2013)

occurred. Ringing intensity was decreased during increasingmethanol mass fraction.
Li et al. (2013). Figure 8.8 illustrates emissions of two different fuels in various start
of injection; according to this picture, NOx and soot emissions of methanol/diesel
fuelmixturewere lower than diesel conventional;moreover, HC andCOas emissions
also had better condition in methanol/diesel fuel (Li et al. 2013).

RCCI numerical modeling of methanol/biodiesel with various parameters showed
that increasing EGR rate in both high andmedium load decreased knocking intensity,
and this property ascended in higher methanol mass fraction but decreased against
SOI delaying. CO production against MF was increasing in medium loads where
soot emissions in all loads decreased. NOx emission decreased against methanol
mass fraction in low and medium loads, where ascending of NOx emissions in high
loads occurred till 20% mass fraction of methanol Zhou et al. (2015a; b).

Comparison between RCCI and direct dual-fuel stratification (DDFS) of
methanol/diesel illustrated that DDFS mode released higher thermal efficiency and
achieved higher potential of energy recovery beside lower emissions and needs lower
demand in-cylinder initial temperature, Li et al. (2020).

Butanol isomers given in Table 8.2 were used also as LRF with various high-
reactivity fuels. Comparing conventional diesel combustion, 2-butanol/diesel RCCI
engine shows higher in-cylinder peak pressure and maximum heat release and also
smaller burn duration. RCCI mode produced lower brake thermal efficiency where
it was higher than CDC in high loads (Pan et al. 2017). Experiments on isobutanol
depicted that higher injection pressure effects on air–fuel mixture process that cause
to advance in ignition and produced lower NOx as pollutant, Pan et al. (2017).

Blended fuel mode and dual-fuel n-butanol/diesel RCCI mode of operation in an
experimental engine showed that ignition delay (ID) in RCCI mode did not affect
from n-butanol ratio in low and medium engine loads, where in high loads, higher
ratio of n-butanol reduced the ignition delay. Combustion duration of RCCI mode
was greater than blended fuel mode of operation in low and medium load, but in high
loads, blended fuel mode combustions take longer times (Mobasheri and Seddiq
2018). Investigation on emission characteristics shows that in all loads and n-butanol
percentages, blended fuel mode released lower amount of soot, HC, and CO where
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Fig. 8.9 Emission characteristics of various case studies (Zheng et al. 2018)

NOx emissions in this mode of operation was illustrated higher than RCCI mode,
Mobasheri et al. (2018).

Experimental study on isobutanol/diesel and gasoline/diesel in an RCCI engine
revealed that higher ignition delay (ID), combustion duration (CD), and CA50 are
allocated to isobutanol/diesel in each premixed fuel ratio (PFR) as shown in Fig. 8.9.
According to this figure, gasoline/diesel produced higher emissions; those are CO,
HC, NOx, and particle matter, (Zheng et al. 2018).

Ethanol,methanol, andbutanol as low-reactivity fuelwith diesel inRCCI engine in
comparison with gasoline as LRF showed that to obtain a fixed combustion phasing,
more diesel quality is needed in the cases of alcohols as LRFs.Methanol/diesel (MD)
and ethanol/diesel (ED) released lower combustion duration and pressure rise rate
in comparison with gasoline/diesel where these characteristics were higher than n-
butanol/diesel (nBD) cases. MD and ED fuel mixtures were less sensitive to single-
injection strategy compared to gasoline/diesel (GD) and nBD and showed higher
sensitivity to PFI premixed ratio. It was concluded that GD and nBD behavior against
SOI changes is close to each other, andMDand EDhave the same condition. Delayed
SOI increased NOx and decreased soot in low loads that these trends are vice versa
in high loads. GD and nBD depicted better condition in NOx and soot emissions in
low loads where in high loads, ED and MD fuel mixture released lower NOx and
emissionsXiang Zhou et al. (2016).
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8.3 Conclusions

Various investigations of alcohol fuel application in advanced combustion technolo-
gies (ACT), especially low-temperature combustion (LTC) strategies, were reviewed
and discussed in this chapter. Effects of fuels mass fraction, injection timing,
EGR effects, various engine loads, intake temperature, fuel import strategies, etc.,
have been explained and discussed. According to the literature review, the main
conclusions were listed as follows:

• High octane number of alcohol fuels, greater than gasoline and diesel, makes
some difficulty of using them in compression ignition engines. As a result, these
fuels were widely used in combination with other fuels, especially high cetane
number fuels such as diesel, biodiesel, and dimethyl ether.

• Cooling effects and higher octane number of alcohols make them as a controller
fuel for in-cylinder temperature, ringing intensity, and engine knocking.

• Alcohols mentioned properties usually increased unburned hydrocarbons (UHC)
and carbon monoxides beside decreasing nitrogen oxides. Undesired UHC and
CO can eliminate using exhaust gas recirculation’s effects.

• Combination of alcohol fuels with high-reactivity fuels was used to adjust ignition
delay, CA50, and engine-out emissions which obtain a desire fuel mixture cetane
number.

• Lower density beside LHV increased indicated specific fuel consumption where,
in this case, butanol isomers have better condition than ethanol and methanol.

• Among threemost used alcohols as fuels (ethanol,methanol, and butanol), ethanol
shows vaster rage of operation after methanol and butanol which also have better
condition than gasoline and natural gas in HCCI engines.

• Higher hydroxyl content of alcohols in comparison with gasoline produced higher
amount of UHC and CO with drastically lower amounts of NOx.

• In comparison with methanol and butanol, ethanol produced lower coefficient of
variable of indicated mean effective pressure which is a factor of ringing intensity.

• Overall, the main limitation of using alcohol fuels in IC engines related to these
fuel cooling effects and lower cetane number that cause to weak auto-ignition
beside lower heating values and density which results in higher fuel consumption;
moreover, hardware fuel delivery system also can be a negative point in using
alcohol fuels.

Alcohol fuel application in various countries is dependent on the countries
geographical situation and their policies; Brazil, China, USA, European Union, and
Japan are themost areas of using alcohol fuels. In this way, government policies were
effective on people demands of this type of fuels with providing special vehicles; for
example, using flexible-fuel engines in Brazil could increase alcohol fuel demand,
especially ethanol up to 88%, and a flexible-fuel engine is a dual-fuel engine with
separated fuel tank. Fuel alternative providing in USA also is one of the effectiveness
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government policies which deliver E10 and E85 as gasohol fuels. Overall, accessi-
bility of fuels and vehicles were two most influenced government policies in using
alcohols as fuels (Moradi et al. 2020).
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Effect of n-Butanol and Gasoline Blends
on SI Engine Performance and Emissions
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Abbreviations

CR Compression ratio
MEP Mean effective pressure
MON Motor octane number
RON Research octane number
Cf Calorific value
HP Horse power
P In-cylinder pressure
Temp Temperature
CC Centimeter cube
RPM Revolution per minute
N m Newton meter
s Second
h Hour
CO2 Carbon dioxide
CO Carbon monoxide
SFC Specific fuel consumption
g Gram
T Torque
IC Internal combustion
SI Spark ignition
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CI Compression ignition
A/F Air/fuel ratio
MBT Maximum brake torque
Q Heat
°C Degree centigrade
Eth Ethanol
But Butanol
M.P. Melting point
RVP Reid vapor pressure
IBP Initial boiling point
FBP Final boiling point
VLI Vapor lock index

9.1 Introduction

Biobutanol is considered as next-generation alcoholic fuel having lower volatility
and higher energy density as compared to ethanol. Biobutanol alludes to butanol
that has been produced through the feedstock based on biomass. Biomass is made
by the microbial fermenting alike ethanol and may be produced through a range of
starch, sugar, or cellulosic feedstock. For the time being, the production of butanol
is too exorbitant than ethanol; hence it has not been scaled up on a mass scale.
Despite that, biobutanol exhibits numerous benefits as compared to ethanol, and
hence, it is the focal point of significant research and development (Karimi et al.
2015; Pfromm et al. 2010; Puthiyapura et al. 2016; Kumar and Gayen 2011;Wu et al.
2008; Swana et al. 2011; Agathou and Kyritsis 2011; Rakopoulos et al. 2011; Merwe
et al. 2013). The butanol is a clear colorless liquid having a stable characteristic order.
Butanol is a highly refractive compound, moderately water-soluble (having 63 g/l
water solubility), and miscible with most of the solvents (ether, ketones, alcohols,
aldehydes, and aromatic and aliphatic hydrocarbons) (Singh et al. 2010; Schoo and
Hoxie 2012; Laza and Bereczky 2011; Atmanli 2016; Atmanli et al. 2015; Carvalho
et al. 2012; Rakopoulos et al. 2010; Hönig et al. 2014). Butanol is made effectively
by starch or sugar through anaerobic fermentation. Biobutanol can be produced from
the fermentation of sugar beets, corn, potatoes, agricultural waste, grain, grass, trees,
or leaves, etc.

Butanol is a better alcohol-based alternative fuel to ethanol and provides numerous
advantages comprising a lower latent heat of vaporization and a higher heating value
(Lapuerta et al. 2018; Yusri et al. 2017; Sileghem et al. 2015; Yilmaz et al. 2014;
Jin et al. 2011; Moxey et al. 2016). Butanol’s octane number is higher than ethanol.
Moreover, butanol absorbs lesser water than ethanol, and it is less corrosive than
ethanol. Lower corrosiveness of butanol makes its blending and utilization suitable
without any significant modification in the current fuel supply infrastructure and
engine fuel handling system. Researchers around the globe have done a lot of study
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on methanol blended with gasoline, the reported difference of emissions and engine
performance is not very prominent (Lapuerta et al. 2017a; Elfasakhany 2018; Varol
et al. 2014; Calam et al. 2020; Li et al. 2018; Iliev 2018).

The chapter describes the blending gasoline with butanol in different volume by
volume percentages presented as But10G or B10 (10% butanol with 90% gasoline),
But30G or B30 (30% butanol with 70% gasoline), But50G or B50 (50% butanol with
50%gasoline), But70GorB70 (70%butanolwith 30%gasoline). The properties such
as density, calorific value, Reid vapor pressure (RVP), initial boiling point (IBP), final
boiling point (FBP), research octane number (RON), vapor lock index (VLI) of the
blended butanol with gasoline helped to understand the volatility of the gasoline and
blended fuel. RON is determined by operating the fuel under controlled conditions
in a test engine with a variable compression ratio, and comparing the results to those
for iso-octane and n-heptane mixtures (Sayin et al. 2005; Rankovic et al. 2015; Hsieh
et al. 2002). RVP is described as the absolute vapor pressure exerted by the liquid
vapor and any dissolved gases/moisture at 37.8 °C (100 °F) as calculated by the
ASTM-D-323 test method (Vazquez-Esparragoza et al. 1992; Dudar et al. 2017).
The VLI is the test used to regulate the gasoline’s propensity to form a vapor lock.
Vapor lock arises when the actual pressure of the gasoline falls below the vapor
pressure level of the gasoline, somewhere in the fuel supply system. If this occurs,
the gasoline vaporizes from a liquid phase to a vapor phase, and insufficient quantity
of gasoline enters the combustion chamber to maintain the correct air/fuel (A/F)
ratio. Consequently, the engine operation is disturbed (Xu et al. 2008). This chapter
describes the engine performances of butanol blend fuelled engine by comparing the
maximum torque, maximum power, and BSFC for each blend with gasoline.

9.2 General Characteristics of n-Butanol

The general fuel properties of butanol such as heat of vaporization, air/fuel ratio,
energy density, specific energy, MON, RON, and kinematic viscosity are compared
with some commonly used alcohols used with gasoline as blendes for fueling SI
engines in Table 9.1. As compared to other alcohol fuels, the A/F requirement of
butanol is closest to gasoline which is the most widely used fuel for SI engines. This
ensures that power drop from designed gasoline fuelled engine is small on butanol
fuelling when compared to gasoline fuelled operation of the engine.

The n-butanol’s octane rating is lower than methanol and ethanol, but it’s quite
comparable with gasoline. The n-Butanol has a RON value of 96 and aMON value of
78, whereas t-butanol is having the RONof 105 andMONof 89.Moreover, t-Butanol
is employed in gasoline as an additive; however, its higher M.P. of 25.5 °C makes it
inappropriate to be utilized in its pure form, as a higher melting point triggers it to
behave like gel at room temperature (Ni et al. 2001; Ku and Wang 2002).

Knocking is less prone in fuel with higher octane rating (extremely spontaneous
and rapid combustion by compression) and control system attached with any modern
car’s engine can easily have an advantage from this by simply making an adjustment
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Table 9.1 Fuel properties (Yusri et al. 2017; Kumar et al. 2013; Chen et al. 2010, 2013, 2014;
Campos-Fernández et al. 2012; Zhang et al. 2006; Li et al. 2019; Shahir et al. 2014; Giakoumis
et al. 2013; Kumar and Saravanan 2016; Awad et al. 2017)

Type of fuel Energy density
(MJ/l)

Heat of
vaporization
(MJ/kg)

Specific energy
(MJ/kg)

A/F ratio RON MON

Ethanol 19.6 0.92 29.99 9.0 129 102

Methanol 16 1.2 19.69 6.5 136 104

Butanol 29.2 0.43 36.60 11.2 96 78

Gasoline 32 0.36 46.40 14.6 91–99 81–89

in the ignition timing (Rashid et al. 2019; Kalghatgi 2001a, b; Stein et al. 2012;
Szybist et al. 2010; Mittal and Heywood 2010; Yates et al. 2005; Wei et al. 2016). It
will enhance the energy efficiency, which may lead to an improved fuel economy as
compared to the energy content shown by different fuels. By raising the CR, further
improvement in fuel economy, torque, and power can be attained.

The alcohol fuels, butanol, and ethanol need to run at richermixtures than gasoline
as they are partially oxidized. To accommodate the variations in the fuel, the standard
gasoline engines in cars can regulate A/F ratio in certain limits. The engine will run
lean, if it ismade to run on a gasoline blendwith large percentage of butanol or on pure
butanol, and there is a risk that the componentsmay get critically damaged.Moreover,
in comparison to ethanol, butanol can be mixed in higher ratios with gasoline to be
used in existing cars, and there is no need to retrofit, because of the reason that the
energy content remains close to gasoline (Yusri et al. 2019; Xu and Avedisian 2015).
The per unit volume and per unit weight energy density of alcohol fuels are lower
as compared to gasoline. With the increase in carbon chains, alcohol’s viscosity
increases. So, whenever a great viscous solvent is wished, butanol is employed as
compared to shorter alcohols (Lapuerta et al. 2017b). Butanol’s kinematic viscosity
4.1mm2/s (Serras-Pereira et al. 2009) is approximately 10 times greater thangasoline,
and it is more viscous as compared to diesel fuels. During the cold start and in
colder weather, the inadequate vaporization of alcohols is a well-known issue (Yaws
and Hopper 1976; Turner et al. 2007; Zhu et al. 2012; Bharathiraja et al. 2017). As
compared to the engine running on methanol or ethanol, it is easier to start the engine
operating on butanol, as its heat of vaporization is lesser by half of the ethanol.

9.3 Experimental Setup

Important fuel properties were examined according to the standards of ASTM,which
are given in Table 9.2. The density of the fuels was assessed by, DMA 4500 M and
Anton Paar density meter according to the standards of ASTM 4052. The Research
Octane number (RON) is calculated through ERASPEC instrument according to
the standards of ASTM D 2699. The Reid vapor pressure (RVP) of blends was
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Table 9.2 Blended fuel properties

Characteristics Gasoline Eth10G But10G But30G But50G But70G

Density(g/cc)@15 °C 0.7602 0.7630 0.7655 0.8222 0.7838 0.7958

RVP (kPa) 59.5 52.7 45.5 26 22.8

IBP 41.5 34.5 32.6 43.2 44.5 50.2

RON 85.9 86 87.5 92.6 98.5 >104

FBP 198.7 199.9 196.6 180.8 173.8 126.1

Calorific value
(Cal/g)

11,263.3 10,932.3 10,939.2 10,291.0 9642.8 8994.6

measured by following ASTM D 323 standards by the RVP measuring instru-
ment (ISL Company). The automated distillation instruments ADA-IV, Precision,
and CEL|D-86-13 were used to measure the D86 distillation property. The bomb
calorimeters (Paar industries instruments 6300 Calorimeter) was used to measure
the calorific values.

9.3.1 Distillation Characteristics of the Blends

To get the distillation properties of the various blends, standard ASTM D-86 test
method was carried out at atmospheric pressure, and the results are shown in this test
is fundamental for the quality control of fuel because it gives a broad data that can be
derived from the interpolation of the obtained results. The distillation (volatility) test
measures the vaporized fuel’s percentage with temperature increment. It additionally
characterizes the critical impact on the performance and safety of the fuel. The
distillation curve for different butanol, gasoline blends is shown in Fig. 9.1.

0

50

100

150

200

0 10 20 30 40 50 60 70 80 90 100

Gasoline
But10G
But30G
But50G
But70G

%(v/v) Evaporated Fuel

Te
m

pe
ra

tu
re

 (%
)

Fig. 9.1 Distillation characteristics of gasoline and butanol blends
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Table 9.3 Engine
specifications

Engine specifications

Type of engine 4-Stroke, single-valve engine,
forced air-cooled

Stroke × Bore (mm) 61 × 73

Number of cylinders 1

Compression ratio (CR) 5.1:1

Displacement (mm) 256

Capacity of lube oil sump 950 ml

Ignition system TCI

Rated output (HP/HR) 4.0/3000

Generator specifications

Frequency 50 Hz

Maximum AC output 2400 V A

Voltage 220 V

Rated AC output 2200 V A

Current 10 A

Temperature for which 50% v/v vaporization of fuel is observed can be called as
critical parameter. Too low temperature for 50% vaporization may result in solidifi-
cation of water vapors present in intake air, which may lead to the development of
ice on the elements involved in blend formation. If the temperature value for which
90% v/v vaporization of fuel is observed is too high, then the fuel can survive in
liquid form inside the cylinder. This liquid fuel moves the lubricant and triggers the
dilution of the oil. In addition, proper combustion may be hindered, resulting in an
improper operation of the engine. The 3000 rpm steady speed, forced air-cooled SI
engine (single cylinder) with CR 5.1 along with 2.2 KVA AC was utilized for exper-
imental investigations of butanol blends performance and emissions characteristics.
The generator and engine’s details are depicted in Table 9.3.

The engine was loaded with an electrical generator of frequency 50 Hz, 10 A
current and voltage 220 V. Engine load was estimated by measurement of current
and voltage out of the electrical generator. The experimental setup is given in Fig. 9.2.
For monitoring the exhaust gas and engine oil temperature, K-type thermocouples
were used. Table 9.3 shows the generator and engine specifications. The engine was
stabilized for 15 min to achieve the steady state indicated by constant engine oil
temperature of 75 °C, after setting the operating point engine oil reaches. For each
of the test fuels, tests were performed for 3 times. The resistive load bank connected
with generator was outfitted with a frequency meter, ammeter, and voltmeter for
measuring the engine load.

MEXA-584L automotive exhaust analyzer, was used to measure the emissions of
the engine’s tailpipe. For every test fuel, the emissions during cold start were also
measured. The concentration of hydrocarbon (HC), carbon dioxide (CO2), carbon
monoxide (CO), nitrogen monoxide (NO) and specific fuel consumption in the
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Fig. 9.2 Experimental setup

engine exhaust were measured. The experimental results of these measurements
are presented in the next section.

9.4 Results and Discussion

9.4.1 Brake Power and Torque

The torque and maximum brake power at full throttle for all test fuels are shown in
Figs. 9.3 and 9.4, respectively. The maximum brake power and torque are achieved
by gasoline fuel at full throttle position as expected due to its higher calorific value
than gasoline butanol blends.
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Fig. 9.3 Maximum brake power for various alcohol blends
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The maximum power output from the engine for But70G (70% butanol with 30%
gasoline) fuel was lowest as it has the least calorific value. The maximum torque
achieved by the engine gradually reduces as the blending ratio of butanol increases
in the fuel.

9.4.2 Brake-Specific Fuel Consumption (BSFC)

Figure 9.5 shows comparative specific fuel consumption for gasoline and butanol–
gasoline blends. Here But70G has the least calorific value because butanol has lower
energy density than gasoline. For producing 1.935 kW power, gasoline consumes
the least amount of fuel. BSFC gradually increases from gasoline to higher blends
of butanol.
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9.4.3 Engine Emissions

Figure 9.6 shows the comparative CO emission for gasoline and butanol blends. CO
is a toxic gas which is formed due to incomplete combustion in the short supply
of oxygen. Whenever the oxygen-containing butanol is blended with gasoline, it
improves the combustion resulting into lower carbonmonoxide emissions. At around
1 kW load, the engine CO emission shows maximum in case of gasoline fuel. Due to
the presence of more oxygen in oxygenated fuels, CO formed during the combustion
process gets oxidized into CO2. Thus, the amount of CO in the exhaust increased
drastically for But70G due to deficiency of air supply since the stoichiometric air
requirement of butanol is higher than gasoline. It indicates that butanol blending with
gasoline at higher butanol concentrations is not feasible in unmodified SI engines
designed for gasoline.

The various fuels’ effect on HC emission is shown in Fig. 9.7. As the load
increases, the HC concentration in tailpipe decreases. Because of oxygen contained

0
1
2
3
4
5
6
7

0.25 0.44 0.71 0.95 1.03 1.45 1.61 1.73 1.94

Gasoline
B10
B30
B50

POWER (kW)

C
O

 (%
)

Fig. 9.6 Comparative CO emission for various butanol blends
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Fig. 9.8 Comparative NO emission for various butanol blends

in But70G fuels, the fuel burns better than in case of gasoline so less HC emission is
observed. Least HC concentration is seen at maximum load for But50G. Butanol in
gasoline HC emission decreases with a rise in the percentage of oxygenates added to
the fuel blend up to 50% butanol blending. The lowest level of HC emission is given
by 50% butanol in gasoline as compared to other butanol–gasoline blends. This is
because of efficient combustion taking place in the presence of more oxygenated
fuel, but a higher blending percentage of butanol results into oxygen deficiency due
to the requirement of more oxygen for producing the same energy from the combus-
tion of butanol in comparison to gasoline. Also, butanol has higher flame speed than
gasoline so for the same amount of time more fuel is getting burned to leave less HC
in the exhaust pipe.

The effect of various engine loads on NO emissions is given in Fig. 9.8. Due
to the reaction of oxygen and nitrogen under high pressure and temperature in the
engine cylinder, NO is formed. As shown in Fig. 9.8, at 1935 W engine loads, 50%
butanol–gasoline blend has the highest NO emission. For butanol–gasoline blends as
the engine load increases, NO emissions also increase. At maximum load, maximum
concentration of NO is seen in all the fuels out of which But50G has the highest
value. Due to the efficient burning of fuel with 50% butanol, the temperature of
exhaust gases rises and this increases NO concentration. Therefore, according to
this, the highest concentration is found in 50% butanol. This proves that efficient
combustion, on one hand, reduces HC emissions but on the other hand, increases
NO emissions.

9.4.4 Cold Emissions

When the gasoline-fuelled vehicle starts at low ambient temperatures, then excessive
emissions are produced (Yusuf and Inambao 2018, 2019). Researchers have reported
that the majority of CO and HC total emissions in average real world are because
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of extra emissions seen during cold start (Yusuf and Inambao 2018). There is less
available data, for newer vehicles to reveal the impact of butanol–gasoline blends on
the exhaust emissions, mainly related to warm and cold start processes.

Cold start emissions for all fuel blends are plotted in Fig. 9.9 with gasoline emis-
sions. But50Gwas observed to have lowest CO, HC emissions than others as butanol
has higher flame speed than gasoline. As the percentage of butanol in the gasoline
blends increases (up to 50%), combustion improves and less CO and HC emissions
are observed. Further increase in butanol percentage in the blends may result in poor
fuel vaporization and air/fuel mixing. This poor mixture quality results into higher
CO and HC emission for B70 in comparison to B50.

The exhaust emissions may be high during first 2 min, if car’s engine has been
idle for many hours. This takes place due to following reasons:

Rich A/F ratio requirement in cold engines: The fuel does not vaporize totally
when cold engine ismade to start that results in higher CO andHC emissions. CO and
HC emissions lower when engine attains normal operating temperature. There are
many techniques practiced to reduce the start-up phase duration, some of them are
material and technology advancement such as fuel injection controlled by computer,
deduction in intake lengths, and fuel preheating. Catalytic converter’s inefficiency in
cold operating conditions: An inefficiency is seen in catalytic converters until they are
warmed up to their ideal operating temperature. The techniques practiced to resolve
this includes placing the catalytic converter nearer to the exhaust manifold, and
installing a quick-to-heat-up small-sized catalytic converter right at exhaustmanifold.
This is done in order to allow the bigger main catalytic converter to take its time in
warming up and reaching the operating temperature. More techniques are being
developed such as chemical reaction preheating, electric heating, flame heating and
thermal battery for improving the light-off duration of the catalytic convertor systems.

Blending of butanol into the gasoline up to 50% can be one possible strategy for
reducing the cold start HC and CO emissions.

9.5 Conclusions

The engine test results of butanol blends with gasoline are comparable to that of
baseline gasoline. Some major deductions that can be made are as follows:

• The maximum torque achieved by the engine gradually reduces as the blending
ratio of butanol increase in the fuel.

• BSFC gradually increases from gasoline to higher blends of butanol.
• The CO emissions increased drastically for But70G due to the deficiency of air

supply as the stoichiometric air requirement of butanol is higher than gasoline.
• As the load increases, the HC concentration in tailpipe decreases, but NO

emissions increase.
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In most of the cases, butanol blends are a better choice over gasoline in terms of
emissions and performance. Being an oxygenated fuel, butanol gives better combus-
tion efficiency and reduces most of the emissions except NO, which can be taken
care of by the means of after treatments. Results of this study indicate that butanol
blending with gasoline at higher butanol concentrations (>50%) is not feasible in
unmodified SI engines designed for gasoline. Production and consumption cycle of
biobutanol, as a whole, results in smaller emission than the conventional fuels of
fossil origins as it is a biofuel. However, further study of these blends, as well as
butanol production process, needs to be conducted to further reduce its market cost
and make the commercial use of this fuel possible.
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Chapter 10
Ethanol Fumigation and Engine
Performance in a Diesel Engine

Ali Zare , Richard J. Brown , and Timothy Bodisco

Abbreviations and Symbols

E00 Neat diesel
E10 10% ethanol substitution
E20 20% ethanol substitution
E30 30% ethanol substitution
E40 40% ethanol substitution
BSFC Brake-specific fuel consumption
BMEP Brake mean effective pressure
CoV Coefficient of variation
FMEP Friction mean effective pressure
IMEP Indicated mean effective pressure.

10.1 Introduction

The negative aspects of fossil fuels (e.g., environmental degradation, adverse health
effects and global warming) have directed the world toward renewable alternatives
such as biofuels (Directive 2009/28/EC). For example, the EU issued EC Directive
2003/30 to increase the share of biofuel to 2% by 2005 and to 5.75% by 2010.
Directive 2009/28/EC was also issued to increase the share of biofuel to 10% by
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2020. Therefore, researchers around the world are investigating various types of
biofuels conducting different studies to evaluate the feasibility of using them for
different applications.

Between biofuels, alcohol fuels became of great interest and promise owing to
their availability, storage and handling—there are some issues and difficulties with
some other biofuels (Imran et al. 2013). For example, biogas needs to be used at
high pressure and biodiesels from edible oils have the potential to lead to food short-
ages, even biodiesels derived from non-edible oil require cultivation at a large scale
(Ghadikolaei 2016). Alcohol can be produced from locally grown crops, agricultural
feedstock which are carbon-based, or even fromwaste materials such as waste paper,
grass, and tree trimmings (Ghadikolaei 2016). Recently, the production of alcohol
fuels from renewable resources has increased globally (Imran et al. 2013); however,
it is not something new to use alcohol as a fuel in combustion. For example, Ford
Motor Company used corn alcohol in Henry Ford’s Model T in 1908 (Ghosh and
Prelas (2011)).

Established in the 1970s as an alternative to conventional fossil fuels due to the
oil crisis, ethanol is an alcohol biofuel widely used in the transportation sector (Popa
et al. 2001). This could be because using ethanol as a fuel mixture was feasible in
conventional vehicles without modification. A famous story of turning to ethanol
is related to Brazil. This country has a high capacity for growing sugarcane, and
their response to oil price increase was promoting the indigenous ethanol production
from sugarcane and mandating the mixture of ethanol with gasoline in 1976. In the
Euro regulation (Technologies 2019), the use of ethanol (commonly denoted as E10,
which is a blend of 90% petrol and 10% ethanol by volume) became mandated by
March 2016 for new types and August 2018 for all types of petrol vehicles. In EPA
regulation, after 2020, E15 (15% ethanol by volume) will be the certification fuel for
all petrol vehicles (Technologies 2019).

Ethanol can be produced from sugarcane, potato, sugar beets and a number of
other starch-containing plants (Imran et al. 2013). Ethanol, which is known to have a
hydroxyl group (–OH) attached to one of the carbon atoms (Ghadikolaei 2016), has
a low viscosity compared to diesel, thereby making injection easier and also it can
better atomize and mix with air. It also has high oxygen content, no sulfur, and a high
hydrogen-to-carbon ratio; it therefore has some advantages in terms of emissions,
such as particulate matter (Imran et al. 2013).

In positive-ignition engines, alcohol fuels such as ethanol can be used directly as
a blend with petrol (E5 and E10), or directly as a pure fuel (in some cases, engine
modifications are required), due to the fact that ethanol has a high octane number and
similar physical properties to petrol (Imran et al. 2013; Ghadikolaei 2016). While,
in compression ignition engines, alcohol fuels such as ethanol cannot be used as a
pure fuel owing to different factors such as its low cetane number (Kuszewski et al.
2017).

In compression ignition engines, alcohol fuels such as ethanol can be used via
blending or fumigation (Ghadikolaei 2016). In the blending method, alcohol gets
mixed with diesel before fuel injection. However, this method typically requires
fuel additives to avoid miscibility issues, consequently there are some limitations in
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terms of the blending ratio and potential cost issues with the additives (Lapuerta et al.
2009). The alternative to the blending method is fumigation. During fumigation, the
fuel is introduced into the intake air via carburetion, spray, or injection. This method
can be advantageous as it premixes a portion of the fuel (in this case alcohol fuel)
with the intake air outside the combustion chamber and then diesel fuel gets injected
directly into the cylinder and the combined mixture of the air, alcohol, and diesel
combusts; therefore, a part of the required energy will be provided by the alcohol
energy. However, the fumigation method requires some minor modification to the
engine, which can be done by adding a separate fuel tank, fuel line and controlling
system in addition to a low-pressure fuel injector. Through this method, a large
portion of the alcohol fuel can be introduced without the miscibility issues inherent
with blending (Udayakumar et al. 2004). Abu-Qudais et al. (2000) used a single-
cylinder diesel engine and compared the effect of ethanol fumigation and ethanol–
diesel blend on engine performance and emission parameters, and reported that the
engine performed better via the fumigation method. Other studies have also shown
that fumigation has a more positive effect on thermal efficiency than blending (Imran
et al. 2013; Ghadikolaei 2016).

Using ethanol fumigation can affect the engine performance parameters. Zhang
et al. (2011) investigated the effect of ethanol fumigation (at 10 and 20% substitu-
tion) on engine performance parameters using a direct-injection diesel engine and
reported a decrease in thermal efficiency at low load and an increase at high loads.
Tsang et al. (2010) used a four-cylinder diesel engine with a direct-injection system
and investigated the effect of ethanol fumigation (up to 20%) on different engine
performance parameters and reported that using ethanol fumigation decreased the
thermal efficiency at low and medium loads and increased the peak in-cylinder pres-
sure and heat release rate. Morsy (2015) performed an experimental investigation on
a single-cylinder direct-injection diesel engine using different ethanol–water mixture
fumigations and reported an improvement in exergy and energy efficiencies. Abu-
Qudais et al. (2000) used a single-cylinder direct-injection diesel engine and studied
the effect of ethanol fumigation and reported that the thermal efficiencywas improved
using ethanol fumigation. Studies by Heisey et al. (1981) and Hansdah et al. (2014)
reported an increase in thermal efficiency as well. Ekholm et al. (2009) used a heavy-
duty six-cylinder turbocharged diesel engine and reported that ethanol fumigation
resulted in higher thermal efficiency. Reduced exhaust temperature, improvement
in thermal efficiency, and increased heat release rate were also reported by another
study (Goldsworthy 2013) which investigated the influence of ethanol–water mixture
fumigation on a heavy-duty engine at a constant speed under two engine loads (17
and 20 bar, BMEP).

There are some studies in the literature evaluating the influence of ethanol fumi-
gation (mostly by up to 20% by substitution) on some engine performance param-
eters. However, given that using ethanol in the transportation sector is increasing,
there is a need in the literature for a comprehensive study on engine performance
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aspects of using this fuel. Therefore, this study aims to address this by fundamen-
tally investigating the effect of ethanol fumigation on a wide range of engine perfor-
mance and combustion parameters using 0, 10, 20, 30, and 40% ethanol substitu-
tions (by energy) at 1500 rpm (speed at which peak torque occurs) and 2000 rpm
(rated speed). The parameters discussed in this study are ethanol energy, mass ratio,
FMEP, BSFC, mechanical efficiency, thermal efficiency, in-cylinder pressure and
volume, maximum in-cylinder pressure, maximum rate of pressure rise, combustion
instability, and heat release rate.

10.2 Methodology

This study used a Cummins diesel engine coupled to an electronically controlled
hydraulic dynamometer which can control the engine speed/load. Table 10.1 shows
the engine specification.

Figure 10.1 shows the test setup schematic diagram to feature the ethanol fumiga-
tion system and in-cylinder data acquisition. In the fumigation system, ethanol was
directly introduced into the intake air at the inlet manifold between the turbocharger
and intercooler. Vaporization and mixing with air took place while the charge air
flowed through the inlet manifold and through several elbows. In order to ensure
the repeatability of the fuel delivery at different engine speeds/loads, the pressure
difference between the post turbocharger manifold and the ethanol fuel rail was used
as a feedback to the pressure relief valve of ethanol. Using this feedback mechanism
and regulating the pressure relief valve ensured the steady supply of ethanol to the
cylinder. In the experiment, calibrated flow meters were used to assure the quality
of the measurements. Also, to collect the in-cylinder pressure data, a piezoelectric
transducer,Kistler (6053CC60), andDataTranslation simultaneousA-to-Dconvertor
(DT9832) were connected to a computer using an in-house National Instruments
LabView program. Crank angle data was collected by a Kistler-type 2614 sensor.

Table 10.1 Engine
specifications

Model Cummins ISBe220 31

Aspiration Turbocharged

Maximum power (kW @ rpm) 162 @ 2000

Maximum torque (Nm@ rpm) 820 @ 1500

Capacity (L) 5.9

Cylinders 6 in-line

Bore × stroke (mm × mm) 102 × 120

Compression ratio 17.3:1

Emission standard Euro III

Dynamometer type Electronically controlled water
brake
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Fig. 10.1 Schematic diagram of test setup (Bodisco and Brown 2013)

More detailed information about the data collection and test facility can be found in
reference (Bodisco and Brown (2013); Bodisco et al. 2015).

In this experimental investigation, the engine was run under 25, 50, 75, and 100%
engine loads at engine speeds of 1500 rpm (speed at which peak torque occurs) and
2000 rpm (rated speed) using 0–40% ethanol substitutions (by energy) denoted E00
(diesel), E10 (10% ethanol substitution), E20 (20% ethanol substitution), E30 (30%
ethanol substitution) and E40 (40% ethanol substitution). To perform the test for
each substitution, the engine was run with diesel and stabilized at the required load,
then the diesel energy was reduced via reducing the engine load by the substitution
percentage, and then, given that during fumigation the fuel is introduced into the
intake air via carburetion, spray or injection, the fumigated ethanol was introduced
to the system to achieve the original engine load. The engine was left to stabilize
again before data collection.

10.3 Results and Discussion

This section discusses engine performance parameters, such as ethanol energy, mass
ratio, FMEP, BSFC, mechanical efficiency and thermal efficiency. The analysis of
combustion parameters such as in-cylinder pressure, maximum in-cylinder pressure,
pressure rise maximum rate, combustion instability, pressure–volume diagram, and
heat release rate is also discussed.
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Fig. 10.2 Ethanol energy at different engine operating conditions with 0–40% ethanol substitutions

10.3.1 Engine Performance Parameters

10.3.1.1 Energy by Ethanol and Mass Ratio

As the 10, 20, 30, and 40% substitution values are nominal, Fig. 10.2 shows the actual
energy derived by ethanol at the different engine operating conditions on each of the
tests. For each substitution, ethanol energy changes with engine load and speed due
to the amount of ethanol during the combustion. This can be shown by the mass ratio,
which is the portion of ethanol to diesel bymass. This is because in performing the test
for each substitution, the engine ran with diesel at the required load, then the diesel
energy was reduced via reducing the engine load by the substitution percentage, and
fumigated ethanol was introduced to achieve the original engine load. Figure 10.3
shows that there is a strong correlation with the R2 of 0.95 between the ethanol
energy and mass ratio. The reason is that increasing the mass ratio means that the
amount of ethanol compared to diesel has increased; therefore, the ethanol energy
increases.

10.3.1.2 Friction Mean Effective Pressure

FMEP, which is the difference between the brake mean effective pressure (BMEP)
and IMEP, is influenced by different factors, such as engine operating condition
(Nabi et al. 2016), temperature (Zare et al. 2018, 2020), and fuel properties (Zare
et al. 2016). FMEP can be an indicator of friction losses in engines arising from
different reasons, such as the mechanical friction between the parts or friction losses
from fuel, oil, and water pumps. Figure 10.4 shows the FMEP at different engine
operating conditions with 0–40% ethanol substitutions. As seen, FMEP increases
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Fig. 10.4 FMEP at different engine operating conditions with 0–40% ethanol substitutions

with the speed and mostly decreased with load. Fuel lubricity can also influence
the friction loss, as the lubricity of ethanol is significantly lower than that of diesel.
However, the effects of engine speed and load on FMEP change are more dominant.

Figure 10.5 shows how FMEP changes with different ethanol substitutions as
compared to E00. Comparing different colors in the graph show that by increasing
the ethanol substitution, which increases themass ratio, FMEPvariation tends toward
higher values. For example, using E10 and E20 in some of the operating modes can
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Fig. 10.5 FMEP variation compared to E00 versus mass ratio at different engine operating
conditions with 0–40% ethanol substitutions

decrease FMEP by 14 and 17%, respectively; while, using E30 and E40 increases
FMEP in almost all of the operating conditions. Also, the range of FMEP change by
using E10 and E20 is much lower when compared to E30 and E40. This shows that
E10 and E20 perform better when compared to E30 and E40.

10.3.1.3 Brake-Specific Fuel Consumption

BSFC can be defined as the portion of fuel consumed to the produce a unit of power
by the engine, as shown in Eq. 10.1 (John 1988).

BSFC = ṁfuel

BP
(kg/kWh) (10.1)

Fuel consumption depends on the engine operating condition and fuel proper-
ties (Nabi et al. 2017a, b). Figure 10.6 shows how the BSFC changes with different
ethanol substitutions as compared to E00. In general, it can be seen that using ethanol
substitutions (except E10) increased the fuel consumption in most of the operating
modes, which shows that diesel engines with fumigation consume a larger quantity
of fuel to maintain power, compared to diesel. The primary reason for this is that
alcohol fuels have significantly lower calorific values than diesel, alcohol fuels also
have a higher heat of evaporation; therefore, the amount of extracted heat during the
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Fig. 10.6 BSFC variation compared to E00 versus mass ratio at different engine operating
conditions with 0–40% ethanol substitutions

combustion process is less, somore fuel is required to produce the same power output
(Imran et al. 2013; Jafari et al. 2019). Comparing different colors in the graph shows
that by increasing the ethanol substitution, which increases the mass ratio, BSFC
increases. For example, using E10 in some of the operating modes can decrease
BSFC by 16 and 17% when compared to E00; while, using E30 or E40 instead of
E00 increases BSFC in all of the operating modes, the increase can be up to 40%.
This could be due to the fact that increasing the ethanol substitution decreases the
combined calorific value of the fuels. Also, the range of BSFC values systemati-
cally increases across the operating modes. E10, and some E20 points, shows an
improvement in BSFC compared to neat diesel. Given the lower calorific value of
ethanol, compared to diesel, this shows that E10 performs very well, especially when
compared to other higher substitutions, E30 and E40.

10.3.1.4 Mechanical Efficiency

Mechanical efficiency is the ratio of indicated power divided by the brake power (John
1988). Figure 10.7 shows the variation in mechanical efficiency compared to E00 at
different engine operating conditions with 0–40% ethanol substitutions. Comparing
different colors in the graph shows that by increasing the ethanol substitution, which
increases the ethanol–diesel mass ratio, the mechanical efficiency decreases. For
example, using E10 instead of E00 increases the efficiency in half of the operating
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Fig. 10.7 Mechanical efficiency variation compared to E00 versus mass ratio at different engine
operating conditions with 0–40% ethanol substitutions

modes; however, the changes were mostly within ±1%. While using E30 and E40
decreases the mechanical efficiency in almost all of the operating conditions. Also,
the range of mechanical efficiency change by using E10 and E20 is much smaller
when compared to E30 and E40. This shows that E10 and E20 perform better when
compared to E30 and E40. Further analysis showed that this parameter increased
with engine load and decreased with engine speed.

10.3.1.5 Thermal Efficiency

Thermal efficiency is the ratio of actual work divided by the chemical energy of
the fuel released through combustion. Figure 10.8 shows how thermal efficiency
changes with different ethanol substitutions as compared to E00. In general, it can be
seen that using ethanol substitutions instead of E00 increased the thermal efficiency
in most of the engine operating modes. The reason for this could be that alcohol
fuels have a high laminar flame propagation speed, which can lead to the comple-
tion of the combustion process earlier and an improvement in thermal efficiency
(Ghadikolaei 2016; Adelman 1979). Comparing different colors in the graph shows
that by increasing the ethanol substitution, which increases the mass ratio, thermal
efficiency decreases. This could be due to the leaner mixture and cooling effect of
higher ethanol substitutions. A study by Huang et al. (2015) reported that the cooling
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Fig. 10.8 Thermal efficiency variation compared to E00 versus mass ratio at different engine
operating conditions with 0–40% ethanol substitutions

effect increased with increasing the ethanol ratio. Increasing the ethanol substitution
needs a higher latent heat for ethanol evaporation. And the cooling potential will
be limited by the evaporation rate of ethanol. Increased ethanol substitution requires
more time and energy for evaporation, and thismay lead to an incomplete evaporation
which causes an incomplete combustion negatively impacting the thermal efficiency.

Using E10 increases the efficiency at all the operating modes and the increase
can be up to 9%; while, using E30 or E40 instead of E00 can decrease the efficiency
at lower loads. This shows that E10 performs better than diesel at all loads, E20
is typically performing better or at least close to neutral and E30 and E40 perform
better at the higher loads only. The lower loads, particularly at E30 and E40 (but
also evident at E20), are particularly degraded by increasing the ethanol substitution,
compared to neat diesel operation.

Figure 10.8 shows that the thermal efficiency was higher at 1500 rpm than 2000.
It also shows that in most of the cases, increasing the ethanol substitution decreases
the thermal efficiency at lower loads (25 and 50%). However, at higher loads (75 and
100%), thermal efficiency increased when higher ethanol substitutions were used. A
similar trend has been reported in the literature (Zhang et al. 2011; Tsang et al. 2010;
Cheng et al. 2008). The reason could be that at lower engine loads, lower combustion
temperature, lean mixture, and the cooling effect of higher ethanol substitutions
can result in a poorer combustion causing an inefficient burn of the ethanol. While
at higher engine loads, the richer mixture and higher combustion temperature can



202 A. Zare et al.

possibly reduce the cooling effect of the higher ethanol substitutions leading to a
more efficient combustion. The figure also shows that the thermal efficiency was
higher at 1500 rpm than 2000. The reason could be that the lower engine speed
allows a more complete combustion, therefore a higher efficiency.

10.3.2 Combustion Analysis

10.3.2.1 In-Cylinder Pressure

Figure 10.9 shows the in-cylinder pressure at 2000 rpm under 100% engine load for
all of the ethanol substitutions. It can be seen that by increasing the ethanol substi-
tution the maximum in-cylinder pressure increases and its location moves toward
the right. For example, with E10 the maximum pressure is 12.8 MPa and it occurs
at 363.3°; while, with E40 the maximum pressure is 15.1 MPa occurring at 364.4°.
The reason for selecting this graph was that at each speed, the difference between
the in-cylinder pressure behaviors of ethanol substitutions is more visually evident
at higher loads. In-cylinder pressure behavior of all the operating modes is further
analyzed to investigate maximum in-cylinder pressure, maximum rate of pressure
rise and cyclic variability, which will be discussed in the next sections.
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Fig. 10.10 Maximum in-cylinder pressure variation compared to E00 versus mass ratio at different
engine operating conditions with 0–40% ethanol substitutions

10.3.2.2 Maximum In-Cylinder Pressure

Figure 10.10 illustrates how themaximum in-cylinder pressure changeswith different
ethanol substitutions as compared to E00. Comparing different colors in the graph
shows that by increasing the ethanol substitution, which increases the mass ratio,
the maximum in-cylinder pressure increases. For example, at 1500 rpm under 100%
engine load, using E10, E20, E30, and E40 instead of E00 increases the maximum
in-cylinder pressure by 4, 13, 23, and 49%, respectively. The figure also shows that
the range of change increases with mass ratio. For example, the range of change by
using E10 is much lower (between −3 and 7%) when compared to E40 (between −
1 and 49%). The maximum in-cylinder pressure depends on the fuel consumption
within the premixed combustion phase which characterizes the fuel ability to mix
with the air and burn. Further analysis showed that this parameter increased with
engine load and speed.

10.3.2.3 Maximum Rate of Pressure Rise

The maximum rate of pressure rise, which is related to engine noise and vibra-
tion, can indicate how fast the in-cylinder pressure can increase, impacting the
cylinder wall/head and piston crown (Barik and Murugan 2016). This parameter
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Fig. 10.11 Maximum rate of pressure rise variation compared to E00 versus mass ratio at different
engine operating conditions with 0–40% ethanol substitutions

which depends on fuel consumption within the premixed combustion phase can be
influenced by the fuel type (Zare et al. 2017). Figure 10.11 shows how maximum
rate of pressure rise changes with different ethanol substitutions as compared to E00.
It shows that except for one operating mode, using low ethanol substitutions such
as E10 and E20 instead of E00 slightly changes the maximum rate of pressure rise
(mostly by up to 4%); this change can be significant with E40, where the engine
also had audible knock. This significant increase in maximum rate of pressure rise
could lead to significant wear issues owing the piston ring being pushed against the
cylinder wall and a decrease in lubricating oil between the piston and the cylinder
wall. The lubricity of ethanol is significantly lower than that of diesel which can also
adversely affect the piston ring/cylinder wall lubrication regime. High pressure rise
rate will adversely impact on the big end and gudgeon pin bearings, and such high
substitution as E40 may not be sustainable over long periods of engine operation.

10.3.2.4 Combustion Instability

Combustion instability can negatively impact the exhaust emissions and perfor-
mance parameters and also cause unwanted vibrations and noise which can harm
vehicle parts and impact passenger comfort. There can be different reasons for
these phenomena, such as injection parameters, engine operating conditions, engine
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Fig. 10.12 CoV of IMEP variation compared to E00 versus mass ratio at different engine operating
conditions with 0–40% ethanol substitutions

temperature, air-to-fuel ratio, and fuel properties. Combustion instability can be eval-
uated by investigating the cyclic variability in combustion using parameters such as
CoV of IMEP which is the standard deviation divided by the average of IMEP.

Figure 10.12 shows that at 1500 rpm, using higher substitutions can decrease the
CoVof IMEPat all of the engine loads. For example, the decreasewithE40 is between
6.6 and 8.3% at all the loads while that for E30 was also down to 7.5%. However,
with lower substitutions, E10 and E20, the change was within ±1%. Comparing
to 1500 rpm, the change at 2000 rpm in most of the engine loads using ethanol
substitutions instead of diesel (E00) increased theCoVof IMEP; however, the change
was within ±2.7%. This is similar to the thermal efficiency trend in which using
higher ethanol substitutions at 1500 rpm showed greater improvements compared to
2000 rpm. The reason could be that the lower engine speed allows a more complete
combustion, therefore a higher efficiency.

10.3.2.5 In-Cylinder Pressure Versus Volume

Figure 10.13 shows a P–V indicator diagram at 1500 and 2000 rpm under 100%
engine load for all of the ethanol substitutions. The graph clearly shows that for both
of the engine speeds, increasing the ethanol substitution increases the maximum
pressure at the end of compression stroke and the start of the power stroke. At
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Fig. 10.13 In-cylinder pressure versus volume at a 1500 and b 2000 rpm under 100% engine load
with 0–40% ethanol substitutions

this part of the graph, it can also be seen that the maximum pressure is higher at
2000 rpm compared to 1500 rpm (except for E40). The figure also shows that during
the compression stroke, E00 has the highest pressure and increasing the ethanol
substitution decreases the pressure (E40 has the lowest). The reason could be the
higher heat of vaporization of the ethanol which results in a so-called cooling effect in
the intake process and compression stroke, and it increases the volumetric efficiency
of the engine and therefore less work is required (Ghadikolaei 2016). It can also be
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seen that the difference between the substitutions during the compression stroke is
smaller at 1500 rpm than 2000 rpm, and this could be due to the lower cooling effect
at lower engine speeds.

10.3.2.6 Heat Release Rate

Heat release analysis, which involves the first law of the thermodynamics, can deter-
mine a number of important combustion related parameters. There are four stages
during combustion which can be seen in a heat release diagram (John 1988). The
first stage is during the ignition delay period, between the start of injection and the
start of combustion. In this short preparatory phase, fuel is added but not ignited.
The heat release rate during this period is negative as the energy is absorbed by the
injected fuel owing to both the relatively cooler fuel (compared to the in-cylinder
environment) and the energy required to undergo vaporization and chemical changes
(Bodisco et al. 2015). The second stage is the pre-mixed combustion phase, which
can be seen where the heat release rate increases from zero at the start of combus-
tion to a maximum value and decreases to an intermediate minimum value after the
peak. This stage is related to the initial combustion of the air and fuel mixture. A high
proportion of heat release (typically one-third) happens during this phase. In the third
phase, which is called mixing-controlled combustion phase or diffusion burning, the
burning rate is controlled by the combustion of the available air/mixture. Therefore,
the burning rate highly depends on the fuel vapor and air mixing process. In heat
release diagram, this phase starts from the intermediate minimum value at the end
of the pre-mixed combustion phase and reaches to a lower peak and then decreases.
The end of injection mostly occurs within this phase. The last phase is called the late
combustion phase in which the heat releases due to some possible energy release
from the unburned fuel, soot and fuel-rich combustion products, but at a lower rate
as the cylinder temperature decreases significantly during the expansion stroke.

This study uses the apparent heat release rate, which is the difference between the
released energy from the combustion of the fuel and the lost energy by the transferred
heat to the walls (Goldsworthy 2013). The apparent heat release rate can better and
more directly indicate the effect of the fuel on combustion. Figure 10.14 shows
the apparent heat release rate for all of the ethanol substitutions at different engine
operating conditions. Figure 10.14a shows the heat release diagram for all of the
crank angles in a cycle at 1500 rpm under 25% load as an example of a full diagram
and magnifies the combustion phase of the diagram to facilitate the analysis. All the
other subfigures, (b–f), show the combustion phase of the diagram only for clearer
observation and analysis.

At 1500 rpm, under 25% load, the peak value of the apparent heat release rate
with E00, E10, E20, E30, and E40 are 88, 118, 125, 51, and 150 J/° occurring at
371.6°, 372.2°, 372.3°, 372.7°, and 374.6°, respectively. This means that increasing
the ethanol substitution increases the maximum apparent heat release rate (except
for E30) and its location. Also, the onset of the heat release rate occurs slightly later.
At 2000 rpm, E10 showed a closer behavior to E00 with 8% higher value and using
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Fig. 10.14 Heat release rate at different engine operating conditions with 0–40% ethanol
substitutions

E20 and E30 increased the peak value by up to 36%moving it slightly toward higher
crank angles. However, E40 had a different behavior. Under 25% engine load, the
heat release pattern is dominated by the liquid fuel injection, especially with low
ethanol substitutions.

Under 50% engine load at both speeds, the heat release diagram shows a double
peak and a distinct minimum between the two peaks (at 1500 rpm) and increasing
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the ethanol substitution, increases the first peak value and retards its location. There
is also a slight increase in the second peak value. Under 50% load, it can be seen
that E10 has a similar trend as E00 with up to 6% higher peak values occurring at a
similar crank angle. This is more evident at 75% engine load.

Under 75% engine load at both the engine speeds, it can be seen that by increasing
the ethanol substitution, there is a tendency toward having double peaks and the first
peak value increases (which will be more visible in the graph). Also, similar to
50% load, the second peak value increases as the ethanol substitution rate increases.
E10 has a similar value to E00 with a small change. Also, under this load, the E40
diagram moves toward left with a significant increase in the first peak and decrease
in the second peak. E40 shows a similar trend under 100% load.

At 1500 and 2000 rpm under full load, by increasing the ethanol substitution,
the double peak and a distinct minimum between them become more evident. The
first peak increases and the second peak diminishes as the ethanol rate increases.
Under 100% load, E10 behavior is close to E00, particularly when compared to
other substitutions.

The tendency of having two peaks by increasing the ethanol substitution can
be analyzed using the flammability concept. The mixture of ethanol and air, even
with high substitutions such as E40, is not flammable in atmospheric pressure and
temperature. However, given that the high pressure and temperature can increase
the flammability, at the end of compression stroke, the ethanol–air mixture with high
substitutions such as E40 can be flammable. Therefore, at the end of the compression
stroke at which the pressure and temperature increase significantly the flammability
increases. There is, therefore, the potential for the mixture of ethanol and air, after
being ignited by pre-injection, to burn independently of the injected diesel within the
premixed combustion phase. In that case, the first peak on heat release rate occurs
before the end of fuel injection and the second peak occurs after the end of fuel
injection, and the minimum points between the peaks occur nearly at the end of fuel
injection. This is more obvious at high ethanol substitutions under high engine load,
in which the cylinder temperature and pressure are relatively high.

In general, alcohol fuels have a high laminar flame propagation speed, which can
be a reason for completing the combustion process earlier (Ghadikolaei 2016). The
different behavior of E40 under 75 and 100% engine loads at 1500 rpm, compared
to other fuels can be due to auto-ignition, which occurs when the mixture is too
lean to support a flame front, and the mixture temperature is high enough for a
sufficient time. Given that the auto-ignition temperature can decrease if the pressure
increases, near the end of the compression stroke at high engine load using high
ethanol substitution can lead to auto-ignition given that the substitution will expose
to elevated temperature through the compression stroke. This can be a reason for the
early combustion of E40 shown in heat release diagrams.
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10.4 Summary

This study investigated the effect of ethanol fumigation on engine performance
parameters using a modern turbocharged diesel engine. Ethanol substitutions of
10, 20, 30, and 40 were tested under 25, 50, 75, and 100% engine load at 1500
and 2000 rpm, and different engine performance was investigated and following
conclusions were drawn:

• Using E10 and E20 in some of the operating modes decreased FMEP by 14 and
17%, respectively. However, there was an increasing trend in FMEP associated
with increasing the ethanol substitution.

• Using E10 in some of the operating modes decreased BSFC by ~17%; while,
using E30 or E40 increased BSFC in all the operating modes (up to 40%).

• Using E10 slightly increased the mechanical efficiency in half of the operating
modes; while there was a decreasing trend in mechanical efficiency associated
with increasing the ethanol substitution.

• UsingE10 increased the thermal efficiency. By increasing the ethanol substitution,
the thermal efficiency decreased at lower loads and increased at higher loads.

This study also analyzed in-cylinder data and some relevant parameters, and the
following conclusions were drawn:

• Increasing the ethanol substitution increased the maximum in-cylinder pressure.
• Themaximum rate of pressure rise changed slightlywith low ethanol substitutions

(up to 4%) and significantly changedwith high ethanol substitution (up to 5 times).
• At 1500 rpm, using high ethanol substitutions decreased the CoV of IMEP signif-

icantly (6.6–8.3%). At 2000 rpm using ethanol substitutions instead of diesel
increased the CoV of IMEP at some of the engine loads, however, the change was
within ±3%.

• Under 25% engine load, increasing the ethanol substitution increased the
maximum apparent heat release rate.

• Under 50 and 75% engine loads at both the engine speeds, by increasing the
ethanol substitution there was a tendency toward having double peaks in the heat
release diagram.

• Under full load, by increasing the ethanol substitution, the double peak and a
distinct minimum between them became more evident in heat release diagram.

Given that the share of ethanol in the transportation sector is increasing, there is
a need for further research on the effect of using high ethanol substitutions not only
on engine performance and combustion parameters, but also on exhaust emissions
such as particle number and NOx.
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Chapter 11
Low and Medium Carbon Alcohol Fueled
Dual-Fuel Compression Ignition Engine
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Abbreviations

CI Compression ignition
SI Spark ignition
PFI Port fuel injection
TDC Top dead center
bTDC Before top dead center
aTDC After top dead center
SOC Start of combustion
EGR Exhaust gas temperature
CAD Crank angle degree
HRR Heat release rate
PPRR/MPRR Peak/maximum pressure rise rate
MGT Mean gas temperature
ITE Indicated thermal efficiency
BTE Brake thermal efficiency
BSFC Brake-specific fuel consumption
DME Dimethyl ether
CO2 Carbon dioxide
NOx Oxides of nitrogen
CO Carbon monoxide
CA50 Combustion phasing corresponding to 50% heat release
HC Hydrocarbon
PSD Particle size distribution
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AMP Accumulation mode particle
NMP Nucleation mode particle
CNG Compressed natural gas
UV–VIS Ultraviolet visible
HCHO Formaldehyde
CH3OH Unburned methanol
HCOOH Formic acid
C6H6 Benzene
1,3-C4H6 1,3-Butadiene
C7H8 Toluene

11.1 Introduction

Compression ignition (CI) engines arewidely used in agricultural applications, trans-
portation, and industrial sectors because of their better power-torque characteristics
and fuel conversion efficiencies. At present, fossil diesel mainly used as a fuel in CI-
engines, and its utilization increased significantly with urbanization. The combustion
of fossil diesel in CI-engine has a negative effect on humans and the environment
(OECD/International Transport Forum 2013; WHO 2014; McClellan 1987; Krahl
et al. 2003; Ris 2007; Austin et al. 2019;Weitekamp et al. 2020). The drastic increase
in fossil fuel prices, rigorous emission norms, and an increasing share of global green-
house gas emissions from transportation are major challenges for engine research.
The development of cleaner alternative fuels and combustion strategy is getting
more attention for engine research to reduce the pollutants emitted from the engine
and decrease the dependency over fossil fuel (Datta and Mandal 2016; Park and
Lee 2014; Yao et al. 2017; Niculescu et al. 2019). The European Parliament gave
Directive 2009/28/EC on the promotion of the usage of renewable energy sources
(Directive 2009/28/EC 2009; Tutak et al. 2015). This provision requires EUmember
states to use 10% of renewable fuels in transport by 2020 (Directive 2009/28/EC
2009; Tutak et al. 2015). The Energy Outlook, 2019, depicts that presently the usage
of oil in the transportation sector is 94%, which is expected to be reduced to approx-
imately 85% by 2040, and 60 million tons of biofuels could be used in the transport
sector (BP Statistical Review of World Energy 2019; Hariharan et al. 2020). The
use of oxygenated fuel along with fossil diesel has a great potential to improve the
performance and emissions from CI-engine. Biofuels can be easily produced from
agricultural biomass, and it can reduce the dependency on petroleum products. Fuel
production from biomass could also support the income of the farmers and farming
industries. Additionally, biofuel has the potential to reduce emissions such as unburnt
hydrocarbon, carbon dioxide, particulate matter (Hariharan et al. 2020).

The combustion of biofuel caused lower carbon emissions in comparison with
conventional fuels (Hariharan et al. 2020; Panithasan et al. 2019). Alcohols such
as ethanol, methanol, and butanol are considered as a promising alternative fuel
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for the combustion engine and can be produced from various biomass feedstocks.
The methodology typically used for the production of alcohol is discussed briefly
in Sect. 11.2. Ethanol as an alternative fuel has been used in Brazil for more than
the past 35 years. Methanol was used as an alternative fuel during the oil crisis in
1970. In primary alcohols, OH (hydroxyl) radical is connected to a primary carbon
(Ning et al. 2020). Several benefits of using alcohol as an alternative fuel in the
automotive engines are (i) lower cost, (ii) higher oxygen contents, (iii) lower green-
house gas emissions, (iv) higher octane number, (v) wider flammability limits, and
(vi) improvement of overall efficiency. The higher oxygen content of alcohol and
OH group in alcohol fuel improved the soot oxidation during mixing-controlled and
late combustion phase (Ning et al. 2020; Chen et al. 2018; Nour et al. 2019). The
alcohol fuels have a higher octane number, which means it is resistant to the auto-
ignition. Due to the higher octane number and heat of vaporization, alcohol, such
as ethanol, can be used directly in spark-ignition engines (up to certain blending
ratio with gasoline) (Gong et al. 2020, 2019). The direct use of alcohol in CI-engine
is difficult due to its ignition characteristics (i.e., higher auto-ignition temperature,
lower cetane number, and viscosity). These fuels can be used in CI-engine either in
blending mode or in dual-fuel combustion mode. An extra additive such as dode-
canol, dimethyl ether (DME), acetone is required to mix during the blending of
ethanol–methanol and diesel to avoid the layer separation before injecting it into the
cylinder (Szulczyk 2010). However, butanol has nomiscibility issue with diesel, thus
can be used in blended fuel (butanol–diesel blend) (Saxena and Maurya 2018). In
dual-fuel combustion mode, alcohol fuel is separately injected through the port fuel
injection (PFI) technique, whereas diesel is directly injected into the cylinder using
a direct injection strategy (common rail direct injection) (Blasio et al. 2013, 2017,
2014). The dual-fuel combustion mode has similar or higher thermal efficiency than
conventional diesel combustion depending on the operating conditions. However, it
has significantly higher HC and CO emissions in comparison with neat diesel oper-
ation (Blasio et al. 2017). Dual-fuel operation is fuel flexible; thus, various alcohols
and other low-reactivity fuels, along with other high-reactivity fuel such as diesel or
various biodiesels, can be used.

Additionally, dual-fuel combustion in CI-engine is capable of simultaneous in-
cylinder reduction of NOx and PM emissions, which is one of the major challenges
in conventional diesel combustion due to the trade-off between NOx and PM species.
That means when an engine operating parameter is adjusted to reduce the combus-
tion temperature for reducing the NOx emission, smoke, and particulate emissions
increase and vice versa. In dual-fuel combustion mode, the alcohol–diesel premixing
ratio can be varied and instantaneously controlled online, based on the engine demand
under a wider engine operating map (Ning et al. 2020). The detail about the concept
of dual-fuel combustion mode in CI-engine is discussed in Sect. 11.3. This chapter
describes the application of low and medium carbon alcohol fuels (i.e., methanol,
ethanol, and butanol) in dual-fuel CI-engine. In this chapter, firstly, the production
process ofmethanol, ethanol, and butanol are discussed briefly. Secondly, the concept
of the dual-fuel combustion process in CI-engine is discussed in detail. Later on, the
effect of various engine operating parameters on the combustion and performance
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characteristics of dual-fuel CI-engine is explained. Additionally, the regulated and
unregulated emission along with particle number characteristics dual-fuel CI-engine
has been discussed.

11.2 Production of Alcohol Fuels and Their Properties

The alcohol fuels such as methanol, ethanol, and butanol are produced from
various resources. Methanol and ethanol are low-carbon fuels having single and
double carbon, respectively. Methanol is a simple molecule (CH3OH), and ethanol
(C2H5OH) can be derived from methanol. Methanol and ethanol can be produced
from variable renewable sources such as agricultural biomass [i.e., sweet sorghum,
maize, cassava, sugarcane, and other high starch crops (Sharma and Ogbeide 1982)],
waste biomass and wood. However, in the present scenario, the primary feedstock for
methanol production remains non-renewable natural gas (Thring 1983; Chmielniak
and Sciazko 2003). Methanol can be derived from biomass via gasification process
to yield syngas, which later reacts to form renewable methanol in the presence of
a catalyst. Methanol can also be produced from coal and heavy crude oil via the
synthesis gas process (Sayin and Uslu 2008). The method of formation of methanol
from methane gas via the synthesis process is briefly discussed below.

Methanol production from methane gas consists of three processes, i.e., steam
reforming, water gas shift reaction, and methanol synthesis process (Üçtuğ et al.
2014). In the steam reforming process, the methane gas reacts with steam at very
high pressure and temperature (2–3MPa and 800–1000 °C) in the presence of nickel
(act as a catalyst) to form H2 and CO (Üçtuğ et al. 2014). In the water gas shift
reaction, the CO formed in the previous process continues to react with steam and
form to H2 and CO2. The resultant mixture of CO2, H2, and CO is typically known
as syngas. The mixture of gases exit from the furnace above 800 °C and cooled
down to 32 °C when passes through tubes. The extracted heat from cooling is used to
produce compressed steam (to heat water from boiler feed), some fraction of heat is
carried to the distillation branch, and rest is lost in the air. At the end of cooling, some
fraction of unreacted steam is condensed and recycled towater treatment (Üçtuğ et al.
2014). In the methanol synthesis process, produced syngas in the previous method is
supplied to methanol converter under high pressure, where syngas is converted into
gaseous methanol in the presence of a zinc–copper catalyst. Under high pressure
and temperature, the H2 and CO combine to form methanol. The gaseous mixture
is supplied through the cooling area, where methanol condensed and stored for the
further refining process. The unconsumedmixture of gases returned to furthermixing
with synthesis gas (Üçtuğ et al. 2014).More details about the production of methanol
via the synthesis process are given in the study (Üçtuğ et al. 2014). The schematic
of methanol synthesis via the reforming process is shown in Fig. 11.1.

CH4 + H2O ↔ CO + 3H2 �Hr = 206 kJ/mol



11 Low and Medium Carbon Alcohol Fueled Dual-Fuel … 217

Fig. 11.1 Schematic diagram of methanol synthesis via reforming (Üçtuğ et al. 2014)

CO + H2O ↔ CO2 + H2 �Hr = 206 kJ/mol

2H2 + CO ↔ CH3OH �Hr = −90.7 kJ/mol

H2 + CO2 ↔ CO + H2O �Hr = 49.8 kJ/mol

3H2 + CO2 ↔ CH3OH + H2O �Hr = 49.8 kJ/mol

Ethanol can be derived fromagricultural products,which can be fermented to yield
ethanol. Ethanol can also be obtained by acid hydrolysis of lignocellulosic mate-
rials (Sharma and Ogbeide 1982; Sayin and Uslu 2008; Tillman 1978; Tsao et al.
1978). The ethanol production via fermentation process consists of yeast fermen-
tation, distillation, and dehydration processes. Before fermentation, hydrolysis of
carbohydrates like cellulose and starch into sugar is required for some crops. During
hydrolysis, enzymes are used. Presently, sugarcane and corn are mainly used for the
production of ethanol. Ethanol can be derived by microbial fermentation of sugar.
Cellulose and starch are themain components of the plantsmade of sugars, which can
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be easily transformed into sugar for fermentation. The water fraction and yeast solids
are removed for the utilization of ethanol as fuel. Thus, distillation is performed to get
ethanol after the fermentation process. However, the purity of the separated ethanol
is limited to approximately 96%. The prepared ethanol is hydrous ethanol, which
can be used as fuel (up to a very limited blending ratio with gasoline). Therefore,
water contents further need to be removed to utilize in combustion engines (Filho
and Orlando 2008). The dehydration process is used to remove the water content
from hydrous ethanol. In the dehydration process, benzene/cyclohexane is mixed to
azeotropic ethanol/water mixture. The mixing of benzene/cyclohexane resulted in
the formation of a heterogeneous mixture. Distillation of this mixture produces a
vapor mixture of ethanol, water, and benzene/cyclohexane and anhydrous ethanol.
The more details about the production of ethanol is available in the study (Bergmann
et al. 2018). The flow diagram of ethanol production from sugarcane is shown in
Fig. 11.2.

Butanol is a medium carbon fuel, having four carbons, and can also be produced
via fermentation of sugar and from similar feedstocks. The fermentation process of
butanol production is the same as that for ethanol. The stoichiometric conversion of
butanol from glucose depicts a lower theoretical maximumyield compared to ethanol
produced per unit glucose (Blasio et al. 2014; Hoogewind 2014). The stoichiometric

Fig. 11.2 Schematic of ethanol production from sugarcane (Bergmann et al. 2018)
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conversion of glucose ethanol and butanol can be written as

C6H12O6 → 2C2H5OH + 2CO2

180.16 kg 92.14 kg 88.02 kg

C6H12O6 → C4H9OH + 2CO2 + H2O

180.16 kg 74.12 kg 88.02 kg 18.02 kg

The butanol fermentation by solventogenic strains of Clostridium species
produces a mixture of solvents (acetone, ethanol, and some strains produce
2-propanol) rather than pure n-butanol (Hoogewind 2014).

Butanol has superior fuel-related properties in comparison with low-carbon alco-
hols. Butanol has a higher air–fuel ratio and energy content and air–fuel ratio in
comparison with methanol and ethanol. Butanol is relatively less toxic and has lower
volatility in comparison with methanol and ethanol. Lower volatility of butanol leads
to reduce the chances of cavitation and vapor lock problem. The calorific value of
butanol is higher in comparisonwith ethanol andmethanol. Butanol has a lower vapor
pressure point and higher flashpoint temperature, whichmakes it safer in comparison
with methanol and ethanol. Additionally, the cetane number of the butanol is higher
in comparison with ethanol and diesel; therefore, butanol can be easily auto-ignites
than methanol and ethanol (Chen et al. 2018; Nour et al. 2019). Thus, based on the
butanol benefits, it could be said that butanol is better fuel for CI-engine in compar-
ison with methanol and ethanol. The properties of fossil diesel, methanol, ethanol,
and butanol are presented in Table 11.1.

Table 11.1 Fuel properties of ethanol, methanol, butanol, and diesel (Jin et al. 2011)

Property Diesel Ethanol Methanol n-butanol

Molecular formula C12–C25 C2H5OH CH3OH C4H9OH

Cetane number 40–55 8 3 25

Octane number 20–30 108 111 96

Oxygen content (% weight) – 34.8 50 21.6

Density (g/ml) at 20 °C 0.82–0.86 0.790 0.796 0.808

Auto-ignition temperature (°C) 210 434 470 385

Flash point (°C) at closed cup 65–88 9 12 35

Lower heating value (MJ/kg) 42.5 26.8 19.9 33.1

Boiling point (°C) 180–370 78.4 64.5 117.7

Latent heating (kJ/kg) at 25 °C 270 904 11.09 582

Viscosity (mm2/s) at 40 °C 1.9–4.1 1.08 0.59 2.63
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11.3 Dual-Fuel Combustion

In dual-fuel CI-engine, in-cylinder fuel blending of a low-reactivity fuel and high-
reactivity fuel is used in the same combustion cycle. Typically, high octane fuel
(i.e., low reactivity) is injected in the intake manifold through the port fuel injection
strategy (PFI) (similar to SI-engines), and high cetane fuel (i.e., high-reactivity) is
directly injected in the cylinder through direct injection system (similar toCI-engine).
The dual-fuel combustion regime is an intermediate combustion mode between the
conventional SI and CI-engine. Gasoline-like fuel is typically injected in the intake
manifold during the intake stroke with air. In contrast, diesel-like fuel is injected
into the cylinder during the end of the compression stroke (near TDC position). The
schematic diagram of the dual-fuel CI-engine experimental test setup is shown in
Fig. 11.3. The auto-ignition temperature of low-reactivity fuels is higher. Therefore,
the compressed premixed charge of low-reactivity fuel and air does not auto-ignite at
the end of the compression stroke. The auto-ignition of a premixed charge in the dual-
fuel CI-engine initiates with the auto-ignition of injected diesel near TDC. The injec-
tion of diesel near the TDC position acts as an ignition source in dual-fuel CI-engine.
In conventional dual-fuel CI-engine, the charge burns in the premixed and diffusion
combustion phase (similar to conventional CI-engine), as well as flame, propagates
similar to SI-engine (Maurya 2018). However, in the later stages, flame propagates
similarly to the SI-engine. A study optically diagnoses the burning dynamics of
ethanol/n-heptane dual-fuel CI-engine (Fraioli et al. 2014).

Fig. 11.3 Schematic diagram showing the concept of dual-fuel CI-engine
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Fig. 11.4 UV–VIS images detected in the optical engine for neat n-heptane and ethanol/n-heptane
dual-fuel CI-engine (Fraioli et al. 2014)

Figure 11.4 presents theUV–VIS (ultraviolet–visible) images of the optical engine
at a premixing ratio of 0 and 36% with color scale and maximum intensity of each
frame (can be depicted on the upper right side). This imaging strategy was used in the
optical engine to determine the intermediate chemical species such as OH, HCO, and
CO in terms of their spatial distribution and temporal evolution. This technique allows
us to identify the in-cylinder cores with high reactivity of mixed fuels. Additionally,
the influence of available low-reactivity fuel on the burning dynamics of the directly
injected fuel can be investigated. The figure depicts the strong activity in the mixing
process for both the operations (i.e., n-heptane (0% premixing ratio) and ethanol/n-
heptane dual-fuel (36% premixing ratio)). Figure 11.4 shows that in the case of neat
n-heptane operation, the highest intensity was observed in the center of the piston
bowl from the start of combustion (SOC) up to 80 after SOC. Figure 11.4 illustrates
that flame is mainly observed under the nozzle area and started from 10 after SOC,
while the highest intensity and white-colored zone was observed at 60 after SOC.
This indicates strong chemical reactions are occurring in this area, and the flames
are producing the soot (Fraioli et al. 2014).

However, in the case of ethanol/n-heptane dual-fuel operation, the combustion
behavior is significantly different as compared to neat diesel operation. In dual-fuel
operation, mainly the chemical activities were occurring close to the piston bowl
walls, which started from SOC while the larger area remains blue (Fraioli et al.
2014). The flame with a relatively higher intensity was observed in the bowl after 40
SOC (even have a lower intensity as compared to neat diesel operation) (Fraioli et al.
2014). In another optical study, the authors reported that during the cool flame stage,
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Fig. 11.5 Spatial distribution of OH radical (Fraioli et al. 2014)

CH, HCOH, HCO, CN, C2 were present (Mancaruso and Vaglieco 2011). They had
reported all the spectra presented a background due to HCOH, HCO radicals, and
various peaks because of other species and radicals that superimposed it (Mancaruso
and Vaglieco 2011). Additionally, during the second stage of ignition, CH and OH
radicals were found in the significant concentration (Mancaruso and Vaglieco 2011).
Again, they superimposed the background due to HCO, HCOH, which start to turn
into CO–O (Mancaruso and Vaglieco 2011).

Figure 11.5 illustrates the spatial distribution ofOH radical detection for an optical
engine for n-heptane and ethanol/n-heptane dual-fuel CI-engine. Figure 11.5 depicts
that in the case of neat n-heptane operation, the intensity of OH radicals is higher
close to the nozzle tip. In contrast, in the case of ethanol–diesel dual-fuel oper-
ation, the OH radicals are homogeneously distributed throughout the combustion
chamber with lower intensity near the injector nozzle tip. This reveals more frac-
tion of premixed combustion occurs in the case of dual-fuel combustion (Fraioli
et al. 2014). Additionally, study reported that in the case of neat n-heptane oper-
ation, n-heptane impinges on the wall surface and creates reactivity stratification
in the charge (Fraioli et al. 2014). On the contrary, HCO is consumed during the
first stage of combustion and converted into CO–O (Fraioli et al. 2014). The dual-
fuel CI-engine is fuel flexible, and various low-reactivity fuels such as alcohols and
gaseous fuels (such as CNG, H2) can be utilized. Premixing of high octane fuel
leads to a reduction in the mean gas temperature, which results in lower NOx forma-
tion during combustion. Additionally, the premixing of high octane fuel (similar to
SI-engine) leads to reduce local fuel-rich region formation, which lowers the soot
formation during combustion. A study optically investigated the nitrogen oxide and
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particle formation in methane–diesel dual-fuel CI-engine (Iorio et al. 2017). Their
result indicates that methane–diesel dual-fuel combustion is characterized by lower
extended flame area and soot concentration in comparison with a conventional diesel
engine. This leads to a decrease in the total particle number concentration in dual-fuel
CI-engine, which was mainly due to the lower carbon atom in methane (Iorio et al.
2017). The formation of soot particles depends on the locally rich fuel–air charge.
The premixing of methane leads to a decrease in the locally rich fuel–air zone in
the combustion chamber. Additionally, the lower carbon atom of methane causes to
decrease the formation of soot precursors, which results in lower particle emissions
in methane/diesel dual-fuel operation. Furthermore, dual-fuel operation has a lower
flame temperature, which leads to a decrease in the NO emission in comparison with
neat diesel operation. However, NO2 emissions are higher in dual-fuel CI-engine in
comparison with diesel combustion (Iorio et al. 2017).

Performance Characteristics
The performance characteristics of dual-fuel CI-engine is discussed in this section.
Various studies have been found which investigated the different aspects of perfor-
mance characteristics of alcohol–diesel dual-fuel CI-engine (Meng et al. 2016; Britto
andMartins 2014; Yousefi et al. 2015; Jamuwa et al. 2016; Song et al. 2008). In dual-
fuel CI-engine, an increase in engine load resulted in higher brake thermal efficiency
(BTE) and lower brake-specific fuel consumption (BSFC) for all the fuel premixing
ratios (Saxena et al. 2018). Decreased ratio of friction to brake power is respon-
sible for increased BTE with engine load. Additionally, earlier combustion phasing
at higher load causes to increase the expansion ratio, which results in improved
efficiency. Reduced BSFC is because of the interaction between these parameters
(Saxena et al. 2018). The influence of injection timing on BTE at different air
intake temperatures for fumigated methanol–diesel dual-fuel operation is presented
in Fig. 11.6. The dashed line in the figure indicates the BTE of a baseline diesel
engine at a fixed intake air temperature of 35 °C. The figure indicates that the BTE is
lower in dual-fuel combustion in comparison with neat diesel operation at 35 °C air
intake temperature for both the methanol–diesel premixing ratios. However, signif-
icant improvement in BTE is observed for higher intake air temperature (i.e., 75
and 115 °C), when diesel injection timing is 7.4° bTDC. The maximum BTE is
obtained for 60% methanol–diesel premixing ratio and 115 °C intake air tempera-
ture. The latent heat of vaporization of methanol is higher in comparison with diesel.
Methanol premixing–substitution causes to reduce the local charge temperature at
the end of the compression stroke. At 35 °C, the reduction in BTE is attributed
to the charge cooling effect of methanol, which caused to decrease in the average
combustion temperature in the combustion chamber (Wang et al. 2015a).

An increase in intake air temperature improves the evaporation ofmethanol, which
enhances the rate of auto-ignition reaction of charge and broadens flammability
limits. Thus, flame propagates in a comparatively leaner charge. This caused to
improve combustion efficiency and BTE (Wang et al. 2015a). No significant varia-
tions in BTE are observed for earlier injection timing from 7.4° bTDC, whereas BTE
significantly decreased when injection timing retarded from 7° bTDC (Fig. 11.6).
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Fig. 11.6 Variation of BTE with injection timing for different intake temperatures and the
methanol–diesel premixing ratio (Wang et al. 2015a)

Advanced diesel injection timing leads to longer ignition delay, and more energy
from diesel injection contributes to the onset of multiple propagation flames. On the
other hand retarded diesel injection leads to delayed combustion, which caused to
incomplete combustion of methanol (since more amount of mixture combust when
piston moving away from TDC), resulted in decreased BTE (Wang et al. 2015a).
However, no significant reduction in BTE with retard injection timing is observed
in the case of a 30% methanol–diesel premixing ratio at 115 °C intake air tempera-
ture. It is attributed to the auto-ignition of methanol prior to diesel injection, which
caused a relatively earlier start of combustion and resulted in higher BTE (Wang
et al. 2015a). Another study also investigates the influence of air intake temperature
and methanol–diesel premixing ratio on the indicated thermal efficiency (ITE) (Pan
et al. 2015). ITE decreases with an increase in air intake temperature for neat diesel
operation, whereas increases for methanol–diesel dual-fuel operation (for most of
the test conditions) (Pan et al. 2015). The ITE increases with an increase in methanol
premixing (up to 30%) for 20 and 40 °C air intake temperature. However, a further
rise in methanol premixing resulted in worsening combustion and reduced efficiency
(Pan et al. 2015). For higher intake air temperature from 40 °C, the ITE increaseswith
methanol premixing. The study reported that for higher air intake temperature than
70 °C, an increase in methanol premixing is restricted by higher peak combustion
pressure (Pan et al. 2015).

The influence of gasoline and butanol premixing on ITE (indicated thermal effi-
ciency) and BTE is shown in Fig. 11.7. The figure indicates a slight increase in
efficiency for a 20% fuel premixing ratio for both the operations; however, a further
increase in gasoline and butanol substitution leads to reduceBTEand ITE.Adecrease
in BTE–ITE, with an increase in premixing, is attributed to the higher heat of
vaporization of gasoline and butanol (Saxena and Maurya 2020).
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Fig. 11.7 Variation of ITE and BTE with gasoline–butanol premixing

Higher heat of vaporization of butanol and gasoline decreases the temperature
of the compressed mixture, which causes longer ignition delay and retard the igni-
tion timing and combustion phasing (CA50). Therefore, more fraction of mixture
combusts when the piston starts moving away from the TDC, thus results in reduced
thermal efficiency. The thermal efficiency is comparatively higher for the 20%
butanol–diesel premixing ratio (Fig. 11.7). Higher fuel bound oxygen content of
butanol leads to improve the combustion process. Additionally, higher auto-ignition
temperature of butanol (as compared to gasoline) caused to longer ignition delay,
thus more fraction of mixture burned in the premixed combustion phase and resulted
in improved thermal efficiency. Further increase in butanol premixing resulted in
decreased BTE. In the case, when the butanol–diesel premixing ratio is higher than
60%, BTE is lower in comparison with gasoline–diesel dual-fuel operation. Higher
latent heat of vaporization of butanol as compared to gasoline also caused delayed
ignition timing and CA50, which reduces the in-cylinder mean gas temperature and
resulted in decreased thermal efficiency. Thus, the efficiency of dual-fuel CI-engine
depends on the dominating factor (Saxena and Maurya 2020).

An increase in the butanol–soyabean biodiesel premixing ratio resulted in
decreased combustion efficiency and ITE as well (Liu et al. 2014). For higher
premixing ratio,more fraction of butanolmaybe trapped in crevices,which is difficult
to oxidize and resulted in lower combustion efficiency. With retard biodiesel injec-
tion timing, firstly, the combustion efficiency and ITE increased and then decreased
(Liu et al. 2014). An advanced or retard injection timing caused delayed combustion
phasing, decreased mean gas combustion temperature, and lower degree of constant
volume combustion, which resulted in lower combustion efficiency and ITE (Liu
et al. 2014). Combustion efficiency decreases with an increase in exhaust gas recir-
culation (Liu et al. 2014). Possibly partial fuel cannot oxidize completely due to
reduced combustion temperature with an increase in exhaust gas recirculation (Liu
et al. 2014). For higher exhaust gas recirculation (45%), the ITE decreased by 1–2%.
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Reduction in combustion efficiency resulted in reduced ITE (Liu et al. 2014). On
the contrary, for higher exhaust gas recirculation, the combustion duration increases,
which caused to decrease in the degree of constant volume combustion (Liu et al.
2014).

The operating load boundary of the fumigated methanol–diesel dual-fuel engine
is shown in Fig. 11.8. In the plot, X-axis depicts the methanol–diesel premixing
ratio, Y-axis depicts the engine load, and the contour depicts the BTE. The operating
boundary of methanol–diesel dual-fuel operation is restricted by four factors, i.e.,
partial burn, roar combustion–higher pressure rise rate, misfire, and knock (Fig. 11.8)
(Wang et al. 2015b). The lower boundary of dual-fuel operation is restricted by the
partial burn, which at lower engine loadwith highermethanol–diesel premixing ratio.
For medium engine load, themethanol premixing is restricted bymisfire (on the right
side in Fig. 11.8). The figure indicates that when the engine load increased from
medium to higher load, the range of methanol premixing starts decreasing. In dual-
fuel combustion, excessive fuel premixing at higher engine load resulted in higher
pressure rise rate, which restricts the range of methanol premixing. At higher engine
load (neat full load), strong acoustic oscillations in pressure traces were observed,
which depicts the knock and restrict the range of methanol premixing (Fig. 11.8)
(Wang et al. 2015b). With an increase in engine load, the combustion characteristics

Fig. 11.8 Experimental operating range and BTE contours for the fumigated methanol–diesel
dual-fuel engine (Wang et al. 2015b)
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changed from partial burn to misfire to roar combustion and to knocking (Wang et al.
2015b).

The contour in the figure depicts the BTE. The figure depicts that BTE increases
with engine load for all the premixing ratios. Thefigure indicates that at a lower engine
load, the BTE is decreased as the methanol premixing increases in comparison with
neat diesel operation (0% premixing ratio). The possible reason for lower BTE is
already discussed in this section. At medium engine load, the BTE initially decreases
and then increases with an increase in methanol premixing (Wang et al. 2015b). The
homogeneous charge burns with higher rapid heat release, which possibly caused to
increase BTE for higher methanol–diesel premixing ratio (Wang et al. 2015b). At
higher engine load, the mean gas temperature is higher, and the combustion of richer
charge resulted in higher BTE (Wang et al. 2015b).

Combustion Characteristics
The combustion characteristics of dual-fuel CI-engine is discussed in this section.
In this section, the influence of engine operating parameters on ignition delay, in-
cylinder pressure, heat release rate, combustion phasing (CA50), and duration have
been discussed for alcohol–diesel fueled CI-engine.

Ignition Delay
Ignition delay is typically defined as the time delay from the start of fuel injection
to the beginning of the combustion. Charge combustion and its phasing strongly
depend on the ignition delay. In the dual-fuel CI-engine, the ignition delay has a
significant effect on the combustion characteristics of the engine. The effect of the
methanol–diesel premixing ratio on ignition delay is shown in Fig. 11.9. The figure
indicates that higher engine load has a shorter ignition delay for neat diesel and
methanol–diesel dual-fuel as well. Dual-fuel operation has longer ignition delay,
which increases with an increase in the methanol premixing. In dual-fuel operation,
the ignition delay period is influenced by in-cylinder temperature, pressure, and
oxygen concentration at the time of diesel injection. In a study (Prakash et al. 1999),
the authors developed the empirical model for the determination of ignition delay
for dual-fuel CI-engine, which is given by Eq. (11.1).

τi (CA) = C(Od f )
k(0.36 + 0.22MPS)

× exp

[
EA

(
1

RTm(rc)n−1
− 1

17190

)
+

(
21.2

Pm(rc)
n − 12.4

)0.63
]

(11.1)

where ‘C’ denotes the modified coefficient, ‘Pm’ is the manifold pressure, ‘MPS’ is
the mean piston speed, ‘E’ is the activation energy as a function of cetane number,
‘n’ is the polytropic index ‘rc’ is the compression ratio, ‘k’ is the constant, and ‘Odf ’
is the oxygen concentration ratio of the dual-fuel engine (Prakash et al. 1999).

Od f = (O f )dualfuel

(O f )diesel
(11.2)
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Fig. 11.9 Influence of methanol addition and pilot diesel quantity on ignition delay (Wang et al.
2008)

where ‘Of ’ denotes the mole fraction of oxygen, (Of ) dual-fuel mole fraction of
oxygen in gaseous fuel in dual-fuel mode, and (Of )diesel is the mole fraction of
oxygen in neat diesel fuel operation. Mole fraction of oxygen can be calculated from
Eq. (11.3) (Prakash et al. 1999).

O f = Ma

4.76(Mmixture)
(11.3)

and

Mmixture = Ma + Mmethanol + Mexh.gas (11.4)

where ‘M’ depicts the mole fractions.
The premixing of low-reactivity fuel leads to a reduction in the temperature and

pressure of compressed charge (Lata and Misra 2011). The decrease in the charge
temperature mainly depends on the heat of vaporization of fuel and heat transfer
through the cylinder wall (Lata and Misra 2011; Verhelst et al. 2009; Lambe and
Watson 1992). The concentration of oxygen also decreases with an increase in substi-
tution percentage of low-reactivity fuel in dual-fuel operation as compared to neat
diesel operation (Eq. 11.3). It is because of the reduction in the amount of inducted
air into the cylinder (during intake stroke) with the addition of high octane fuel during
the intake stroke. The reduction in the concentration of oxygen depends on the volu-
metric density of the inducted fuel. Lower the volumetric density of the inducted fuel,
the higher will be the reduction (Lata andMisra 2011). The increase in the percentage
of low-reactivity fuel leads to a decrease in the charge temperature at BDC and TDC.
Additionally, the polytropic index during the compression stroke is also decreased.
This caused to increase in the ignition delay for the same engine operating condition
in comparisonwith the neat diesel case (Wang et al. 2008). Premixing of alcohol (i.e.,
high octane fuel) also leads to reduced charge temperature at the end of compression
stroke because of the higher heat of the vaporization of alcohol. The premixing of
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alcohol fuels reduces the rate of pre-ignition chemical processes, which results in
higher ignition delay in the dual-fuel CI engine.

A study investigated the influence of exhaust gas recirculation (EGR) rate on the
ignition delay for butanol–soyabean biodiesel dual-fuel CI-engine (Liu et al. 2014).
Their results indicate that the ignition delay has little effect of exhaust gas recircula-
tion for early injection timings, whereas ignition delay is significantly influencing by
exhaust gas recirculation for late injection timings. Higher exhaust gas recirculation
resulted in longer ignition delay (Liu et al. 2014).

Heat Release Rate
This section presents the effect of the engine operating parameter on the heat release
rate dual-fuel CI-engine. The influence of methanol–diesel and ethanol (E85)–diesel
premixing–substitution ratio on heat release rate (HRR) is shown in Fig. 11.10. The
first and second peaks of heat release depict the premixed and mixing-controlled
combustion, respectively (Tutak et al. 2015). The figure indicates an increase in
engine load leads to a higher heat release rate for neat diesel and dual-fuel as well.
At higher engine load, more fraction of fuel burns in the engine cycle, which caused
to higher heat release rate. The figure also indicates that dual-fuel operation has a
relatively lower and slightly retarded peak of heat release rate in comparison with
neat diesel operation at 34 and 67% engine load. Methanol and E85 are high octane
fuels. Premixing of alcohol fuel (resistant to auto-ignition) caused to longer ignition
delay, which leads to delayed ignition timing and CA50 as well. Methanol and E85
have a higher heat of vaporization, which caused to reduce the temperature of the
compressedmixture due to the charge cooling effect. This leads to reducing the rate of
auto-ignition reactions and contributes to retarded ignition timing and combustion.
Therefore, more amount of mixture burns when the piston moves in a downward
direction (toward BDC) and results in reducedmean gas temperature and combustion
pressure. Both these factors are contributing to reduced and retarded heat release,
which also depends on the premixing ratio and engine load (Tutak et al. 2015).

At 100% engine load, the peak HRR is 134 J/CAD obtained at 2 CAD aTDC
for neat diesel operation. For a 20% methanol–diesel premixing ratio, the peak heat
release increased to 166 J/CAD obtained, whereas for 20% E85/diesel premixing
ratio, the peak heat released increased to 156 J/CAD obtained at 2 CAD aTDC.
However, the trend seems similar for both the dual-fuel operation with a 20%
premixing ratio. At higher fuel premixing ratio (50 and 75%), two peaks of HRR are
observed for both the dual-fuel operation. The first peak is attributed to the combus-
tion of diesel fuel, and the second peak is due to the combustion of methanol/E85
(Tutak et al. 2015). At a 90% premixing ratio, a single peak of heat release is
obtained for both the dual-fuel operation. The absence of diesel HRR is attributed
to higher vaporization of methanol/E85 (since injected in a higher concentration for
this premixing ratio). Thus, the charge cooling effect on the combustion rate became
more significant (Tutak et al. 2015).

A study investigated the influence of diesel injection timing and air intake temper-
ature on the HRR of the methanol–diesel dual-fuel CI-engine (Wang et al. 2015a).
They have observed three-stage HRR in methanol–diesel dual-fuel operation, which
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Fig. 11.10 Influence of ethanol and methanol premixing ratio on heat release rate of dual-fuel
CI-engine (Tutak et al. 2015)

is more obvious at higher air intake temperature (can be seen in Fig. 11.11). The first-
stage heat release is attributed to the premixed combustion of diesel and combustion
of a small fraction ofmethanol entrained in the spray. In the second-stage heat release,
the remaining fuel burns inmixing-controlled combustionphase,while themethanol–
air charge in the close vicinity of pilot spray is ignited and burned. The combustion of
methanol–air charge by flame propagation initiated from the spray zone in the third
stage of heat release (Wang et al. 2015a). At lower temperatures (35 °C), combustion
occurs with first- and third-stage heat release, whereas second stage is not various
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Fig. 11.11 Combustion pressure and HRR for various injection timings (Wang et al. 2015a)

obviously distinct for lower air temperature conditions (Fig. 11.11a) (Wang et al.
2015a).

At lower air intake temperature, the ignition delay is longer; thus, more amount
of diesel combusts in the premixed phase of combustion (Wang et al. 2015a). The
energy produced from the premixed combustion of diesel is sufficient to multipoint
ignition of a premixed mixture of methanol–air and resulted in combined first- and
second-stage heat release (Wang et al. 2015a). The remaining lean premixed mixture
of methanol–air away from spray combustion burns in the third stage (Wang et al.
2015a). At lower air intake temperature, with an increase in methanol premixing,
peak of first-stage heat release slightly decreases and retarded, while the third-stage
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heat release increased (Fig. 11.11a). The possible reason for the reduced peak of
HRR (first stage) with an increase in methanol premixing is already discussed in
this section. The increase in the third stage of heat release is because of enhanced
flame propagation speed with an increase in methanol–air ratio (Wang et al. 2015a).
Retarded injection timing caused to decrease in the peak in-cylinder combustion
pressure and heat release rate with delayed combustion phasing. At lower air intake
temperature and higher methanol premixing further, retard diesel injection from 4.6
CAD bTDC leads to misfire (Wang et al. 2015a). Retarded diesel injection timing
resulted in decreased and delayed the first peak of HRR. It is possibly due to less
amount of diesel combusts in the premixed phase of combustion.Additionally, single-
stage heat release observedwhen injection timing is further retarded after TDC (Wang
et al. 2015a).

For higher air intake temperature, the three-stage heat release for dual-fuel CI-
engine can be seen in Fig. 11.11b. At higher air intake temperature, the ignition
delay is shorter; therefore, less amount of diesel burns in premixed combustion,
which resulted in a decreased peak of first-stage heat release in comparison with a
lower temperature. At higher air temperature, the premixed mixture of methanol–air
burns rapidly in the close vicinity of pilot spray, which results in an increased second-
stage heat release rate (Wang et al. 2015a). During this, higher temperature leads to
enhance flame propagation; thus, the stage three combustion ends at an earlier crank
angle. Therefore, the combustion starts in advance and ends at an earlier crank angle,
resulting in improved performance (Wang et al. 2015a). Similar to operation at lower
air intake temperature, the peak of first-stage heat release decreases and retarded
with an increase in methanol premixing, whereas the second-stage peak increases
and retarded. Additionally, retarded injection timing caused to decrease the peak in-
cylinder combustion pressure and heat release rate with delayed combustion phasing
similar to as that for lower air intake temperature.

The influence of diesel injection pressure on in-cylinder pressure and heat release
rate of methanol–diesel dual-fuel CI-engine is investigated in a study (Liu et al.
2015). Higher diesel injection pressure leads to the increased and advanced peak of
combustion pressure and heat release rate (Liu et al. 2015). Higher diesel injection
pressure causes improved fuel atomization, which enhances the mixing of diesel and
a premixed mixture of methanol–air and reduces the ignition delay, thus resulted in
advanced ignition timing. Lower diesel injection pressure (leads to relatively poor
fuel atomization) and higher heat of vaporization of methanol collectively lead to
reduce combustion pressure (Liu et al. 2015). An increase in the injection pressure
leads to advanced combustion phasing. The study reported that for the same fuel
premixing ratio, lower engine load has advanced combustion phasing in comparison
with higher engine load (in dual-fuel operation) (Liu et al. 2015). At higher engine
load, for maintaining the same methanol–diesel premixing ratio, a higher amount of
methanol needs to be injected. Higher heat of vaporization of methanol caused to
reduce the temperature due to the charge cooling effect. This leads to longer ignition
delay and resulting in retard ignition timing and CA50. Furthermore, for higher diesel
injection pressure (115 MPa), the compression pressure is comparatively higher in
comparison with lower diesel injection pressure. An increase in diesel injection
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pressure leads to an increase in the peak cylinder pressure, combustion chamber, and
cylinder wall temperature, which caused to reduce the cooling effect of methanol
with the higher latent heat of vaporization (Liu et al. 2015).

Pressure Rise Rate, Combustion Phasing, and Duration
This section presents the effect of engine operating parameters on the pressure rise
rate combustion phasing and duration of alcohol–diesel dual-fuel CI-engine. Typi-
cally, the peak pressure rise rate (PPRR) is used to define the upper load boundary
of the combustion engine. With an increase in the engine load, the PPRR increases,
whereas it reduces with an increase in the low-reactivity fuel premixing (Saxena
and Maurya 2017). The decrease in the PPRR with an increase in substitution of
low-reactivity fuel is due to the retard combustion phasing (Saxena and Maurya
2017). Typically, the PPRR depends on the charge combust in the premixed phase
of combustion. The substitution of high octane fuel increases the ignition delay
as compared to neat diesel operation. Prolonged ignition delay leads to burn more
amount of fuel in the premixed phase of combustion, which results in higher PPRR.
An increase in the premixing of low-reactivity fuel causes to further retard the ignition
timing and CA50 due to the lower overall reactivity of the charge. Therefore, more
amount of mixture will burn when piston moving toward the downward direction,
which results in reduced PPRR. The study reported that residual gas fraction has a
significant effect on the auto-ignition reactions in the dual-fuel operation (Lata et al.
2011). The effect of methanol substitution ratio on PPRR at different engine loads
is shown in Fig. 11.12. The figure indicates that at lower engine load, the PPRR
slightly decreases with an increase in methanol substitution ratio, whereas PPRR
increases with methanol substitution at higher engine load. The ignition delay, the
rapid combustion, and the downward movement of the piston combine to control the
change in PPRR (Wang et al. 2008).

Advanced diesel injection (from 20° to 23° bTDC) leads to higher PPRR for
all the tested gasoline–diesel premixing ratio. Further advances in diesel injection
from 23° bTDC lead to decrease PPRR because of the delayed start of ignition
(Saxena and Maurya 2017). However, for methanol–diesel dual-fuel operation, 23°
bTDC diesel injection timing seems optimal, advance/retard diesel injection results
in higher PPRR. A study investigates the effect of injection timing on butanol–
soyabean biodiesel dual-fuel CI-engine (Liu et al. 2014). The PPRR restricts the
range of injection timing (Liu et al. 2014). In the case of early injection (45°–35°
bTDC), the delayed injection timing leads to an increase in thePPRR,which limits the
upper limit of PPRR. However, in the case of late injection (10° bTDC), the delayed
injection timing leads to a decrease in the PPRR (Liu et al. 2014). The decreased
PPRR is possibly due to delayed CA50. During delayed CA50, the more fraction of
fuel burns when the piston is moving toward the downward direction, which caused
decreased combustion temperature and resulted in slower PPRR (Liu et al. 2014).
Even though the delayed CA50 results in slower PPRR, however, excessive delayed
CA50 also results in higher cyclic variations (Liu et al. 2014).

When the engine load increases from medium to higher load, the range of the
methanol premixing is limited by higher PPRR (Wang et al. 2015b). At higher
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Fig. 11.12 Influence of methanol mass fraction on PPRR (Wang et al. 2008)

combustion noise conditions (i.e., higher premixing ratio and load), the compression
pressure in dual-fuel operation is lower in comparison with neat diesel operation,
which is because of higher heat of vaporization of methanol. For higher methanol–
diesel premixing ratio, the comparatively less amount of diesel is injected into the
cylinder (at constant engine speed and load condition). Higher methanol fraction
leads to an increase in the ignition delay of pilot diesel, which then auto-ignites and
starts burning the premixed methanol fuel at a higher rate of pressure rise (Wang
et al. 2015b).

The effect of a single-pulse injection (SPI) and twin-pulse injection (TPI) strategy
on PPRR is shown in Fig. 11.13. The figure depicts that at 50% engine load, the PPRR
is lower for twin-pulse injection strategy in comparison with single-pulse injection.
This is attributed to a shorter ignition delay of main diesel injection because of the
burning of pilot diesel injection (Yadav and Ramesh 2018). Additionally, at 50%
load, increased premixing of butanol leads to increase PPRR for both the injection
strategies. It is attributed to the simultaneous combustion of diesel and methanol
because of longer ignition delay (Yadav and Ramesh 2018). In the case of neat diesel
operation at 100% engine load, the twin-pulse injection strategy has lower PPRR in
comparison with single-pulse injection. When butanol premixing increased, PPRR
steeply rises. Except for neat diesel operation, the PPRR is higher for twin-pulse
injection strategy, which is because of the pilot diesel in the twin-pulse injection
strategy-aided auto-ignition of butanol (Yadav and Ramesh 2018).

Premixing of alcohol fuel in dual-fuel CI-engine resulted in a delayed CA10 posi-
tion. The crank position corresponds to 10% of total heat release which is depicted
as CA10 position (Saxena and Maurya 2017). The alcohol fuels have a higher heat
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Fig. 11.13 Influence of single- and twin-pulse injection on PPRR/MRPR for butanol–diesel dual-
fuel CI-engine. Adapted from Yadav and Ramesh (2018)

of vaporization and auto-ignition temperature. Premixing of alcohol in dual-fuel CI-
engine caused to increase in the ignition delay, which results in delayed CA10. Addi-
tionally, alcohol fuels having higher heat of vaporization and auto-ignition temper-
ature result in a more retard CA10 position. For the delayed CA10, the combustion
phasing (CA50) is also retarded with an increase in alcohol premixing. The crank
position corresponds to 50% of total heat release is depicted as combustion phasing.
The possible reason for retarded CA50 with an increase in alcohol premixing is the
same as that for CA10.

Additionally, at higher engine load, earlier CA10 and CA50 position is observed
because of higher in-cylinder mean gas temperature due to the burning of a higher
amount of fuel in the engine cycle, which leads to an increase in the cylinder wall
and residual gas temperature (Saxena and Maurya 2017).

The effect of diesel injection pressure on combustion phasing is illustrated in
Fig. 11.14. The study reported that CA50 is the crank angle of the combustion center
and affects the economy of the combustion process (Swor et al. 2010). The figure
depicts that increase in the diesel injection pressure results in advanced combus-
tion phasing. Higher diesel injection leads to better diesel/premixed methanol + air
mixing and better fuel atomization, which caused to decrease the ignition delay and
resulted in earlier ignition timing and CA50. However, the trend of CA50 with engine
load is inconsistent with the previous study; i.e., the figure indicates lower engine
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Fig. 11.14 Influence of injection pressure on CA50 of methanol–diesel dual-fuel operation (Liu
et al. 2015)

load has advanced combustion phasing in comparison with a higher engine load. At
higher engine load, more fuel is burnt in the cycle, which coupled with fuel injection
pulse-width extended leads to a prolonged combustion duration and a delayed CA50

(Liu et al. 2015). A study investigated the influence of diesel injection timing on the
CA50 of butanol–soyabean biodiesel dual-fuel CI-engine (Liu et al. 2014). They have
found that for early injection strategy, the retard injection timing results in advanced
combustion phasing, whereas for late-injection strategy, the CA50 delayed as the
injection timing delayed (Liu et al. 2014).

Combustion duration represents the overall rate of combustion happening in the
engine cycle. Combustion duration is typically defined as the difference between the
crank angle positions of 90 and 10/5% of the total heat release and is represented as
CA90-10. The substitution of methanol fuel in dual-fuel CI-engine leads to an increase
in the combustion duration (Masimalai 2014). An increase in the alcohol substitu-
tion caused to delayed ignition timing and CA10 position. The retarded ignition
timing and CA10 depict a slower rate of burning, which prolongs with an increase in
premixing. Slower burning rate is because of reduced in-cylinder combustion temper-
ature, which further retards the CA50. Thus, more fraction of fuel combusts during
the mixing-controlled combustion phase. This caused longer combustion duration
with an increase in alcohol premixing.

The effect of diesel injection pressure on combustion duration is shown in
Fig. 11.15. The figure indicates that higher diesel injection pressure results in a
shorter combustion duration. For higher diesel injection pressure, the diesel injec-
tion rate is faster, and the heat release is increased. At constant injection pressure,
longer combustion duration obtained for the higher engine load. This is possible
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Fig. 11.15 Effect of diesel injection pressure on the combustion duration of methanol–diesel dual-
fuel CI-engine (Liu et al. 2015)

because of the increased injection duration and charge preparation (comparatively
more amount of fuel is injected at a higher load) (Liu et al. 2015). The combus-
tion duration also depends on the exhaust gas recirculation. With the increase in
exhaust gas recirculation rate, the combustion duration increases. Higher exhaust
gas recirculation leads to reduce the rate of the combustion reaction and increases
the combustion duration (Liu et al. 2014; Lu et al. 2019). The CA05 is delayedwith an
increase in exhaust gas recirculation due to the thermodynamic and chemical func-
tion of EGR and a reduction in oxygen concentration (Lu et al. 2019; Maiboom et al.
2008). The availability of longer time for premixing leads to premixed combustion
with a higher rate, which increases the mean gas temperature and accelerates the
post-combustion of a premixed mixture of diesel and methanol + air, thus resulted
into shorter combustion duration (Lu et al. 2019).

The influence of high octane fuel premixing on maximum mean gas tempera-
ture (MGT) for dual-fuel CI-engine is illustrated in Fig. 11.16. The figure shows
that increasing the fuel premixing results in reduced maximum MGT (at lower and
medium engine load). The reduction inmaximumMGT is attributed to delayed CA50

with an increase in the low-reactivity fuel substitution ratio. At 100% engine load,
up to a certain premixing ratio, the maximum MGT increases; further increase in
gasoline–diesel premixing ratio leads to a decrease in the maximumMGT. At higher
engine load for maintaining the same fuel premixing ratio, more amount of diesel
is injected, which leads to advanced ignition timing and combustion phasing and
results in higher maximum MGT. Additionally, the figure also depicts that for the
same premixing ratio, the butanol–diesel dual-fuel operation has a lower maximum
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Fig. 11.16 Variationofmaximummeangas temperature ofwith gasoline–butanol–diesel premixing
ratio

MGT. Another study also reported that an increase in the substitution percentage of
methanol leads to a decrease in the MGT (Saxena and Maurya 2017).

Emission Characteristics
The regulated and unregulated emission characteristics of dual-fuel CI-engine is
presented in this section. The engine operating parameters significantly influence the
formation of emissions. Premixing of alcohol in dual-fuel engine leads to decrease
the NOx emission (Britto andMartins 2014; Júnior andMartins 2015). The influence
of alcohol substitution ratio, injection timing, and EGR on NOx, soot, HC, and CO
emissions for butanol–soyabean biodiesel dual-fuel CI-engine is shown in Fig. 11.17.
Figure 11.17a indicates that an increase in the butanol premixing ratio results in
decreased NOx emission. A similar trend for NOx emission with the premixing ratio
is also observed for methanol–diesel dual-fuel operation (Saxena andMaurya 2017).
The formation of NOx emission strongly depends on the mean gas temperature, and
NOx emission increases with an increase in mean gas temperature. As discussed
in the previous section, the premixing of methanol–butanol fuel caused to delayed
ignition timing and CA50, thus more amount of mixture combust when the piston
moves toward a downward direction (BDC). Combustion of more amount of fuel
when the piston moves away from the TDC causes to reduce MGT and results in
lower NOx emissions.

The figure also indicates that, for early injection strategy, the retarded injection
timing results in higher NOx emission. Retarded injection timing caused to increase
charge stratification. Burning of a more stratified charge leads to an increase in the
combustion temperature and resulting in higher NOx emission. However, for the
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Fig. 11.17 Effect of injection timing, premixing ratio, and exhaust gas recirculation on emission
characteristics of butanol–soyabean biodiesel dual-fuel CI-engine (Liu et al. 2014)

case of late-injection strategy, the retarded injection timing results in decreased NOx

emission. It is due to delayed CA50 (for these injection timings), which leads to a
decrease in the combustion temperature. The possible reason for delayed CA50 with
retard injection timing for late-injection strategy is discussed in the previous section.
It is interesting to note that early injection strategy has significantly lower NOx

emission in comparisonwith late-injection strategy.This is because of the combustion
of more homogeneous charge, form in the early injection strategy, which causes to
reduce the local high-temperature zone. The study reported that late-injection strategy
has a more high-temperature zone in comparison with early injection strategy, thus
results in increased NOx emission. A study reported that NOx emission decreases
with a decrease in air intake temperature at fixed alcohol–diesel substitution ratio
(Pan et al. 2015).

The figure indicates that soot emissions are very low (<0.01 g/kW h) for dual-
fuel CI-engine. Premixing of alcohol fuel and diesel (especially in early injection
strategy) offers a more homogeneous charge, which caused to reduce the local high-
temperature and high equivalence ratio zone. Additionally, the butanol has higher
oxygen content, which enhances the soot oxidation. However, for both the injection
strategy (early and late injection), the soot emissions are comparable, even though the
late-injection strategy leads to charge stratification. The simulation results indicate
that the early injection strategy has a lower soot formation because the local equiv-
alence ratio is more homogeneously distributed in the chamber (Liu et al. 2014).
Higher soot is formed for late-injection strategy because of a more stratified charge
(locally rich charge region). Combustion of a more stratified mixture leads to a rise
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in the MGT, which enhances the rate of oxidation of soot and results in lower soot
emission. Higher diesel injection pressure results in decreased smoke emission (Liu
et al. 2015). An increase in methanol–ethanol–butanol premixing results in higher
HC and CO emissions (Liu et al. 2014; Saxena andMaurya 2017; Júnior andMartins
2015). At higher premixing of alcohol fuel, more fraction of low-reactivity fuel may
be trapped in crevices, which is difficult to oxidize and results in higher CO and HC
emissions. Higher diesel injection pressure causes to reduce the CO and HC emis-
sions in dual-fuel combustion mode (Liu et al. 2015; Júnior and Martins 2015). The
figure depicts that with delayed injection timing, the CO and HC emission initially
decrease than start increases. With early or late injection timings, the combustion
phasing is retarded, and the degree of constant volume combustion is also lower. This
caused to decrease in the in-cylinder combustion temperature and results in higher
CO and HC emissions because of the lower rate of oxidation. The simulation results
indicate that the main CO emissions formed the near-wall region, where the tempera-
ture is lower (Liu et al. 2014). Additionally, the late-injection strategy has higher CO
emissions in comparison with the early injection strategy (Liu et al. 2014). In the case
of late-injection strategy, the biodiesel distribution is concentrated near the center
of the combustion chamber. Because of this, the radicals formed from the burning
of biodiesel cannot react with butanol completely. Thus, butanol fraction near the
wall cannot oxidize and results in higher CO emissions. The study reported that
early injection strategy has more benefits in comparison with late-injection strategy
because of reduced NOx emissions and comparably similar or lower CO, HC, and
soot emissions (Liu et al. 2014).

Figure 11.17b depicts the influence of exhaust gas recirculation on NOx, CO,
HC, and soot emissions. In the case of late-injection strategy, the NOx emission
decreases with an increase in the fraction of exhaust gas recirculation. The figure
indicates a reduction in soot emission with an increase in the fraction of exhaust
gas recirculation. It is possibly because of longer ignition delay with an increase in
exhaust gas recirculation percentage, which caused to enhance the charge mixing
and reduces the local fuel-rich core (Liu et al. 2014). An increase in exhaust gas
recirculation fraction leads to an increase in the CO and HC emission (Fig. 11.17b),
which is because of the reduced in-cylinder combustion temperature. Higher CO and
HC emissions also resulted in decreased combustion efficiency in the case of a higher
fraction of exhaust gas recirculation. An increase in air intake temperature results
in decreased HC and CO emissions (Pan et al. 2015). Higher air intake temperature
caused to increase the in-cylinder gas temperature, which enhances the oxidation of
HC and CO emission and also prevents the effect of quenching (Pan et al. 2015).

Along with gaseous emissions, soot particles are also emitted from the CI-engine
in significant concentration, which has an adverse effect on the health of human
beings (Harrod et al. 2005; McDonald et al. 2007; Peters et al. 2006; Kreyling et al.
2006). Based on the electrical mobility diameter, particles can be categorized in
nucleation and accumulation mode particles. Particles having a diameter of less than
50 nm are known as nucleation mode particles (NMP), whereas above 50 nm diam-
eters particles are called accumulation mode particles (AMP) (Kittelson 1998). The
effect of the premixing of high octane fuels (gasoline and methanol) on the particle
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size and number distribution (PSD) is demonstrated in Fig. 11.18. The distribution
follows the bimodal lognormal trend in which the first and second peak specifies the
NMP and AMP, respectively. The concentration of particles of any size is propor-
tional to the area under the curve within that range. The figure indicates that for neat
diesel operation at lower engine load, the peak of NMP is higher, whereas an increase
in engine load results in the increased peak of AMP. The higher combustion temper-
ature at higher engine load caused to enhance the agglomeration rate and reduced
the nucleation mode particle formation.Moreover, more percentage of mixture burns
in mixing-controlled combustion phase, which caused to enhance the formation of
AMP.

Fig. 11.18 PSD for gasoline–diesel and methanol–diesel dual-fuel CI-engine (Saxena and Maurya
2017)
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At lower load, due to the longer ignition delay, more fraction of charge burns in
the premixed combustion, which causes the formation of a higher concentration of
NMP. The figure indicates that in the case of dual-fuel combustion mode, an increase
in the fraction of methanol and butanol causes to increase in the peak of NMP and
decreases the peak of AMP (Saxena andMaurya 2020, 2017). The premixing of low-
reactivity fuel caused to increase in ignition delay; thus, more amount of mixture
combusts in the premixed phase of combustion and results in the formation of a
higher concentration of NMP. In addition to this, the figure also indicates that for the
same fuel substitution ratio, the peak of NMP is higher for methanol–diesel dual-
fuel operation. Higher latent heat of vaporization and lower reactivity of methanol
than gasoline leads to longer ignition delay in methanol–diesel dual-fuel operation;
thus, comparatively more amount of mixture combusts in the premixed phase of
combustion, which results in the formation of more number of NMP.

Increase in the substitution percentage of methanol and butanol caused to increase
in total particle concentration,which is due to a higher concentration ofNMP (Saxena
et al. 2018; Saxena and Maurya 2017). A higher concentration of NMP is attributed
to nucleation, condensation, and coagulation of unburnt hydrocarbons. Unburnt HC
leads to generate particles and increases the total particle concentration. Total particle
number concentration and NMP are higher for methanol–butanol–diesel dual-fuel
operation than gasoline-diesel dual-fuel operation (Saxena et al. 2018; Saxena and
Maurya 2017).

Along with the regulated emissions (NOx, CO, HC, soot, and particle numbers),
several unregulated emission species (formaldehyde (HCHO), unburned methanol
(CH3OH), formic acid (HCOOH), benzene (C6H6) 1,3-butadiene (1,3-C4H6), and
toluene (C7H8)) are also emitted in significant concentration. A study reported that an
increase in air intake temperature leads to decrease themethanol emissions (Pan et al.
2015). This is because of improved combustion and higher exhaust gas temperature
(Pan et al. 2015). The influence of pilot injection quantity and timing on CH3OH
is presented in Fig. 11.19a, b. It has been observed that the CH3OH emission is
close to zero level for neat diesel operation and increases with an increase in the
methanol fumigation. The figure depicts that CH3OH emission initially increases
with an increase in methanol substitution ratio (when increased from M0 to M30)
and then decreases with a further rise in methanol substitution ratio (when increased
fromM30 toM50). This is attributed to at lower methanol substitution ratio, the igni-
tion delay remains almost same for M10 and M30; however, increase in methanol
substitution leads to increase the fraction of methanol in the cylinder and decrease
the charge temperature at the end of the compression stroke (due to charge cooling
effect). This caused the combustion of more fraction of methanol when the piston
moves away from the top dead center, where the temperature is comparatively lower.
It is difficult to oxidize the methanol fraction completely at lower temperatures and
results in higher CH3OH emission (Wei et al. 2017). Additionally, the equivalence
ratio varies with change in methanol substitution ratio and pilot injection (Wei et al.
2017). Injection of methanol displaces some fraction of air during the intake stroke,
which caused to increase in the total equivalence ratio with an increase in the substi-
tution percentage of methanol. Moreover, an increase in the percentage of methanol
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Fig. 11.19 Influence of pilot injection onCH3OHandHCHOemissions from fumigatedmethanol–
diesel dual-fuel CI-engine (Wei et al. 2017)

substitution leads to an increase in the methanol equivalence ratio and decreases
the in-cylinder combustion temperature, which results in higher CH3OH emissions.
Figure 11.19a depicts that with an increase in pilot quantity, the CH3OH decreases
for M10 and M30, whereas increases for M50.

Figure 11.19b depicts that advanced pilot injection leads to reduce CH3OH emis-
sion for M10 operation, whereas it slightly increased to M30 and M50 operation.
Advanced pilot injection timing and an increase in pilot injection quantity cause an
increase in the charge temperature prior to the main combustion, which enhances
the rate of vaporization and early oxidation of methanol. However, shorten delay
period ofmain-injected combustion leads to worsemixing of diesel and the premixed
mixture of methanol + air and results in higher CH3OH emission.

There are various sources of formaldehyde emissions such as some amount of
premixed mixture of methanol + air may be escaped during exhaust, quenching of
flame near the cylinder wall and piston head (Pan et al. 2015). A study reported
that formaldehyde emission decreases with an increase in the air intake temperature
(Pan et al. 2015). At higher air intake temperature, the chances of flame quenching
are reduced because of the in-cylinder gas temperature (Pan et al. 2015). Higher in-
cylinder and exhaust gas temperatures also enhance the oxidation of formaldehyde
(Pan et al. 2015). The effect of pilot injection quantity and pilot injection timing on
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HCHOemission is shown in Fig. 11.19c, d. The figure indicates that theHCHOemis-
sion is very less for neat diesel operation. With an increase in methanol substitution,
theHCHOemission increased, possibly due to the reduced in-cylinder charge temper-
ature and increased methanol equivalence ratio, which results in more incomplete
combustion of methanol (Wei et al. 2017). The figure indicated that an increase in the
pilot injection quantity leads to a decrease in the HCHO emissions, which is possible
because of longer high-temperature duration, which enhances the rate of oxidation of
HCHO.Additionally, the figure shows that advanced pilot injection results in reduced
HCHO emissions. Higher formaldehyde emission for the ethanol–diesel dual-fuel
engine is also reported in a study (Júnior and Martins 2015). An increase in diesel
injection pressure results in reduced formaldehyde emissions (Júnior and Martins
2015).

Figure 11.20 shows the effect of pilot injection quantity and pilot injection timing
on HCOOH and 1,3-C4H6 emissions. The influence of pilot injection on HCOOH
is shown in Fig. 11.20a, b. HCOOH emission is higher in dual-fuel combustion
mode than neat diesel operation, and HCOOH emission increases with an increase in
methanol substitution ratio. TheHCOOHemission forM10 operation is significantly
lower and not very much sensitive to variation in pilot injection. At higher methanol

Fig. 11.20 Effect of pilot injection quantity and pilot injection timing on HCOOH and 1,3-C4H6
emission from fumigated methanol–diesel dual-fuel CI-engine (Wei et al. 2017)
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substitution ratio, advanced pilot injection and an increase in pilot injectedmass result
in the reduction of HCOOH. This is attributed to the rise in in-cylinder temperature
prior to combustion, which enhances the initial rate of oxidation of HCOOH (Wei
et al. 2017).

1,3-C4H6 is a toxic compound that is classified by EPA (Takada et al. 2003). 1–3
butadiene is a carcinogen and typically emitted from SI, as well as CI-engines (Zhou
et al. 2014). The figure indicates that 1,3-C4H6 emission is significantly higher in
dual-fuel combustion than neat diesel operation. In the case of neat diesel and M10
operation, the 1,3-C4H6 emission is very lower. The 1,3-C4H6 emission increases
with an increase in the methanol substitution ratio. Higher 1,3-C4H6 emission with
increase methanol fraction also reported in another study (Cheung et al. 2009). 1,3-
C4H6 emission mainly formed during oxygen-rich combustion and emitted in signif-
icantly higher concentration when exhaust gas temperature is higher (Takada et al.
2003). The higher concentration of 1,3-C4H6 emission is attributed to the higher
oxygen content of methanol even though the dual-fuel temperature has reduced
exhaust gas temperature. The figure indicates that in the case of M30 operation,
increase in pilot injection quantity and advanced pilot injection lead to decrease the
1,3-C4H6 emission, whereas in the case of M50 operation, the 1,3-C4H6 emission
initially decreases with increase in pilot injection quantity and advanced pilot injec-
tion and then increases. For a higher amount of pilot injection and advanced injection
timing, the charge temperature prior to combustion is higher, which enhances the
oxidation of 1,3-C4H6 emission (Wei et al. 2017). When methanol substitution is
increased from 30 to 50%, the atomization of fuel becomes poorer. Prior to the main
combustion, increased in-cylinder temperature initially enhances the partial oxida-
tion of diesel. An increase in methanol substitution ratio leads to a comparatively
lower temperature on which it is difficult to oxidize 1,3-butadiene and results in
higher emission (Wei et al. 2017).

Benzene and toluene are classified as mutagenic and carcinogenic. Benzene and
toluene are mainly formed from unburned molecules from fuel, structural modifica-
tions, and prosynthesis (Wei et al. 2017; Zhao et al. 2011; Correa and Arbilla 2006).
Benzene and toluene emissions increase with an increase in methanol substitution
ratio (Wei et al. 2017). In dual-fuel operation, an increase in methanol substitution
ratio leads to an increase in the oxygen concentration in the charge and reduces the
unsaturated hydrocarbons. On the contrary, an increase in the percentage ofmethanol
leads to a decrease in the in-cylinder temperature and exhaust temperature as well,
which causes a reduction of oxidation of benzene and toluene and results in increased
emissions. Both these reasons are counteracted with each other, caused to higher or
reduced emissions with an increase in methanol substitution ratio (Wei et al. 2017).

Summary
This chapter presents the performance, combustion, and emissions characteristics
of low and medium carbon alcohol–diesel fueled dual-fuel CI-engine. Methanol,
ethanol, and butanol are renewable and clean alternative fuels, which can be produced
from various renewable resources. The main findings of the chapter are given below.
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• The thermal efficiency of alcohol–diesel dual-fuel CI-engine is relatively lower
in comparison with neat diesel operation at the same operating condition.
However, efficiency can be improved by using higher air intake temperature with
optimal high-reactivity fuel (diesel) injection timing, which further needs to be
investigated.

• The lower and medium operating boundary of dual-fuel operation is restricted
by the partial burn and misfire, respectively, which limits the alcohol premixing.
The excessive alcohol premixing at medium to higher engine load is restricted by
higher pressure rise rate.

• The cyclic variations in the combustion cycle also limit the range of fuel
premixing. The detailed analysis of combustion variations in dual-fuel CI-engine
needs to be investigated in the future.

• Dual-fuel operation has longer ignition delay, which increases with an increase
in the substitution percentage of alcohol fuel. The ignition delay period is mainly
influenced by in-cylinder temperature, pressure, and oxygen concentration at the
time of diesel injection.

• The dual-fuel operation has a relatively lower and slightly retarded peak ofHRR in
comparison with neat diesel operation. Three-stage HRR is observed for higher
air intake temperature operation in dual-fuel operation. Higher diesel injection
pressure leads to the increased and advanced peak of combustion pressure and
HRR.

• With an increase in the engine load, the PPRR increases, whereas it reduces with
an increase in the alcohol premixing. PPRR restricts the range of injection timing.
For early injection strategy, the delayed injection timing leads to an increase in
the PPRR, which limits the upper limit of PPRR. However, for the late-injection
strategy, the delayed injection timing leads to a decrease in the PPRR.

• An increase in the substitution ratio of alcohol in dual-fuel operation leads to a
decrease in NOx and soot emissions, whereas HC and CO emissions significantly
increased. For the late-injection strategy, the NOx emission decreases with an
increase in the fraction of exhaust gas recirculation. Soot emission reduced with
an increase in the fraction of exhaust gas recirculation. NOx emission decreases
with a decrease of air intake temperature at fixed alcohol–diesel substitution ratio,
whereasHCandCOemission decreaseswith an increase in air intake temperature.

• An increase in the fraction of methanol–butanol causes to increase in the peak
of NMP and decreases the peak of AMP in particle size distribution. Increase in
the substitution percentage of methanol and butanol caused to increase in total
particle concentration, which is due to a higher concentration of NMP.

• The detailed analysis of solid particle numbers from dual-fuel CI-engine needs to
be investigated in the future.
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Üçtuğ FG, Ağralı S, Arıkan Y, Avcıoğlu E (2014) Deciding between carbon trading and carbon
capture and sequestration: an optimisation-based case study for methanol synthesis from syngas.
J Environ Manage 132:1–8

Verhelst S, Maesschalck P, Rombaut N, Sierens R (2009) Increasing the power output of hydrogen
internal combustion engines by means of supercharging and exhaust gas recirculation. Int J
Hydrogen Energy 34(10):4406–4412



250 M. R. Saxena and R. K. Maurya

Volpato Filho O (2008) Gasoline C made with hydrous ethanol. In: XVI SIMEA 2008—Simpósio
Internacional de Engenharia Automotiva. Sao Paolo. Retrieved 10 July 2017

Wang LJ, Song RZ, Zou HB, Liu SH, Zhou LB (2008) Study on combustion characteristics of a
methanol—diesel dual-fuel compression ignition engine. Proc Inst Mech Eng Part D J Autom
Eng 222(4):619–627

Wang Q, Yao C, Dou Z, Wang B, Wu T (2015a) Effect of intake pre-heating and injection timing
on combustion and emission characteristics of a methanol fumigated diesel engine at part load.
Fuel 159:796–802

Wang Q, Wei L, Pan W, Yao C (2015b) Investigation of operating range in a methanol fumigated
diesel engine. Fuel 140:164–170

Wei H, Yao C, Pan W, Han G, Dou Z, Wu T, Liu M, Wang B, Gao J, Chen C, Shi J (2017)
Experimental investigations of the effects of pilot injection on combustion and gaseous emission
characteristics of diesel/methanol dual fuel engine. Fuel 188:427–441

Weitekamp CA, Kerr LB, Dishaw L, Nichols J, Lein M, Stewart MJ (2020) A systematic review
of the health effects associated with the inhalation of particle-filtered and whole diesel exhaust.
Inhalation Toxicol 32(1):1–13

WHO, a United Agency Report (2012) https://www.who.int/mediacentre/news/releases/2014/air-
pollution/en/

Yadav J, Ramesh A (2018) Comparison of single andmultiple injection strategies in a butanol diesel
dual fuel engine. J Energy Resour Technol 140(7)

YaoC, PanW,YaoA (2017)Methanol fumigation in compression-ignition engines: a critical review
of recent academic and technological developments. Fuel 209:713–732

Yousefi A, Birouk M, Lawler B, Gharehghani A (2015) Performance and emissions of a dual-
fuel pilot diesel ignition engine operating on various premixed fuels. Energy Convers Manage
106:322–336

Zhao H, Ge Y, Tan J, Yin H, Guo J, Zhao W, Dai P (2011) Effects of different mixing ratios on
emissions from passenger cars fueled with methanol/gasoline blends. J Environ Sci 23(11):1831–
1838

Zhou JH, Cheung CS, Leung CW (2014) Combustion, performance, regulated and unregulated
emissions of a diesel engine with hydrogen addition. Appl Energy 126:1–12

https://www.who.int/mediacentre/news/releases/2014/air-pollution/en/


Chapter 12
Impact of Ethanol on Combustion,
Performance, and Emission
Characteristics of Diesel Engine

Tomesh Kumar Sahu, Ravindra Kshatri, and Pravesh Chandra Shukla

Abbreviations

aTDC After top dead center
bTDC Before top dead center
BTE Brake thermal condition
BSFC Brake-specific fuel consumption
CAD Crank angle degree
CD Combustion duration (°CA)
CI Compression ignition engine
CO Carbon monoxide
EOC End of combustion (°CA)
EGT Exhaust gas temperature (°C)
CRDI Common rail direct fuel injection
GHG Greenhouse gas
HC Hydrocarbons
HRR Heat Release Rate
ID Ignition Delay (°CA)
IMEP Indicated mean effective pressure
JME Jatropha methyl ester
NOx Nitrogen oxides
PM Particulate matter
SOC Start of combustion (°CA)
SOI Start of ignition (°CA)

T. K. Sahu · R. Kshatri · P. C. Shukla (B)
Department of Mechanical Engineering, Indian Institute of Technology Bhilai, Raipur, India
e-mail: pravesh@iitbhilai.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
P. C. Shukla et al. (eds.), Alcohol as an Alternative Fuel for Internal
Combustion Engines, Energy, Environment, and Sustainability,
https://doi.org/10.1007/978-981-16-0931-2_13

251

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0931-2_13&domain=pdf
mailto:pravesh@iitbhilai.ac.in
https://doi.org/10.1007/978-981-16-0931-2_13


252 T. K. Sahu et al.

12.1 Introduction

Increasing population of the world significantly increases the demand for energy and
transport vehicles.Nowadays,most of the transport vehicles and several industries are
using internal combustion (IC) engines as their prime power generating units. Diesel
engines are one of the most preferred IC engine for its excellent durability and fuel
efficiency. It has a wide range of application in different sectors such as agriculture,
transport, power generation, etc. Diesel engines emit lower carbon monoxide (CO),
hydrocarbons (HC), and carbon dioxide (CO2) compared to gasoline engines because
of lean air–fuel mixtures formation and higher fuel efficiency; however, the oxides of
nitrogen (NOx) and particulate matter (PM) emissions of diesel engines are compar-
atively high (Gürü et al. 2010). Since, the number of vehicles are increasing contin-
uously, benefaction of transport vehicles to the overall greenhouse gas emissions
has been increased (Anyon et al. 2003). Air pollution causes significant problems of
health, in particular lungs and hearts, which increases the indirect cost for curement.
Search for better alternative fuels to resolve the problem related to exhaust emission
and scarcity of fuel are one of the focused area of research (Kessel 2000; Gilbert
and Perl 2005; Goldemberg et al. 2001). Mixing of ethanol to prepare ethanol–diesel
blend is one of the feasible ways to use ethanol for CI engines in the form of alter-
native fuels; however, it is limited in proportion due to its issues of miscibility and
auto-ignition characteristic. Several experimental studyof ethanol–diesel blends have
been performed in CI engines. It was observed that the mixing of ethanol in diesel
normally increases ignition delay (ID), brake-specific fuel consumption (BSFC),
and NOx emissions, whereas it decreases combustion duration (CD), brake thermal
efficiency (BTE), CO, and smoke emissions for a limited proportion of ethanol in
diesel. Emiroğlu et al. (2018) have recorded ignition delay was higher for alcohols
than mineral diesel for the combustion and performance tests performed in a signle
cylinder engine. Peak values of heat releases rate (HRRmax) were also observed
higher, and their locations were earlier than regular diesel (Emiroğlu and Şen 2018).
Also, they reported increased in NOx emission in the tail pipe due to the genera-
tion of higher locally peak temperature inside the combustion chamber (Emiroğlu
and Şen 2018). Jamrozik et al. (2018) have performed experiments for dual fuel
mode in a CI engine operating at full load for 1500 rpm. They observed that addition
of ethanol increased ignition delay (ID), indicated thermal efficiency (ITE), indi-
cated mean effective pressure (IMEP). Concerning emissions, higher NOx emission
was observed compare to mineral diesel; however, it reduced CO emission in the
tail pipe (Jamrozik et al. 2018). Oliveira et al. (2015) have experimented the diesel
power generator for different fuel blends of anhydrous ethanol (5, 10, and 15% of
ethanol in diesel oil with 7% biodiesel (B7); v/v) at varying loading conditions (5–
37.5 kW). The test was performed without any modification in geometry and blend
of ethanol–diesel–biodiesel were injected. Result of experiments was compared with
baseline B7. They observed increase in ignition delay (ID) and late start of combus-
tion (SOC) with increase in ethanol percentage; however, combustion duration (CD)
and exhaust gas temperature (EGT) were reduced (Oliveira et al. 2015). Padala et al.
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(2013) conducted an experiment with ethanol manifold injection in a CI engine and
reported that ethanol port injection resulted in higher engine efficiency. Park et al.
(2011) reported reduction of HC and CO for ethanol mixed fuel in diesel engine.
Tutak et al. (2015) conducted an experiment with E85 (85% ethanol + 15% gaso-
line; v/v) blends with diesel. They reported E85 with diesel increased ignition delay,
peak combustion temperature, BTE, total hydrocarbon (THC), and CO emissions,
moreover, combustion duration, NOx, and soot emissions showed reduction.

With studies previously performed, it is evident that the performance and emis-
sion values were largely affected by the fraction of ethanol in the blends for CI
engines. Although, study related to application and impact of ethanol in CI engine
has been studied, further research is still required to optimize the performance and
emissions parameters. Aim of the chapter is to provide details about the utiliza-
tion of different ethanol blends. A comprehensive review related to combustion and
emissions properties of ethanol ratios for different engine operating conditions were
performed.

12.2 Alcohols as an Alternative Fuels

Lower carbon number alcohols, like methanol and ethanol, have been of more
interest because to their ease of production and their inherent oxygen content for
alcohol-diesel blends.Utilization of blended fuel inCI engine could increase combus-
tion efficiency and reduce the emissions of exhaust (Asad et al. 2015; Moka et al.
2014). Since low carbon alcohol poses lower cetane number, higher latent heat of
vaporization and poor miscibility, these properties restricts the utilization of alco-
hols of low carbon atoms for utilization as a fuel. Four or more carbon alcohols
have other advantages compared to low carbon alcohols as diesel fuel additives.
These have higher heating value and higher cetane number than low carbon alco-
hols; however, difficulty in production and availability limits its utilization in CI
engine (Ma et al. 2017). Ethanol (C2H5OH), which is renewable and having high
oxygen content (~35% m/m), is used as a blend with diesel in CI engine. One of
the important aspects for ethanol is that it can be produced from several biomass
feedstocks. Production of ethanol and its utilization in transportation may reduce the
dependency on conventional fuels, provide fuel security, and result in overall lower
CO2 emission (in a well-to-wheel manner). Ethanol’s high oxygen content enhances
combustion and decreases exhaust emissions (Rakopoulos et al. 2007). Although
due to its hygroscopic nature and lower flashpoint, more care is required during
handling, transportation, and storage (Banapurmath and Tewari 2010). Ethanol has
lower evaporation temperature compare to diesel fuel; the blend of diesel and ethanol
will encourage fuel evaporation and thus accelerate the preparation of the air and
fuel mixture. Moreover, poor miscibility of ethanol partially restricts ethanol to have
a homogeneous solution with diesel, which, sometimes, results in phase separation
(Kumar et al. 2013). Mixing of ethanol and mineral diesel is normally restricted
to 15% due to different molecular polarities of fuel. Emulsifier is normally being
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used to enable higher ethanol–diesel blending concentration (more than 15% v/v).
Ethanol miscibility in mineral diesel largely depends on hydrocarbon, wax content,
and temperature of fuel. Lower ethanol percentage shows better consistent solution
compare to higher ethanol blends. Also, hygroscopic nature of alcohols allows to
absorb moisture quickly from the environment. This phenomenon tends to sepa-
rate out the ethanol from the ethanol–diesel blends. Separation tendency further
increases if the blends are kept at lower temperature (lower than 10 °C) (Kumar
et al. 2013); this affects the feasibility of utilization in cold weather conditions.
Direct blending of ethanol (more than 15%) into diesel is not desirable because of
phase separation. Emulsion method is used to avoid the phase separation problem,
which increases blending capacity up to 25% in diesel (Çelebi and Aydın 2019).
Moreover, the port injection of ethanol allows the use of even higher concentra-
tions of ethanol (Çelebi and Aydın 2019). Kwanchareon et al. (2007) experimented
to study solubility and emissions properties of diesel–biodiesel–ethanol blends in
CI engine. They reported 20 °C as an important key point where phase seaparation
starts and stated that blending proportion of 80-15-5 for diesel–biodiesel–ethanol
shows optimal properties and emission values (Kwanchareon et al. 2007). Lower
CO and HC emissions for higher engine load were reported for the same; however,
NOx emission was observed relatively higher compare to diesel (Kwanchareon et al.
2007). Several researchers (Rakopoulos et al. 2008; Labeckas et al. 2014; Ajav et al.
1999) reported utilization of ethanol blends in CI engine. Rakopoulos et al. 2008
(2008) have investigated the use of ethanol and mineral diesel blend (E05, E10, and
E15) in a direct injection CI engine at 2000 rpm for four different engine loads.
They observed that uses of ethanol–diesel blends reduce CO and smoke emissions
significantly, while reduction in NOx emissions were marginally (Rakopoulos et al.
2008).

12.3 Physico-chemical Properties of Ethanol and Diesel

Physico-chemical properties of ethanol and diesel are shown in Table 12.1. It was
noted that ethanol has high auto-ignition temperature ~363 °C (approximately 42%
higher than diesel auto-ignition temperature ~254 °C), which shows that it needs
significant higher compression ratio than diesel in order to initiate the auto-ignition.
Moreover, ethanol is an oxygenated fuel with ~35% m/m inherent oxygen content
whichmay help for its faster combustion compare tomineral diesel, and also, ethanol
has 75% less viscosity than diesel which may reduce viscous losses during fuel
injection.
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Table 12.1
Physico-chemical properties
of ethanol and diesel (Zhang
et al. 2011; Karabektas et al.
2013; Sahu et al. 2019)

Properties Ethanol Diesel (BS-IV)

Molecular formula C2H5OH CnH2n

Molecular weight, (g/mole) 46 –

Stoichiometric ratio, (A/F ratio) 9 15

Cetane number 6 51

Flashpoint, (°C) 15 35

Auto-ignition temperature, (°C) 363 254

Viscosity at 20 °C, (mPas) 1.2 2.0–4.5

Density,(kg/m3) 786 820–845

Lower heating value (MJ/kg) 28.4 45.5

Heat of vaporization (kJ/kg) 840 –

Oxygen content, (wt%) 34.8 0

12.3.1 Effect of Ethanol Blends on In-Cylinder Pressure
and Heat Release Rate (HRR)

In-cylinder pressure trace and heat release rate (HRR) are important combustion
characteristics. These parameters are useful to understand combustion behavior of
fuel–airmixture and to correlate the performance and emission datawith combustion.
Emiroğlu et al. (2018) have performed experiments to investigate the combustion,
performance and emissions parameters of diesel engine fueled with 10% blends of
alcohols (methanol, ethanol, and butanol; v/v) for varying engine loading condi-
tions at 1500 rpm. Peak in-cylinder pressure (Pmax), maximum heat release rate
(HRRmax), and ignition delay were observed to be higher for alcohols compared to
mineral diesel for all loading conditions (Emiroğlu and Şen 2018) (Fig. 12.1).

Ning et al. (2020) have investigated dual fuel injection with diesel as direct injec-
tion and alcohols as port injections. The volume fraction of alcohol wasmaintained at
10, 20, 30, and 40% (v/v) for engine operating condition of 2500 rpm and 0.75 MPa.
They observed that increased fraction of port injected alcohols increased the ignition
delay, decreased the Pmax, and increased HRRmax (Fig. 12.2). Their results showed
decreased combustion duration with delayed SOI when alcohols were port injected
(Ning et al. 2020).

Tse et al. (2015) have investigated the varying fraction of ethanol (5, 10, and
20%; v/v) with baseline fuel as diesel–biodiesel blend (15% biodiesel with ultra-low
sulfur diesel) for combustion and particulate matter (PM) analysis. They observed
that the utilization of ethanol blending with baseline fuel increases the Pmax and
HRRmax, reduces the combustion duration (CD), and retards the start of injection
(Tse et al. 2015). Ethanol fumigation into the air-intake manifold was studied by
Jamuwa et al. (2016) to investigate the combustion, performance, and emissions
characteristics of small capacity CI engine. They observed increase in Pmax and
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Fig. 12.1 In-cylinder pressure vs CAD and HRR vs CAD curve under different engine loads
at 1500 rpm (M10, E10, and B10 are methanol, ethanol, and butanol, respectively, into diesel)
(Emiroğlu and Şen 2018)

HRRmax by using ethanol fumigation. It also improved the break thermal efficiency
of the engine (Jamuwa et al. 2016) (Fig. 12.3).

Prashant et al. (2016) conducted an experiment to investigate combustion param-
eters of a four-cylinder (turbocharged and intercooled) duel-fuel diesel engine for
different engine loading conditions (10, 20. and 40% of the rated engine load). They
reported lower ignition delay (ID) for higher loads (ID at 20% ethanol substitu-
tion was 16, 14, and 10° CA for 10, 20, and 40% loading conditions, respectively)
(Fig. 12.4) (Prashant et al. 2016).

12.3.2 Effect of Ethanol Blends on Performance Parameter

The brake-specific fuel consumption (BSFC) of the blended fuels relies on some
of the physico-chemical characteristics such as calorific value, density, viscosity of
the fuel. Typically, BSFC of fuel blend increases as the energy content in the fuel
decreases. Ethanol has lower heating value (LHV) which reduces overall heating
value of blends upon increasing ethanol blend fraction. Concerning the performance
parameters investigated by Emiroğlu et al. (2018), it was observed that BSFC was
higher and BTE was lower for alcohol blends (10% blends of butanol, ethanol,
and methanol; B10, E10, M10) for tested loading conditions compared to mineral
diesel (Fig. 12.5). Comparing the blends of alcohols, butanol performed superior
with higher efficiency for a given engine load (Emiroğlu and Şen 2018).
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Fig. 12.2 Effects of (a) methanol and (b) ethanol blendings on in-cylinder pressure vs CAD and
heat realease rate vs CAD curve at IMEP = 0.75 MPa at 2500 rpm (Ning et al. 2020)

Jamuwa et al. (2016) have investigated for five different ethanol fumigation rates
(0, 0.1, 0.2, 0.3, 0.4, and 0.5 kg/h) assigned as e0, e1, e2, e3, e4, and e5 in a CI engine.
They reported increased BTE for higher loading condition up to 6% (Fig. 12.6)
with higher fumigation rates compare to e0; however, it showed reduced BTE up
to 11.2% at lower engine loads (Jamuwa et al. 2016). They observed BTE for e0
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Fig. 12.3 P-º and values of Pmax for diesel and different ethanol fumigation rates (0, 0.1, 0.2,
0.3, 0.4, and 0.5 kg/h) assigned as e0, e1, e2, e3, e4, and e5 (Jamuwa et al. 2016)

Fig. 12.4 Ignition delay (CA) versus mixture ratio (%) (Prashant et al. 2016)

was 28.3% at full load condition, and with ethanol fumigation, BTE recorded was
relatively higher by 3.2%, 4.3%, 5.3%, 6%, and 5% for e1, e2, e3, e4, and e5,
respectively (Jamuwa et al. 2016). Four different blends were prepared with 15%
blending ofmethanol, ethanol, biodiesel, and vegetable oil, respectively,withmineral
diesel for the performance and emission investigation by Karabektas et al. (2013).
Test was performed for different engine speeds, at full load condition. Blends of
ethanol and methanol have resulted in reduced brake power and increased specific
fuel consumption.At enginemaximum torque speed (1400 rpm), BSFC recordedwas
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Fig. 12.5 BSFC and BTE vs engine loads plot (1500 rpm) for D100, M10, E10, and B10 (M10,
E10, and B10 are methanol, ethanol, and butanol, respectively, into diesel) (Emiroğlu and Şen 2018)

Fig. 12.6 BTE versus load curve for different ethanol fumigation rates (0, 0.1, 0.2, 0.3, 0.4, and
0.5 kg/h) assigned as e0, e1, e2, e3, e4, and e5 (Jamuwa et al. 2016)
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Fig. 12.7 BTE versus brake power (left) and BSFC versus brake power (right) plot for biodiesel
(PSME) and biodiesel–ethanol blends (Datta and Mandal 2017)

0.265, 0.292, and 0.281 g/kWh for diesel, M15, and E15, respectively (Karabektas
et al. 2013).

The effects of alcohol addition into biodiesel were studied by Datta and Mandal
2017 (2017) for combustion, performance, and emission characterization of the CI
engine using diesel RK software. They simulated CI engine fueled with palm stearin
biodiesel–ethanol (PSME) and reported that addition to ethanol increases the time of
ignition (ignition delaywas ~10.0º CA, 14.2º CA, and 15.6º CA for PSME, PE15, and
PM15, respectively, at full load condition), higher HRR and a marginally increase
in thermal efficiency (BTE observed were 31.91%, 32.24%, and 32.47% for PSME,
PE15, and PM15, respectively, at full load condition) (Fig. 12.7) (Datta and Mandal
2017).

Padala et al. (2013) have reported that ethanol injection increases the engine effi-
ciency. They claimed that 10% increase in efficiency was achieved by replacing 60%
of diesel with ethanol (Padala et al. 2013). Murcak et al. (2013) have experimented
to see effect of ethanol–diesel blends in CI engine. Experiment was conducted with
three different blends (5, 10, and 20% of ethanol into mineral diesel) (Murcak and
2013). They found that 5% ethanol blends show highest brake power; however,
maximum torque (42.27 Nm) was obtained for 10% ethanol–diesel blend and BSFC
was minimum for 20% ethanol–diesel blend (Murcak et al. 2013). Pradelle et al.
(2019) conducted an experiment to study the combustion and performance of Euro-
3 CI engine for varying blend ratio of diesel–biodiesel–ethanol at different engine
speeds.Adding ethanol into fuel increases ignitiondelay andHRRhowever decreased
the Pmax. They also reported increase in BSFC (approximately 2% increase for each
5% volume of alcohol) (Pradelle et al. 2019).
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12.3.3 Effect of Ethanol Blends on Emissions Parameters

Concerning the emission parameters investigated by Emiroğlu et al. (2018), it was
noted that NOx emission increased (Fig. 12.8) due to the generation of higher locally
peak temperature because of ignition delay. Smoke and CO emissions decreased
(50% reduction for smoke and up to 15% reduction for CO compare to mineral
diesel at 10 Nm) due to improvement of combustion quality because low viscosity
and presence of inherent oxygen promote combustion. Their study showed that alco-
hols have a good option for the future alternative of the diesel engines because it
significantly reduces exhaust emissions without significantly affecting the perfor-
mance of the engine. It was suggested in the study that alcohols may lead to the
removal of expensive after-treatment devices also. In a study conducted by Kannan
et al. (2012) ethanol is injected through port injection and diesel–jatropha methyl
ester (JME) blends were injected directly in the combustion chamber. Addition of
ethanol in diesel and JME increased fuel consumption (up to 10% higher at low load
and 2–4% higher at high engine load compare to mineral diesel), thermal efficiency
(7% higher at full load and 1% higher at low load), and NOx emissions (40% reduced
for low load and 30% higher for full load. Significantly, reduction in smoke, CO, and
THC was found with increasing fraction of ethanol in diesel–JME at higher loads.
These reductions for smoke, CO, and THC were observed to be 4%, 5%, and 8%,
respectively (Kannan et al. 2012).

Park et al. (2011) observed lowerNOx emissions (900 ppm, 820 ppm, and 600 ppm
for diesel, 10% ethanol, and 20% ethanol blend, respectively, at 1500 rpm and 30
Nm) for the tests performed in a CRDI engine for different ethanol–diesel blends. On
the one hand, higher CO and HC emissions were recorded (CO emissions for diesel,
10% ethanol, and 20% ethanol blend were 0.04%, 0.05%, and 0.11%, respectively, at
1500 rpm and 30Nm) (Park et al. 2011). Padala et al. (2013) conducted an experiment
to observe the utilization of ethanol in a CRDI engine. Ethanol injection in the
manifold and direct injection of mineral diesel was adopted for their experiments.
They reported that the increased fraction of ethanol injection in the manifold, HC,
CO, and NOx emissions was increased; however, smoke emission decreased (Padala
et al. 2013). Some of the studies (Zhang et al. 2011; Ning et al. 2020; Tse et al. 2015)
focused on the measurement of CO, HC, and PM measurement.

Zhang et al. (2011) have experimented with various alcohol blends in diesel
engine; they reported NOx (up to 16%) and PM emissions reduced (up to 26%)
using alcohols blended fuel however increase CO and HC emissions (CO emissions
were 3 and 10 g/kW h for mineral diesel and 20% ethanol at mid-load condition)
(Fig. 12.9) (Zhang et al. 2011). Ning et al. (2020) have also tested various alcohol
blends (ethanol, methanol and butanol with mineral diesel) in a CI engine. They
observed alcohols reduced PM emission (by up to ~93%) and CO emission (by up to
~90%); however, NOx emissions were increased (by up to 60%) (Ning et al. 2020).
Concerning the emission parameters investigated by Tse et al. (2015), brake-specific
particulate matter (BSPM) emissions were observed lower (~200 mg/kWh) for 20%
ethanol blends than other diesel–biodiesel–ethanol blends (Fig. 12.10) at low and
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Fig. 12.8 NOx , CO, and smoke emissions vs engine load for various blends (D100, B10, E10, and
M10) (Emiroğlu and Şen 2018)
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Fig. 12.9 Comparison of BSNOx, BSPM, BSHC, and BSCO emissions for ethanol and methanol
blends with diesel (Zhang et al. 2011)

Fig. 12.10 Variation of BSPM with engine load for alternative fuels and ULSD (Tse et al. 2015)
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intermediate engine load conditions although biodiesel showed lower BSPM for
full load condition (Tse et al. 2015). Mofijur et al. (2015) have reported that the
blending of ethanol and biodiesel into diesel showed reduction of NOx emissions
(up to 11.9%), HC emissions (up to 15.1%), and CO emissions (up to 14.7%). Prap-
tijanto et al. (2015) have experimented with ethanol–diesel blend on CI engine. They
also reported alcohols blending in base fuel mineral diesel reduce PM, NOx, and CO
emissions in the tailpipe (Praptijanto et al. 2015).

12.4 Conclusions

Continuous utilization of conventional fuels for energy resources is not sustain-
able, because of limited-continously reducing reserves and higher GHGs emissions.
Research in the field of alternative fuel is vital to secure future environmental condi-
tion. Alcohols (primarily methanol and ethanol) produced from bio-resources have
emerged as one of the best alternative uses in IC engines for a partial or full replace-
ment of diesel fuel. Lower mass fraction of carbon, lower sulfur content and higher
inherent oxygen content added advantage for its utilization in IC engines as a fuel.
The literature reported in this chapter shows that the indicated thermal efficiency of
the engine decreases and brake-specific fuel consumption increases as ethanol frac-
tion increases in fuel blends. This primarily happens becuase of the lower heating
value of alcohols. As far as emissions are concerned, CO and HC emissions decrease
with ethanol blend percentage due to inherent oxygen and lower viscosity of ethanol;
however, NOx emissions increase due to the locally higher peak in-cylinder temper-
ature. It can be concluded from various studies that ethanol blends tend to reduce
the smoke emissions drastically in comparison with mineral diesel. Since PM emis-
sion is the critical emission parameter for diesel exhaust, ethanol blends can play
an important role in reducing PM emissions. Ethanol-blended fuels may reduce the
load on costly after-treatment devices.
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