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Preface

Fuel requirement for the transport sector is a functionof populationgrowth.Currently,
the automotive industry is powered extensively by fossil fuels. Diesel- and gasoline-
powered vehicles contribute heavily to environmental pollution by emitting carbon
dioxides (CO2) and other pollutant species. Greenhouse gas (GHG) emissions from
fossil fuel combustion are significantly increasing since 1900. Fossil fuels depletion
depends on discoveries of new petroleum reserves; however, the use of fossil fuels
would not be feasible in the foreseeable future due to GHG emissions and other envi-
ronmental concerns. To tackle these, several researchers have focused on developing
alternative fuels.

The International Society for Energy, Environment and Sustainability (ISEES)
was founded at the Indian Institute of Technology Kanpur (IIT Kanpur), India, in
January 2014 to spread knowledge/awareness and catalyze research activities in the
fields of energy, environment, sustainability, and combustion. Society’s goal is to
contribute to the development of clean, affordable, and secure energy resources and
a sustainable environment for society and spread knowledge in the areas mentioned
above and create awareness about the environmental challenges the world is facing
today. The unique way adopted by ISEES was to break the conventional silos of
specializations (engineering, science, environment, agriculture, biotechnology,mate-
rials, fuels, etc.) to tackle the problems related to energy, environment, and sustain-
ability 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.
Society also recognizes the outstanding works of young scientists, professionals,
and engineers for their contributions in these fields by conferring them awards under
various categories.

Fifth International Conference on ‘Sustainable Energy and Environmental Chal-
lenges’ (V-SEEC) was organized under the auspices of ISEES from December 19 to
21, 2020, in virtualmode due to restrictions on travel because of the ongoingCOVID-
19 pandemic situation. This conference provided a platform for discussions between
eminent scientists and engineers from various countries, including India, Spain,
Austria, Bangladesh, Mexico, USA, Malaysia, China, UK, Netherlands, Germany,
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vi Preface

Israel, andSaudiArabia.At this conference, eminent international speakers presented
their views on energy, combustion, emissions, and alternative energy resources for
sustainable development and a cleaner environment. The conference presented two
high-voltage plenary talks by Dr. V. K. Saraswat, Honorable Member, NITI Ayog,
on ‘Technologies for Energy Security and Sustainability’ and Prof. Sandeep Verma,
Secretary, SERB, on ‘New and Equitable R&D Funding Opportunities at SERB.’

The conference included nine technical sessions on topics related to energy and
environmental sustainability. Each session had 6–7 eminent scientists from all over
the world, who shared their opinion and discussed the trends for the future. The
technical sessions in the conference included emerging contaminants: monitoring
and degradation challenges; advanced engine technologies and alternative trans-
portation fuels; future fuels for sustainable transport; sustainable bioprocessing for
biofuel/non-biofuel production by carbon emission reduction; future of solar energy;
desalination and wastewater treatment by membrane technology; biotechnology
in sustainable development; emerging solutions for environmental applications’
and challenges and opportunities for electric vehicle adoption. Five hundred plus
participants and speakers from all over the world attended this three days conference.

The conference concluded with a high-voltage panel discussion on ‘Chal-
lenges and Opportunities for Electric Vehicle Adoption,’ where the panelists were
Prof. Gautam Kalghatgi (University of Oxford), Prof. Ashok Jhunjhunwala (IIT
Madras), Dr. Kelly Senecal (Convergent Science), Dr. Amir Abdul Manan (Saudi
Aramco), and Dr. Sayan Biswas (University of Minnesota, USA). Prof. Avinash
Kumar Agarwal, ISEES, moderated the panel discussion. 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
fromvarious agencies and organizations for the successful conduct of the Fifth ISEES
ConferenceV-SEEC,where these books germinated.Wewant to acknowledge SERB
(special thanks to Dr. SandeepVerma, Secretary) and our publishing partner Springer
(special thanks to Ms. Swati Meherishi).

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 on time and
revising it appropriately at short notice.Wewould like to express our special gratitude
to our prolific set of reviewers, Dr. Ákos Bereczky, Dr. Harold Sun, Dr. Yuanxian
Zhu, Dr. Song-Charng Kong, Dr. Apeng Zhou, Mr. Shubhanker Dev, Dr. Cheatn
Patel, Dr. Cinzia Tornatore, Dr. Holubeck, Dr. Martin Pexa, Dr. Atul Dhar, Dr. Yanju
Wei, Dr. Carlo Beatrice, Dr. Chunde Yao, Dr. Vipin Dhyani, Dr. Choongsik Bae,
Dr. Miroslav Müller, Mr. Ajay Trehan, Dr. José R. Serrano, Dr. Jeevan Tirkey,
Dr. Dilip Sharma, Dr. Sarbjot Singh Sandhu, Dr. Hua Zhao, Dr. Srinivasa Rao
Sandepudi who reviewed various chapters of this monograph and provided their
valuable suggestions to improve the manuscripts.

Electrofuels or e-fuels are produced using renewable electricity. They are an
emerging class of carbon-neutral drop-in fuels for transport sector. E-fuels family
is big and covers both gaseous and liquid fuels such as hydrogen (H2), methane
(CH4), methanol (CH3OH), DME (CH3-O-CH3), ammonia (NH3), synthetic petrol,
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and diesel. These E-fuels powered vehicles are far better than battery electric vehi-
cles (BEVs) in terms of overall greenhouse gases (GHGs) emissions. E-fuels can
be delivered on existing fuel outlets without major modifications, which is not the
case for BEVs. Development of infrastructure for charging the BEVs requires huge
investment; therefore, policy makers of European Union (EU) have shown a great
interest. Also, the major advantage of E-fuels is the energy efficiency of electricity
used to power the battery electric vehicles (BEVs), and hydrogen fuel cells are ~4–6
times and 2 times higher than e-fuels used to power the internal combustion engines
(ICEs), including grid integration. This book will provide the ways of using these
fuels in existing engines and their effects on tailpipe emissions. Calibration and
optimization procedure for adaptation of these fuels will be covered in this book.
Also, economical perspective of these fuels will be covered. Chapters include recent
results and are focused on current trends of automotive sector. We hope that the book
would greatly interest the professionals and postgraduate students involved in fuels,
IC engines, engine instrumentation, and environmental research.

Kanpur, India Avinash Kumar Agarwal
Hardikk Valera
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Chapter 1
Introduction of Greener and Scalable
E-Fuels for Decarbonization of Transport

Avinash Kumar Agarwal and Hardikk Valera

Abstract Electro fuels or e-fuels are produced by using renewable electricity. They
are an emerging class of carbon-neutral drop-in fuels for the transport sector. E-
fuels family is large and covers both gaseous and liquid fuels such as hydrogen (H2),
methane (CH4),methanol (CH3OH),DME(CH3-O-CH3), ammonia (NH3), synthetic
petrol, diesel etc. These E-fuels powered vehicles are superior to battery electric
vehicles (BEVs) in overall greenhouse gas (GHG) emissions. E-fuels can be delivered
from existing fuel outlets without significant modifications, which is not the case for
BEVs. Developing infrastructure for charging the BEVs requires huge investments;
therefore, policymakers of the EuropeanUnion (EU) have shown interest in the large-
scale implementation of the E-fuels. Also, a significant advantage of E-fuels is their
energy efficiency. The electricity used to power the battery electric vehicles (BEVs)
and Hydrogen fuel cells is ~4–6 times and two times higher, respectively than the e-
fuels used to power the internal combustion engines (ICEs). This book covers several
ways to use these E-fuels in existing engines and their effects on tailpipe emissions.
Calibration and optimisation procedures for the adaptation of these fuels are covered
in this book. Also, the economics of these fuels is covered.

Keywords E-Fuels · Hydrogen · Dimethyl ether ·Methanol · Ammonia

The rapid depletion of fossil fuels has prompted upcoming generations to adopt
alternative resources, which are equally efficient and could meet the soaring energy
demand. Furthermore, being non-renewable, harming the environment while burning
and mining, replacing this outdated means of energy supplies will be a future chal-
lenge in sustaining the environmental and economic issues.However, among theprac-
tical alternative energy sources, the most popular ones are solar, wind, geothermal,
biomass energy, and nuclear energy, or hybrid nuclear energy. Although the energy
demand is getting fulfilled, these cannot contribute enough to fulfil energy demand

A. K. Agarwal (B) · H. Valera
Engine Research Laboratory, Department of Mechanical Engineering,
Indian Institute of Technology Kanpur, Kanpur 208016, India
e-mail: akag@iitk.ac.in
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https://doi.org/10.1007/978-981-16-8344-2_1
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4 A. K. Agarwal and H. Valera

because of some drawbacks and inconsistencies. For instance, insufficient power
generation capacity and relatively lower efficiency necessitate a huge upfront capital,
and dependency on geographical conditions and locations impede their potential
to cater to the energy demand on a large scale. Besides, nuclear energy poses a
security risk and generates radioactive waste. Similarly, biomass energy sources
can potentially lead to deforestation. However, hydrogen is becoming increasingly
popular as an alternative fuel because of its cleaner production, non-toxic nature,
economic feasibility, and excellent efficiency than most energy sources. Its non-
polluting production from electrolysis and renewable sources and wide range of
flammability indicate its scalability as a green solution for the transport sector. Hence,
E-fuels may be a promising solution in the future.

The first section of the book has three chapters. The first chapter is the introduction
chapter. The second chapter of this section focuses on the overview of alternate
fuel utilisation and global efforts to decarbonise the transport sector by promoting
e-fuels. This chapter briefly discusses the potential alternatives available to reduce
GHGemissions for cleaner road transport. This chapter includes a brief discussion on
fossil carbon energy carriers such as biofuels, e-fuels, and renewable electricity. Some
barriers in implementing the renewable, greener scalable e-fuels for decarbonisation
are reported as possible solutions. The third chapter provides a historical perspective
on biofuel policies in India. The chapter analyses key factors that have played a
significant role in shaping the biofuel policies in India after the independence. The
timeline between 1947 and 2021 is analysed to understand events in the biofuel
policy formulation landscape. This helps get a micro picture of why these policies
have not been able to deploy biofuels as a substitute in the Indian automotive sector at
a large scale. The chapter could help formulate a robust strategy for defining biofuel
development pathways in the upcoming renewable boom, improving biofuels’ share
in the overall renewable energy sector.

The second section of the book focuses on hydrogen as an E-fuel. This section
contains five chapters on hydrogen usage. The first chapter of this section is focused
on hydrogen as a marine transportation fuel. Shipping is the most energy-efficient
mode to transport goods, and it has a substantial role in the global economy. The
vast majority of ships are operated on fossil fuels due to economic advantages, a
strong bunkering network, andwell-experienced operations ofmarine diesel engines.
However, environmental concerns are driving the industry to reduce ship-sourced
GHG emissions, and the International Maritime Organization (IMO), the controller
of the maritime industry, is bringing stringent rules to regulate these emissions under
The International Convention for the Prevention of Pollution from Ships—Annex
VI (MARPOL). This chapter includes information on the status of maritime trans-
port, current international maritime emission norms and regulations, and hydrogen’s
compliance with the International Code of Safety for Ships Using Gas or Other Low-
flashpoint Fuels (IGF Code). Hydrogen production technologies, onboard hydrogen
storage methods, hydrogen combustion concepts for marine diesel engines, and fuel
cells are also reviewed. Last, the concluding section comprises the chapter discus-
sions. The second chapter of this section focuses on improving the cold flow prop-
erties of biodiesel and hydrogen-biodiesel dual-fuel engines aiming at near-zero
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emissions. A dual-fuel combustion system that burns hydrogen as a primary fuel and
biodiesel as a pilot fuel is getting attention. The biggest challenges with a hydrogen-
operated dual-fuel engine are the power output, almost similar to diesel engines,
and sustaining stable engine operation at lean operating conditions (Verhelst and
Wallner 2009; Verhelst 2014). Supercharging can address the power output issue,
but it increases the likelihood of premature ignition and knock tendency unless the
equivalence ratio and other parameters are appropriately adjusted. Hydrogen-diesel
supercharged dual-fuel engine results are presented in this study. The charge dilution
(by N2) that helps to reduce the NOx emissions is also presented. Detailed engine
conditions and parameters are suggested for near-zero emissions from the hydrogen-
biodiesel dual-fuel engines. The third chapter of the section is focused on the assess-
ment of hydrogen as an alternative fuel. In this chapter, hydrogen as a fuel over other
alternative energy resources has been evaluated for their performance and emis-
sion characterisation. Economic assessment is also carried out in this chapter, which
comprehensively demonstrates the feasibility and prospects of hydrogen over other
sources. This study also identifies challenges, limitations and their possible solutions
for the production and usage of hydrogen. The fourth chapter of this section focuses
on the Effectiveness of hydrogen and nano-particle addition in eucalyptus biofuel
to improve the performance and reduce emissions of a CI engine. The Eucalyptus
biodiesel (EB) powered CI engine exhibits lower brake thermal efficiency (BTE) and
higher smoke in this chapter. The inherent oxygen content of nano-particles could
be added with EB, leading to improved hydrocarbon oxidation that results in low
smoke emission. This study was initially carried out in a compression ignition engine
powered by EB, considered a reference fuel. The higher energy density of hydrogen
resulted in better combustion efficiency and drastically reduced global emissions.
The last chapter of the section is focused on the role of hydrogen and natural gas
as additives for attaining low carbon intensity and higher performance IC engines.
The role of hydrogen and CNG in biofuels cannot be over-emphasised owing to a
higher degree of spray atomisation, improved brake thermal efficiency, heat release
rate, lower carbonaceous missions, and moderate peak cylinder pressures. Hence,
this chapter focuses on the role of hydrogen and natural gas in biofuels, the blending
techniques adopted in mixing NG and H2 with biofuels, their compatibility/property
variations and their spray characteristics.

The third section of the book is focused on Dimethyl-Ether (DME) as an E-fuel.
This section has three chapters. The first chapter of the section is focused on the
prospects of a dual-fuel injection system in CI engines using DME. The operating
range of DME homogeneous charge compression ignition (HCCI) engines is limited
due to knock intensity; however, it can be widened using dual-fuel mode. DME has
ultra-low viscosity, higher vapour pressure, and negligible self-lubrication character-
istics, which create difficulties in the conventional fuel injection systems to handle
DME (Pal et al. 2021; Rai et al. 2021). These challenges can be overcome by using
high octane number (ON) fuel as an ignition suppressor to reduce the chances of
knocking and coefficient of variance (COV) of engine performance parameters with
DME used in CI engines. This chapter explores different fuel injection strategies
and fuels in dual-fuel mode by considering DME as an E-fuel. The combustion
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and emission characteristics of the DME dual-fuel engine are also discussed. The
second chapter of this section is focused on the prospects and challenges of DME
fueled low-temperature combustion (LTC) engine technology. Engines with LTC
concepts are highly efficient and environmentally friendly and offer a promising
alternative to conventional combustion engine technologies (Benajes et al. 2015;
Tormos et al. 2010). Homogeneous charge compression ignition (HCCI), partially
premixed charge compression ignition (PCCI), Reactivity controlled compression
ignition (RCCI), andgasoline compression ignition (GCI) are a fewof theLTCvariant
technologies, which should be investigated for DME to combine both cleaner and
efficient engine technology and environment-friendly alternative fuel. HCCI engine
technology is a superior LTC engine technology with higher efficiency. However,
there are limitations of HCCI engine technology, such as limited operational range.
Hence, other LTC engine technologies are being widely explored. PCCI engine tech-
nology is one of them. Factors such as lean premixed charge, high compression ratio,
and multi-point spontaneous ignition lead to excellent fuel economy and lower NOx

emissions. Another LTC engine technology is the RCCI, which uses two different
fuel reactivities to achieve excellent engine efficiencies. Low reactivity fuels such
as natural gas can be used along with high reactivity fuels such as DME, yielding
lower NOx and PM emissions, reducing heat transfer loss, and increasing engine effi-
ciency. RCCI technology leads to an elimination of the need for expensive exhaust
gas after-treatment systems. This chapter examines the concepts of various LTC
engine technologies and their performance and emission characteristics, underlying
challenges, and way forward for using DME. The last section of this chapter focuses
on optimising fuel injection strategies for the sustainability of DME in a combustion
engine. This chapter focuses on adopting suitable changes in fuel injection strategies
to reduce emissions and improve the performance characteristics of DME fueled
engines. Advance methods to sustain DME in the pre-existing diesel engine systems
are also discussed by modifying the engine to extract the maximum output. Due
to distinguished DME characteristics from the diesel, the effects of fuel compress-
ibility on compression work spray pattern, and atomisation characteristics are also
compared, which pave the way for the exploration of DME for combustion engines
via manipulation of fuel injection strategies.

The last section of this book focuses on the application of methanol and ammonia
as E-fuels. This section has three chapters. The first chapter of the section is focused
on the ECU Calibration for methanol fuelled spark-ignition engines. Out of all the
technologies, port fuel injection technology is one of the best ways for methanol
utilisation in existing electronic fuel injection (EFI) engines with minimal struc-
tural changes. The specific properties of methanol, such as lower calorific value,
higher latent heat of vaporisation, low volatility, higher laminar flame speed, and
higher-octane number, warrant modifications in the conventional gasoline engines
(Agarwal et al. 2021). For superior engine performance, these strategies must be
optimised for corresponding engine operating conditions. The combustion of EFI
engines is primarily governed by Electronic Control Unit (ECU), which contains
pre-calibrated maps to decide optimum injection and ignition strategy. ECU cali-
bration is the process of determining the optimal calibration tables for an engine.
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In this chapter, the ECU calibration methodology for methanol-fueled SI engine
equipped vehicles is discussed at length. The second chapter of this section focuses
on a novel design of experiment (DoE) perspective for robust multi-objective opti-
mization in the performance-emission-stability response realms ofmethanol induced
RCCI engine. A constrained optimisation study was covered in this chapter based
on the response surface methodology under the respective constraints of emission
elements as per the EPA Tier-4 emission mandates and operational stability. The
study also incorporated a novel customised DoE for the multivariate exploration of
design space followed by a thorough analysis of the robustness of design space,
which has been characterised through the measures of the fraction of design space
(FDS) metric, D-optimality criteria, G-efficiency, and condition number (CoN). A
desirability based multi-criteria decision-making approach was undertaken wherein
the highest desirability was observed as 0.832. The last chapter of this section is
focused on the scope and limitations of ammonia as a transport fuel. This chapter
covers production methods, properties, environmental and health aspects, storage
and transportation, and the potential of ammonia as a transport fuel in compression-
ignition (CI) and spark-ignition (SI) engines. Pure Ammonia operation and dual-fuel
modes are extensively discussed for both CI and SI engines. Hydrogen as a combus-
tion improver is also covered towards the end of this chapter. However, to realise
ammonia’s potential as a fuel, it is essential to determine feasible ammonia induc-
tion and combustion techniques applicable to ICEs, which would enhance engine
performance in the entire operating range.

This book is therefore divided into four different sections: (I) E-fuels for decar-
bonization of transport sector, (II) Hydrogen as an E-fuel, (III) Dimethyl-Ether
(DME) as an E-fuel, and (IV) Application of methanol and ammonia as an E-fuel.
Specific chapters covered in the manuscript include:

• Introduction of Greener and Scalable E-fuels for Decarbonization of Transport
• Potential of E-Fuels for Decarbonization of Transport Sector
• A Historical Perspective on the Biofuel Policies in India
• Hydrogen as Maritime Transportation Fuel: A Pathway for Decarbonization
• Improving Cold Flow Properties of Biodiesel, and Hydrogen-biodiesel Dual-fuel

Engine Aiming Near-zero Emissions
• Assessment of Hydrogen as an alternative fuel: Status, prospects, performance,

and emission characteristics
• Effectiveness of hydrogen and nano-particles addition in eucalyptus biofuel for

improving the performance and reduction of emission in CI engine
• The Roles of Hydrogen and Natural Gas as Biofuel Fuel-Additives towards

Attaining Low Carbon Fuel-Systems and High Performing ICEs
• Prospects of Dual-Fuel Injection System in Compression Ignition (CI) Engines

Using Di-Methyl Ether (DME)
• Prospects and Challenges of DME Fueled Low-Temperature Combustion Engine

Technology
• Optimisation of fuel injection strategies for sustainability of DME in combustion

engine
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• ECU Calibration for Methanol Fuelled Spark Ignition Engines
• A novel DoE perspective for robust multi-objective optimization in the

performance-emission-stability response realms of methanol induced RCCI
profiles of an existing diesel engine

• Scope and Limitations of Ammonia as Transport Fuel.
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Chapter 2
Potential of E-Fuels for Decarbonization
of Transport Sector

Sawan Bharti, Balendra V. S. Chauhan , Akshay Garg,
Ajitanshu Vedrtnam , and M. K. Shukla

Abstract E-fuels are synthetic fuels, that can be considered greener as they are
produced from green hydrogen. Green hydrogen is generally produced by sustain-
able process like gasification of biomass. The objective of the present chapter is
to provide an overview of the alternate fuels utilization and global efforts towards
decarbonization of the transport sector by promoting e-fuels. A detailed summary
of articles including the gradual efforts for implementation of greener scalable
E-fuels is reported. This chapter also discusses the potential alternatives available to
decrease the greenhouse gas emissions for cleaner road transportation in brief. This
chapter includes a brief discussion on fossil carbon energy carriers such as biofuels,
e-fuels and renewable electricity. Further, some barriers in the way of implementa-
tion of renewable, greener scalable e-fuels for decarbonization are reported with the
possible solutions. This chapter should provide a quick understanding of the present
state of the art on E-Fuels.
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2.1 Introduction

On 12 December 2015, 196 Parties at the Conference of Parties (COP 21) agreed
in Paris. The goal of the agreement was to limit global warming underneath 2 °C,
preferably 1.5 °C compared to the pre-industrial levels. The application of the Paris
Agreement necessitates economic and social alterationwhichworks on a 5-year cycle
of increasingly determined climate change actions disbursed out by the countries. By
2020, countries submitted their plans for climate change actions known as Nationally
Determined Contributions (NDCs) in which the plans of reducing the Greenhouse
gas emissions were proposed. Long-term low greenhouse gas emission develop-
ment strategies (LT-LEDs) provide a long-term horizon to the NDCs. It requires a
framework for financial, technical, and capacity-building support from the developed
countries. To accomplish these goals the European Union (EU) is exploring different
mid-century setups that could lead to a low-carbon EU economy by 2050 (Rogelj
et al. 2016; Wang et al. 2016).

We are currently well below the expected contributary measures that took place
in the Paris Climate Agreement and require the greener means of transportations.
For this application, Battery Electric Vehicles (EVs), Smart mobility impressions,
biofuels and more efficient engines are been listed. For the solution of short-distance
light vehicles like passenger cars and truck transportation, the EVs are well-thought-
of (Woodburn and Whitening 2010; Bastani et al. 2011). The pros and cons of the
e-fuels are discussed here for both the short and long-distance. It has also been empha-
sized previously that a greener mode for transport demands higher energy density
(Van Kranenburg-Bruinsma et al. 2020). However, E-fuels are globally accepted
as the future and to achieve the global goal of limiting the global temperature,
these modes are considered as the potentially cost-effective technologies by the
commission (Yugo and Soler 2019).

The Intergovernmental Panel on the Climate Change (IPCC) defined its fourth
assessment report (AR4) on the sources of climatic sources of moisture. The report
was an investigation report for the span of 1980–2012 and was divided into different
sets and 21 reference regions (RRs) (refer Fig. 2.1) depending upon the climatic
regions of different continents. The Lagrangian approach was implemented to inves-
tigate the transportation of moisture to continental regions from the major oceanic
sources (Stohl and James 2005; Gimeno et al. 2010; Nieto et al. 2014).

The role of bioenergy can be foreseen as a more dependable mode for the time to
come. According to the IEA’s 2DS report, the biofuels will be utilized 10 times more
than in 2020 worldwide by the year 2060, if more sustainable bioenergy is achieved.
It is been estimated that around 30% of transport energy will be on biofuels which
will be supplementary for the increase in electricity (Garg et al. 2021a, b). TheWorld
EnergyOutlookNewPolicy Scenario (NPS) of IEA takes care of the policymeasures
of the current and the planned scenarios whereas the pathway for sustainability
pathway is accounted by the Sustainability Development Scenario (SDS). Analysis
shows around 70% of simulation of the deployment level as compared by both these
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Fig. 2.1 IPCC ARC defined continental RRs based on the geographical domains (Drumond et al.
2019)

scenarios are needed. To achieve the targets, set by the organizations, it is essential
to set an ambitious approach towards the acceptance of biofuels. Ethanol production
in 2019 was estimated to be around 114 billion liters or around 2.4 EJ. Different
regions are dominating in production and use, for instance, the Corn in the USA
and Sugarcane in Brazil is around 83% of the global production and also dominates
in the usage. Production in China has risen quite rigorously for the last few years
whereas India is overtaking Canada and Thailand in production and usage. EU is
also emerging as the global production as per reports in 2019.

Figure 2.2 shows the Status of Global biofuel production in 2019 (Nystrom et al.
2019). Forty-one billion liters (about 1.4 EJ) of FAME biodiesel have been produced
globally in 2019 and its production is comparatively less concentrated geographically

Fig. 2.2 Status of global biofuel production in 2019. Data based on 2020 report of REN21, GSR
(Nystrom et al. 2019)
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as compared to ethanol. Production in Indonesia, theUS,Brazil, Germany and France
were estimated to be 17%, 14%, 12%, 8% and 6% respectively, contributing to about
60% of the global production. HVO production is expected to grow rapidly in the
next 5 years as per the trend it has been following which suggests growth from 6 to
17 billion liters.

The majority of the production of electricity and heat is still been done by the
direct usage of biogas and efforts are been made to refine the gas to biomethane. The
USA, Europe and Sweden are some of the major biomethane markets in transporta-
tion whereas countries like China and India are among the rising nations in this field.
Approximately 30 PJ of usage in the transportation of biogas has been estimated in
2018 but the level of cellulosic ethanol production is estimated to be very low and
sufficient technical advancements are necessary for the satisfaction of global require-
ments. IEA is increasing its efforts in this direction and soon proposed to produce
around 1.7 billion liters of cellulosic ethanol in the coming years (Bacovsky 2020).
This chapter provides an overview of the e-fuels, their production technologies, the
effects and the contribution of e-fuels in restricting the emissions of greenhouse
gases.

2.1.1 The Concept of E-Fuels

E-fuels are synthetic fuels that are a result of the combination of e-hydrogen or
green hydrogen produced by the electrolysis of water with renewable electricity. The
concentrated sources like flue gases from the industries or the air are considered to
be the concentrated sources to capture the CO2. E-fuels also are described within the
literature as electro-fuels, power-to-X (PtX), power-to-liquids (PtL), power-to-gas
(PtG) and artificial fuels (Probstein and Hicks 2006; Ridjan et al. 2013).

Figure 2.3 suggests how the greenhouse gas emissions by economic affect the
atmospheric temperature. The reports suggest approximately 29% of the greenhouse
emissions were from the transport sector in 2019 in the context of the United States
of America. Figure 2.4 shows that globally the transport sector contributes around
15% to the greenhouse effects. According to another report by the European Union
(EU), around 74% of the emissions are from road transportation, 13% by Aviation,
11% maritime and the rest is others.

The summary of the primary use of e-fuels in different sectors of transportation
is given in Table 2.1 where a comparison concerning gas and liquid modes of fuels
according to the status is done. Along with this an overview of e-fuels as per their
lower heating values and storage status is given in Table 2.2. Different alternatives
are compared in Table 2.3 where a better understanding can be developed as per their
characteristics (Espi et al. 2020; Capros et al. 2016; Hombach et al. 2019).
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(a)

(b)

(c)

Fig. 2.3 a global greenhouse emission by economic sectors, b global greenhouse emissions by
gas, c U. S greenhouse emissions by economic sectors (Emissions 2014)
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(a)

(b)

Fig. 2.4 a Greenhouse gas emissions from transport by mode and b Share of transport energy
demand by mode (Muller et al. 2017)

2.1.1.1 Technological Aspects of E-Fuels

E-hydrogen (also known as green hydrogen) is provided as a feedstock for producing
e-fuels in hydrogen electrolysis. The e-fuel production technologies can be low-
temperature (50–80 °C) technologies or high-temperature (700–1000 °C) processes.
The production of e-fuels requires CO2 (except e-ammonia) which is commonly
obtainable from sources like biomass combustion, industrial processes, or can be
captured from the air (Schulz 1999).

E-fuels production routes are demonstrated in Fig. 2.5. Steam reforming gasifica-
tion partial oxidation of different elements i.e. natural gas, biomass, and coal is done
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Table 2.1 Potential primary uses of e-fuels

E-fuels Passenger cars Heavy duty Maritime Aviation Other sectors
(non-transport)

Gas e-methane
(CH4)

xx xx xxx

e-hydrogen
(H2)

xx xx x x

Liquid e-ammonia
(NH3)

x x xxx

e-methanol
(CH3OH)

xx x x

e-DME/e-OME x xx xx

e-gasoline x

e-diesel x xxx xx

e-jet xxx

x

x-the relative potential role of e-fuel for the transport sector

Primary use, Secondary use, Minor usage

Other sector—industries, infrastructure, etc.

Table 2.2 Qualitative overview of e-fuels

E-fuels Lower heating value
(LHV), MJ/kg/MJ/l

Storage Additional
infrastructure

Powertrain
development

Gas e-methane 46.6/0.04 M No N

e-hydrogen 120/0.01 D Y N

Liquid e-ammonia 18.6/14.1 E Y Y

e-methanol 19.9/15.8 E N Y

e-DME 28.4/19.0 E Y Y

e-OME 19.2/20.5 E Y Y

e-gasoline 41.5/31.0 E N N

e-diesel 44.0/34.3 E N N

e-jet 44.1/33.3 E N N

aMost of the available logistics are applicable for E-methanol whereas storage is still an issue
bThe applicability of FCEV is still not clear
N-No, Y-Yes
E-Easy, M-Medium, D-Difficult

Positive characteristics, Negative characteristics

in the primary stage which transforms the elements into Syngas comprise of CO
and H2. Direct Fischer–Tropsch synthesis can be used to transform this syngas into
liquid fuels whereas conversion of Syngas into traditional Fischer–Tropsch products
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Table 2.3 Different alternatives versus different key parameters

Transport sectors Infrastructure Storage Investment Greenhouse gas
reduction

Fossil fuels All Existing E L L

Electricity LDV/HDV New Difficult H H

Biofuels All (limited by
availability and cap
in demand)

Existing E M H

E-fuels e-methanol
(CH3OH)

Existing E H H

aHDV-Heavy-duty vehicles, LDV-Light-duty vehicles
bExisting for liquid e-fuels, Not existing for gaseous e-fuels
E-Easy, L-Low, M-Medium, H-High

Most positive characteristics, Nominal beneficial, Negative characteristics

Fig. 2.5 E-liquids production routes (Gill et al. 2011)

is performed using Fischer Tropsch synthesis. The traditional Fischer–Tropsch prod-
ucts process through hydro refining or hydrocracking to produce liquid fuels (Schulz
1999; Anderson 1984).

Gasoline, kerosene, and diesel are some of the fuels which are produced via
Fischer–Tropsch synthesis whereas Water and Heat are dissipated in the final stage
of the synthesis. Selectivity is also an important aspect in Fischer–Tropsch synthesis
and Fig. 2.6 explains the selectivity of different liquid fuels according to the Fischer–
Tropsch synthesis technique.
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Fig. 2.6 Fischer–Tropsch liquid e-fuel products

2.1.1.2 Economic Aspects of E-Fuel

Figure 2.7 shows the resources required for e-fuel production. A gap is present
while analyzing the economic efficiency of e-fuels even though it offers a long-term
vision of renewable electricity if the transportation sector is considered. To effi-
ciently counter this gap, wind energy is used in Germany to understand the economic
and environmental effectiveness. Fischer–Tropsch synthesis is also performedwhich
would be handy in the years to come. The cost of e-fuel is relatively on the higher
side (about 7 euros/litre) but in time to come it is been expected that the cost decrease
with the increase in adoption. As per the analysis, the costs of e-fuels could be 1–3
euros/litres in 2050 (Hombach et al. 2019).

Fig. 2.7 Resources required for e-fuel production (Shell 2018)
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Fig. 2.8 E-fuels CAPEX (LBST and Dena 2017)

2.1.2 E-Fuel Investments

They’re considered to be a progressive reduction as far as the investment cost with the
technologies over the period. It may be due to the scale of the economy or the learning
effects. Figure 2.8 shows the comparison of the Capital expenditure (CAPEX) which
is associated with the different technologies for the production of e-fuels in 2015 and
gives a forecasted cost in 2050. The production via different modes and expenditures
is also justified to develop a better understanding of the present and future scenario.

2.1.3 Advantages of E-Fuels

Following are the main advantages of low-carbon fuels:

• E-fuels offer a significant degradation in the CO2 emissions and as the reduction
of greenhouse gases is the primary aim, it provides us an alternate for the future
(Heyne et al. 2019).

• The life-cycle analysis suggests that the potential reduction of CO2 will be about
70% which would be similar to that of DAC or from fossil sources (Liu et al.
2021).

• Higher energy density is achieved by e-fuels as compared to electricity and there-
fore it is considered suitable for the aviation and shipping sectors (Dahlgren et al.
2019).
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• E-fuels are relatively cost-effective, they are easy to store and can be transported
easily if compared to other modes like electricity. The fluctuation in seasonal
demands can be easily compensated as storage (stationary as well as mobile) can
be kept of e-fuels (Dahlgren et al. 2019)

2.1.4 Disadvantages of E-Fuels

Although the advantages of low carbon fuels overshadow the disadvantages, some
of them are detailed as follows:

• It will require a substantial number of new plants for renewable generation of
fuels to account for the losses which occur during the inherent thermodynamic
conversions [30].

• The energy efficiency of e-fuels is significantly less than that of the efficiencies
of vehicles running on electric batteries especially in combustion engines. From
the point of view of power generation, the efficiency of Battery electric vehicles
are estimated to be around 69% with comparison to the efficiency of 26–35% of
those of vehicles running on fuel cell whereas the efficiency of e-fuel vehicles
is in the range of 13–15% which are comparable to the conventional SI engines
used as the efficiencies are in the range of 35–44% for the conventional engines
(Economics 2018; Chauhan et al. 2021).

2.2 Opportunity to Reduce Carbon Emissions by E-Fuels

The production of e-fuels is usually from water, electricity, and carbon dioxide or
nitrogen. The net emissions are near zero when the biomass is directly captured from
the air. There is very little difference between the e-fuels when analyzed concerning
the cost of e-fuels whereas the most economical fuel comes out to be hydrogen.
Variation in the cost of carbon dioxide directly affects the production costs of e-LNG,
e-methanol, and e-diesel, and the cost of electricity affect all the e-fuels (Rameirez
et al. 2020; Center 2017; Krol and Lenz 2020).

2.2.1 Impact on the Transport Sector

Currently, the transport sector accounts for approximately 23% of global Carbon
Dioxide emissions (Schipper et al. 2020). Road transport is responsible for almost
75% of these emissions more than 10% are of aviation as well as deep-sea shipping
each.

The CO2 emissions are to be reduced by approximately 95% by the end of 2050
as compared to the level of emissions in 1990 to meet the proposed targets set in the
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Paris Climate Agreement. Several strategies are available to somehow confine the
emissions of CO2, i.e.:

• By restricting the traveling or emphasizing more on smart mobility or local
sourcing.

• Opting fossil energy carriers to increase the energy efficiency of the vehicles
• By introducing some new carriers for energy could cause lower emissions of

greenhouse gases as compared to the existing options.

The targets can be achieved even if the first two strategies are applied efficiently
and a lot less (near zero) amount of emissions can be attained.

Because of higher energy efficiency, battery electric propulsion is considered the
solution for short-distance and light vehicles. However liquid gaseous fuels have
higher energy density and batteries are not suitable for high energy storage onboard
so biofuels and e-fuels are considered for this (ICCT 2016).

The sustainability available for biofuels is assumed to be not sufficient meant for
satisfying all the modes that required high energy densities (Espi et al. 2020; Capros
et al. 2016). There is much to discuss the innovative approach in e-fuels. Some of
the e-fuels are discussed here which would be potentially important in the time to
come.

2.2.1.1 Green Hydrogen

Greenhydrogen (H2)which uses renewable energy to produce hydrogen fromwater is
made fromH2O (water) using sustainable electricity. H2 (hydrogen) andO2 (oxygen)
are split from water using an electrolyzer (Fig. 2.9) and can reach an efficiency
of 64%. The electricity cost has to be utilized to minimize the production cost
the production may also require buffering or storage (Ayodele and Munda 2019;
Greentech media) (Geoupura).

Fig. 2.9 Green hydrogen is produced using renewable energy (Muradov and Vezirogolu 2008)
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2.2.1.2 E-Methanol

Green hydrogen, electricity, and CO2 are used for the production of E-methanol
(CH3OH). To realize the circularity, the methanol is produced from hydro generation
instead of the usual process which is from the syngas. Direct Air Capture (DAC) can
be used to achieve by capturing CO2 from biomass. The efforts for finding the fuels
for tomorrow are underway and many places in the world are looking forward to
large production plants of e-methanol (Nieminen et al. 2019; Wallenius 2020). The
equation involved in methanol formation is:

CO2 + 3H2 → CH3OH + H2O + 40.9KJ(at 298K)

2.2.1.3 E-Diesel

Green hydrogen is also used for the production of E-diesel and an efficiency of
around 69% can be achieved by using the Fischer–Tropsch process (Brynolf et al.
2018). Themethanol-to-diesel synthesis can be an alternative to the Fischer–Tropsch
process (Christensen and Petrenko 2017). The equation involved in diesel production
is:

2H2(g) + CO(g) → −CH2− + H2O + 165KJ(at 400K)

2.2.1.4 E-ammonia

With a yield of 70%, hydrogen and nitrogen can be synthesized using a Haber–Bosch
reactor whereas e-ammonia produced by air separation consists of consist of green
hydrogen and nitrogen in the feedstock (Manna et al. 2021). The reactions include:

Steam Reforming process:

CnHm + nH2O → nCO + (0.5m + n)H2 (2.1)

TheHaber–Bosch process includes the reaction of atmospheric nitrogen (N2) with
hydrogen (H2) in the presence of a metal catalyst under high temperature and high
pressure (Fig. 2.10).

N2 + 3H2 → 2NH3 (2.2)
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Fig. 2.10 Ways of producing different e-fuels

2.2.1.5 E-LNG

Sabatier reaction can be used to produce E-LNG (Liquified Natural Gas), Predomi-
nantly CH4 (Nieto et al. 2014). For transport applications, the methane produced is
usually liquified.

2.2.1.6 E-Kerosene

The green hydrogen, CO2, and preferably Fischer–Tropsch synthesis can be used for
the production of E-Kerosene (C12H26, ranging fromC11 to C14). For the upgradation
into kerosene, anotherway is to use e-methanol.Hydrogen can be bound in a chemical
structure in liquids like liquid organic hydrogen carriers which can be used as the
storage option for hydrogen.

A summary of different e-fuels is presented below which is based on KPIs (Key
Performance indicators) and these KPIs can be used for the suitable e-fuel for
transport.

2.2.1.7 Oxygenated Fuels

Dimethyl ether (DME) and Oxymethylene Dimethylethers (OME) are considered
synthetic options for e-fuels that are produced by dehydration of methanol. Dimethyl
also has favorable fuel properties as compared to methanol for both otto and diesel
engines (Garg et al. 2021a, b). There found a reduction in emissions of SOx NOx
and PM while using DME and OME especially for marine applications so, they are
considered cleaner because of their purity and chemical composition (Europa 2019).
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Table 2.4 KPIs to select the
most suitable e-fuels

Practical
application and
safety

Environmental
impact

Economics

• Vehicle
modifications

• Impact on
infrastructure

• Impact on
operations

• Safety

• Emissions of
pollutants: NOx,
PM, SOx

• CHG Emissions

• Cost of production
• Storage cost and
distribution costs

• Vehicle costs
• Powertrain
efficiency

2.2.1.8 Liquid Organic Hydrogen Carriers

Liquid organic hydrogen carriers (LOHC) are considered as a long-term option for
higher energy density storage of greener hydrogen (Niermann et al. 2019; Aakko-
Saksa et al. 2018). The storage of hydrogen at ambient conditions can be done using
this technology. Hydrogeneration can be used for storage and dehydrogenations
are applicable for hydrogen release of suitable molecules which are usually liquids.
Several organic liquids includingmethanol, formic acid andM-Ethyl-carbazole come
under the termLOHC. LOHC is inexpensive, it’s comparatively easy tomanage these
substances and these are potentially secure. LOHC offers on-demand delivery and
improved energy storage for the long term. One of the most important benefits of
this technology is the SME Hydrogenous (Hydrogenious 2021). For the extraction
of hydrogen from its carrier a reformer or a chemical plant is required on the vehicle
if used for transportation.

Table 2.4 gives KPIs to select the most suitable e-fuels.

2.3 Safety and Practical Applications

A huge impact of transition from fossil fuels to e-fuel may be observed on vehicles,
infrastructure, and logistics. The distribution technologies are not present for several
e-fuels as well as there is a lack of new engines and tanks for the vehicles. The
requirement of proper safety measures is prominent for the usage of hydrogen as an
e-fuel. Therefore, for the practical application and KPI for safety, some elements are
being considered:

• Impact of e-fuels technologies on vehicles (Maas et al. 2016)
• Impact on infrastructure for distribution and storage (Ramirez et al. 2020)
• Impact on operations
• Safety.



24 S. Bharti et al.

2.3.1 Impact of E-Fuels Technologies on Vehicles

Vehicles running on e-fuels may require larger and expensive storage. The existing
IC engines (ICE) are quite efficient (40–50%) and feasible (between e200 and
500/kW). The Fuel cell electric vehicle (FCEV) powertrains prices are of range
e2500–3500/kW (>200 kW size) and at present available only for the use of pure
iron. Existing engines whereas can be used for e-diesel and e-LNG. As the compet-
itive existing technologies are available for the use of E-methanol, it is fairly easy
for E-methanol to enter the market, whereas large development efforts are needed
for e-ammonia and hydrogen to be used as e-fuels.

Table 2.5 explains the Different modalities available for e-fuels according to their
form and suitability, where E-methanol and E-LNG are observed to be quite feasible
for storage in vehicles. There are problems of storage in aviation and efforts are
required to move forward in this direction. Table 2.6 shows the analysis of volume
and space requirement of e-fuels onboard ships in comparison to the available stan-
dard diesel fuel. It is quite substantial that the storage of batteries would require
a comparatively large volume and space and modification required in the existing
engines can be understood by Table 2.7. Table 2.8 suggests the form and suitability
of the transportation of different fuels for different modalities and different colors
suggest the suitability status of e-fuels.

Awhole new distribution system is required for Hydrogenwhich also includes the
infrastructure. As there is a need for compression or liquefaction, the infrastructure
will be more complex. The fuel distribution for road transport will require many
fuel stations and this task is more of an extensive one. The quantity (tonnes of fuel)
and energy (GJ) of fuel that are transportable by typical tanker trucks are given in

Table 2.5 Different modalities available for e-fuels according to their form and suitability

Storage in
vehicle

Green
hydrogen

E-methanol E-diesel
(FT)

E-ammonia E-kerosene E-LNG

Distribution
and
long-haul
trucks

Compressed
or cryogen

Standard
liquid

Standard
liquid

Compressed
(±10 bar)

Na Compressed
or cryogen

Inland
shipping

Compressed
or cryogen

Standard
liquid

Standard
liquid

Compressed
(±10 bar) or
cooled
(− 33 °C)

Na Cryogen

Short-sea
shipping

Cryogen Standard
liquid

Standard
liquid

Cooled
(− 33 °C)

Na Cryogen

Deep-sea
shipping

– Standard
liquid

Standard
liquid

Cooled
(− 33 °C)

Na Cryogen

Aviation – – – – Standard Cryogen

Easy, Quite feasible, Feasible, Not impossible, Impossible
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Table 2.6 Volume and space requirement of e-fuels onboard ships compared to the available
standard diesel fuel

Volume factor based on
MJ/dm3

Packaging factor ship Space requirement

E-diesel 1.0 1.0 1.0

E-methanol 2.3 1 2.3

E-LNG 1.6 2 3.2

E-ammonia (cooled) 3.1 1.1 3.4

E-ammonia (10 bar) 3.2 2 6.4

Hydrogen (cryogenic) 3.8 2 7.7

Hydrogen @700 bar 6.3 2.5 15.7

Battery 50 2 100

Table 2.7 Impact of e-fuels on vehicle costs

Hydrogen New modified engine and expensive tank

E-methanol Requirement of modified engine and tank

E-diesel No modification required

E-ammonia Significant impact on the tank, the requirement of a new engine

E-LNG Fair modification of engines, costly tank

E-kerosene No modification required

No impact, Small impact, Medium-impact, Significant impact

Table 2.8 Form and suitability of the distribution of different fuels for different modalities

Distribution/transport
via

Green
hydrogen

E-methanol D-diesel
(FT)

E-ammonia E-kerosene E-LNG

Pipeline Compressed Compressed Na Compressed

Tanker truck Compressed
or cryogen

Standard
liquid

Standard
liquid

Compressed
(±10 bar)

Na Cryogen

Inland ship Compressed
or cryogen

Standard
liquid

Standard
liquid

Cooled
(− 33 °C)

Na Cryogen

Short-sea ship Cryogen Standard
liquid

Standard
liquid

Cooled
(− 33 °C)

Na Cryogen

Deep-sea ship Cryogen Standard
liquid

Standard
liquid

Cooled
(− 33 °C)

Na Cryogen

Easy, Quite feasible, Feasible

Table 2.9. As a large quantity of fuel supply can take place with a comparatively
small number of strategic locations, the distribution of fuels by aviation as well as
shipping is way more efficient as compared to the road transport and the process can
also be organized more efficiently for maximum results.
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Table 2.9 Typical volumes and energy contents of fuels transported by tanker trucks

Tanker truck The ratio of tanker trucks to diesel reference

Tonnes GJ

E-diesel 16 683 1.0

Hydrogen (compressed) 1 120 5.7

Hydrogen (cryogenic) 4 480 1.4

E-methanol 16 315 2.2

E-ammonia (compressed) 16 298 2.3

E-LNG 16 784 0.9

2.3.2 Safety Issues

Some of the e-fuels for some ignitable mixture when comes in contact with air. As
the e-fuels usually have comparatively low flash point temperatures and are toxic, it
becomesmore difficult to adopt several e-fuels. An example of such fuel is ammonia,
which is a gas at environmental conditions and toxicity makes it unsafe for trans-
portation via road. To apply it efficiently sufficient measures are to be taken (Vries
2019).

Methanol has been ingested with toxicity as gasoline (Klier 1982). Methanol also
contains an invisible flame which is at times is advantageous but usually, considered
as a disadvantage.California is among those regionswheremethanol has been applied
in cars so, these have been at times called flexible-fuel vehicles which were then
replaced by ethanol (Ott et al. 2000).

Similar tomethanol, LNGandHydrogen have ignition issues. LNGhas the advan-
tage of being lighter than air as well as it diffuses rapidly in the atmosphere whereas
hydrogen is not advised to do so because of its combustibility.

2.3.3 Environmental Impacts

KPI, WTW (well-to-wheel), and TTW (Tank-to-wheel) analysis to examine the
pollutants have been done in the literature, and significant results supporting the
use of e-fuels are found in favor (Ramirez et al. 2020).

Combustion engines take reference to the vessel emissions for all the fuels
(besides hydrogen). For the combustion engines, some of the latest pollutant emission
requirement is taken. These are given as follows,

• Euro VI based Trucks
• Stage V inland vessels, and
• Maritime vessels (Tier III NOx (2021) and fuel Sulphur required).

Table 2.10 summarizes the projection of pollutant emissions. Zero pollutant emis-
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Table 2.10 Projection of emission for different fuels based on EURO VI for truck, stage V for
inland ships Tier III for maritime vessels

Emission Current
fossil diesel

Green
hydrogen
fuel cells

E-MeOH E-Diesel
(FT)

E-NH3 E-LNG

Trucks and
inland ships

NOx L Z L L L L

PM L Z L L L L

SOx L Z L L L L

Maritime
vessels

NOx M Z M M M M

PM M Z L L L L

SOx M Z L L L L

L-Low, M-Medium, Z-Zero

sions are only attainedwhile using hydrogen in combination with fuel cells which are
significant for urban areas. E-fuels (except H2) will not lead to significant reductions
in pollutants as particulate filters are required in diesel engines. The absence of sulfur
compounds can lead to reductions in SOx and PM emissions.

Due to IMO tier III legislation, the NOx emissions from the marine vessels are
reducing. There will be an expected reduction in emissions and implementation
of exhaust and the implementation of after treatment will be implemented. The
zero pollutants are not anticipated because of the nature of combustion in ICEs
so, emissions on some scale are expected. Further modifications are proposed and
expected to be implemented post-2030 status.

Hydrogen and e-ammonia on the other hand are free of carbon and don’t produce
CO2 emissions in combustion. Zero greenhouse emissions are attainable in case if
the renewable source is used.

Table 2.11 represents the environmental impact of KPI scores for the different
e-fuels.

Table 2.12 provides the barriers and potential remedies for the adoption of e-fuels.
Cooperation is the key, individual stakeholders or states may try their hardest

but without the cooperation of states and stakeholders worldwide, the task seems
humongous. There is a certain need of setting regional targets in the field of regulation

Table 2.11 Environmental impact of KPI scores for the different e-fuels

Pollutant emissions CO2 emissions

Hydrogen Zero emission No WTW & TTW CO2 emissions

E-ammonia Equal emission of all e-fuels in
combustion engines

Zero WTW & TTW CO2 emissions if
all CO2 is circular (under certain
circumstances)

E-diesel (FT)

E-methanol

E-LNG

E-kerosene (FT)
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Table 2.12 Barriers for adoption of e-fuels (Ueckerdt et al. 2021)

Barriers How to overcome

Economic • Cost of e-fuels
• Future development of renewable
electricity is uncertain, so as the
CO2 feedstock costs

• Advance infrastructure is required

• Investment required in R&D for
more effective routes of production

• Acceptance of cost of sustainability
of fuels over the current fossil fuel
cost

• Application of the financial model
to meet the long-term requirement

• Application of flexible hydrogen
production to take advantage of
current electricity costs

• Apply the infrastructural concepts
for the development of storage
facilities

Technical • Unclear feasibility of production
routes

• Not enough circular sources of CO2
available

• Requirement of development of
engines and fuel cells

• Optimization of production routes
• Development of DAC technologies
for large scale applications

• Investing in the development of
engines and fuel cells

Organizational • Need of a system perspective and
stakeholders’ cooperation

• Electricity import dependency
• Emphasis on advance policies for
long route transportation

• Long term commitment from
stakeholders

• Extension of offshore wind capacity
above 60 GW

• Increasing awareness about e-fuels
and making them applicable

Regulatory • Costly fossil fuels preventing the
investors from investing

• No certification of e-fuels as of now
• Uncertain future tax regimes for
e-fuels vehicles

• Goals needed worldwide

• E-fuels over fossil fuels approach
• Sustainable initiative support
• Arrangement of regulatory certainty
• Base level creation of applicable
field

as well as emission and setting targets won’t be enough, strict compilation rules are
needed to be imposed.

2.4 The Climate Change Report Card

Figure 2.11 shows the climate change report card of the countries. Despite the 2015
agreement of reduction in carbon emission, it is estimated that many countries are
not following the right track and it is quite substantial from the climate change report
card. Even though the carbon emissions in The Gambia, Morocco and India are
highly expected to rise, but they will fall short of exceeding the 1.5 °C limit and are
among the countries which are taking the matter to priority and are listed as the top
of the class. Norway, China, and the United Kingdom are among the countries which
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Fig. 2.11 Climate change report card

are showing some promises although it will be a huge task and they might fall below
but intent can be seen by their growth.

Russia is among the top for the emitter of greenhouse gases, and it is the only large
emitter that has yet to endorse the Paris Agreement. Saudi Arabia on the other hand
appears to be going backward their vision is yet to move on from oil dependency.
Turkey, Ukraine, and the United States are considered to be critically insufficient
(Mulvaney 2019).

2.5 Concluding Remarks

This chapter provides a statistical and technical overview of the e-fuels. The chapter
also discusses the potential and challenges associated with the commercialization
of the e-fuels to be used as transport fuels. There has been a significant increase in
the development of e-fuels. Several conclusions can be drawn from the literature on
e-fuels:

• Hydrogen as e-fuel does not apply to longer distances and is limited to shorter
distances whereas it depends on the costs of electricity and of CO2 as well as
the nature of infrastructure and vehicles. All the other e-fuels i.e. e-methanol,
e-diesel and e-LNG are considered as the options whereas E-ammonia is still not
recommended for road transport.

• Depending upon the cost of CO2, Hydrogen for shipping can be an interesting
option and still for the shorter distances. E-ammonia along with all the other
alternates are applicable for the transport by shipping which again depends upon
the cost fluctuation of CO2.
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• In the case of aviation, E-kerosene is the only feasible option. A large investment
is required for altering the engine design if the acceptance of alternate fuels takes
place, which would again be dealing with the loss of passengers and the load
capacity.
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Ridjan I, Mathiesen BV, Connolly D, Duić N (2013) The feasibility of synthetic fuels in renewable
energy systems. Energy 57:76–84

Rogelj J, Den Elzen M, Höhne N, Fransen T, Fekete H, Winkler H, Meinshausen M (2016)
Paris agreement climate proposals need a boost to keep warming well below 2 C. Nature
534(7609):631–639

Schipper C, Smokers R, Verbeek M, Verbeek R (2020) E-fuels: towards a

https://theicct.org/blogs/staff/a-world-ofthoughts-on-phase-2
https://wallenius-sol.com/en/e-methanol-future-fuel


32 S. Bharti et al.

Schulz H (1999) Short history and present trends of Fischer-Tropsch synthesis. Appl Catal A
186(1–2):3–12

Shell RD (2018) Shell annual report and form 20-F 2017
Stohl A, James P (2005) A Lagrangian analysis of the atmospheric branch of the global water cycle.
Part II: moisture transports between Earth’s ocean basins and river catchments. J Hydrometeorol
6(6):961–984

Ueckerdt F, Bauer C, Dirnaichner A, Everall J, Sacchi R, Luderer G (2021) Potential and risks of
hydrogen-based e-fuels in climate change mitigation. Nat Clim Chang 11(5):384–393

van Kranenburg-Bruinsma KJ, van Delft YC, Gavrilova A, de Kler RFC, Schipper-Rodenburg CA,
Smokers RTMet al (2020) E-fuels-Towards amore sustainable future for truck transport, shipping
and aviation

Wang H, Vicente-Serrano SM, Tao F, Zhang X, Wang P, Zhang C et al (2016) Monitoring winter
wheat drought threat in Northern China using multiple climate-based drought indices and soil
moisture during 2000–2013. Agric For Meteorol 228:1–12

Woodburn A, Whiteing A (2010) Transferring freight to ‘greener’ transport modes. In: Green
logistics: improving the environmental sustainability of logistics, Kogan Page, 124–139

YugoM,SolerA (2019)A look into the role of e-fuels in the transport system inEurope (2030–2050).
Concawe Rev 28(1)



Chapter 3
A Historical Perspective on the Biofuel
Policies in India

Anuj Kumar and Anand B. Rao

Abstract Despite having a valuable resource like biomass, India has constantly
failed to tap its potential. For instance, out of a total annual potential of 29–48
billion m3, the Indian biogas sector only produces 2.07 billion m3 per year. A similar
situation has been there with the other biofuel sectors like bioethanol and biodiesel,
where we have consistently failed to achieve the set blending targets. This points
out the constant mismatch between the previous policies formed in the sector and
the actual output received. The chapter analyzes the key factors that have played a
major role in shaping the biofuel policies in India after independence. The timeline
between 1947 and 2021 is analyzed to understand the processes that went through in
the backdrop of biofuel policy formulation. This helps us in getting a micro picture
of why these policies have not been able to deploy biofuels as a substitute in the
Indian automobile sector at a mass scale. Majorly depending on limited number of
first-generation feedstocks hindered the policies to achieve blending targets. It was
found that issues like—opting for a top-down approach in initial policies, not scaling
up the research and development in the initial stages, lack of coordination between
stakeholders, etc., are also themain reasons for not achieving the expected goals. The
work can potentially help to formulate a robust way of defining biofuel development
pathways in the upcoming renewable boom, which can improve the share of biofuels
in the overall renewable sector.
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3.1 Introduction

3.1.1 Energy Security in India

Energy security is a major concern for all countries across the world. One of the
main aims while designing the energy policies is to minimize imports which can
help in ensuring energy security. In India, however, there is a constantly growing
energy need that is majorly fulfilled by imports from other countries. Over the past
ten years, crude oil import has increased from 163.60MTs during 2010–11 to 226.95
MTs during 2019–20 at a compounded annual growth rate of 3.70% (Ministry of
Statistics and Programme Implementation (MoSPI) 2021). This imposes serious
concerns regarding the environmental health of the country.

India has aimed for various long- and short-term goals to reduce its dependence on
external sources. For instance, the long-term goals include its commitment to reduce
the emission intensity of its gross domestic product by 33–35% from the 2005 levels
by the year 2030. The short-term goal includes reducing the country’s dependence
on imported crude oil by 10% in 2022 (International Energy Agency 2020). Hence,
it becomes imperative to opt for energy policies that append the cause of smoother
transition. Keeping these facts at the center, India is largely shifting its focus on
renewable energy programs to become self-sufficient in the energy domain. It has
set an ambitious target of achieving 450 GW renewable capacity by 2030 (Online
2021).

Renewable-based systems are the most promising and emerging technologies that
can help in securing a sustainable future. For India, the most prominent renewable
options include solar, wind, hydro, and biofuels. To deploy these technologies on a
larger scale, many factors play a crucial role, which include—Research and Devel-
opment, economic feasibility, social acceptance, stakeholder engagement, and most
importantly the government policies being formed for that domain. In the present
scenario, solar-based systems have been the primary focus for the past few years
but are still under the development phase. To serve the large energy demand and
collaterally ensure energy independence, it becomes essential to supplement solar
energy with alternates like biofuels and hydropower. This can help us achieve our
renewable targets and enhance the technologies in other renewable sectors.

3.1.2 The Untapped Potential of Biomass

Being the second-largest agricultural economy in the world (Countries by GDP
Sector Composition 2017 2018), India has a high potential for energy generation
from the organic waste generated from agricultural residues and other sources. An
estimate suggests that around 17,500MWpower can be generated from the available
500 metric tons of biomass every year (Kumar et al. 2015). As shown in Fig. 3.1.
In terms of state-wise per capita energy availability through crop residues, Punjab is
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Fig. 3.1 Per capita bioenergy availability in top three and bottom three states in India from crop
residues

at the top with availability of 16,860 MJ bioenergy for every person in the state. It
is followed by Haryana and Gujarat having a potential of 11,559 MJ and 6660 MJ
respectively (Hiloidhari et al. 2014).

West Bengal on the other hand has the least bioenergy availability amongst all the
Indian states. It is succeeded by Jharkhand andMizoramhaving per capita availability
at 688MJ and 773MJ, respectively. Further, research shows that the biofuel potential
is in the range of 3–103 GGE/y from the energy crops being produced in India.
This can meet upto 5–160% of India’s gasoline demand. Similarly, the agroforestry
residues have a potential of 6–37 GGE/y, which can cover 10–56% of the country’s
gasoline demand (Usmani 2020).

However, the present literature suggests that India has not utilized the potential
of the biofuel sector to a larger extent. For instance, out of the estimated potential
production of 29–48 billion m3/year in the biogas sector, only 2.07 billion m3/year
biogas is being produced in India (Mittal et al. 2018). These figures also indicate that
we have not achieved the expected goals from previously designed policies in the
biofuel sector. Hence, there is a need to re-design these policies to fill the gaps which
have been there in the earlier ones. A historical perspective on assessing the reasons
behind this constant gap between the aimed objectives and the achieved targets in
the previous biofuels policies can help in a meaningful manner.
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3.1.3 Scopes and Objectives

Many researchers have studied and analyzed the biofuel policies in India. Ghosh
and Roy (2018) in their work study the National Biodiesel Mission of 2003 using
the Strategic Niche Management technique. The analysis pointed out various short-
comings related to jatropha cultivation in the wastelands. The discrepancies in insti-
tutional mechanism and value chain of biodiesel were also elaborated in the study.
Das (2020) studied the National Biofuel Policy 2018 with a particular focus on the
Ethanol and Biodiesel blending programmes in India. The study raised concerns
regarding hindrance to inter-state movements of feedstocks that were being trans-
ported for ethanol production purposes. The state taxes also raised the price of ethanol
procurement that became a problem in implementation of NBPs in India. Similarly,
Chandel et al. (2017) in their work studied that how these policies have affected the
socio-economic indicators in rural areas in India. The work indicated that—use of
advanced generation biofuels, efficient management of the effluents being generated
after processing of first and second generation, can be the key factors in success of
the biofuel policies in India.

Ebadian et al. (2020) analyzed the international biofuel policies including India
and used a questionnaire survey approach for analysis. The work emphasized on
the transportation sector specifically, and found that—relatively lower prices of
petroleum products, issues related to the funding of advanced biofuels, etc. were
the major factors that resulted in impediment of biofuel policies in India and across
the world. It also pointed out that the Indian transportation sector is using 1.2% of
biofuel share only.

Further, a study done by Baka and Bailis (2014) elaborated on the shortcomings of
the Indian biodiesel policies specifically. The researchers performed a comparative
analysis to study alternate options that can be opted in place of biodiesel and criticized
the basic assumption of having ample amount of wasteland for feedstock production
of biodiesel. Another research work done by Kumar et al. (2012) on the biodiesel
policies in India pointed out the issue on availability of wasteland. Issue related to
biodiesel engines where high sludge formation led to replacement of nozzles, leading
to high maintenance cost, was also specified in this study. Kumar Biswas and Pohit
(2013) particularly elaborated the role of state in improving the biofuel policies.
The work suggested the state to act both as a facilitator and a regulator. Another
recommendation done was regarding efficient institutional mechanism that can help
in deploying the policies at ground level in a robust manner.

However, most of these studies have either been policy- or market-specific.
Majority of them have focused on one biofuel policy, and none of them traced the
status of policies after 1947 in India. The events that went through in forming these
policies have also not been emphasized by these studies. It is evident that policies
are not formed in isolation. It is a complex process, and a whole set of background
events goes behind the formation of these policies. Hence, the chapter tries to analyze
the policies on the timeline between 1947 and 2020. This study helps us understand
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the nuances of all the simultaneous processes that helped in formulation these poli-
cies. The analysis also helps in establishing a cause-and-effect relation between the
formation of the biofuel policies and the background events that went into before
their formulation.

Further, a critical look into the literature gives an idea that the policies in the biofuel
sector were formed in a cluster around the year 2000 and heavy investments were
made around this period. Specific focus has been given on analysis of these policies,
which were formed after the year 2000. While analyzing the biogas policies in India,
it was observed (as explained under Sect. 3.2.3.2) that there was an exponential
growth in the number of biogas digesters installed in the country during 1980–2000.
The number of installed household digesters increased by around 40 times in 2000,
with respect to the 1980 values.

Hence, the primary objectives of this chapter include:

(i) To emphasize on the shifting policy processes by focusing on the three biofuel
sectors in India

(ii) To assess the issues related to the previous biofuel policies in India
(iii) To identify the primary reasons that led to the clustering of policies near the

year 2000 in the biofuel domain
(iv) To identify the primary factors led to the exponential growth in the number of

biogas digesters in the country between 1980 and 2000.

3.1.4 Methodology

A review of the timeline for biofuel policies in India is the central theme of this
work. To study the timeline of biofuel policies after independence in India, the
methodology mainly includes a thorough review of the available secondary sources.
For this purpose, several published research articles and evaluation reports were
analyzed. Analysis of evaluation reports on the state of biofuels, conducted by policy
think tanks like Planning Commission, is done extensively to find the issues related
to previous policies. A critical observation of the sources like reports on the status
of biofuels in India carried out by various committees and institutes was carried out.
This helped us scrutinize the gaps between recommendations and the actual policy
outputs. Peruse of the news reports from sources like The Hindu, Economic Times,
Financial Express, Down To Earth, etc. formed another important method to get a
sedulous look into the policy outputs in the biofuel domain. Analysis of these news
reports majorly helped in finding the status of the targets defined by the blending
programs in India.
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3.2 Historical Context of Biofuel Policies in India

3.2.1 Trends in the Energy Sector

Being the second-largest populous country in the world, India faces enormous
resource constraints in various sectors. The energy sector has witnessed a constantly
growing demand in India. The BP Energy Outlook Report (2014) points that India
will surpass China and become the largest energy demand growth country by 2035.

3.2.1.1 Increasing Energy Demand of India

The primary energy needs of the country tripled between 1990 and 2018 (Interna-
tional—U.S. Energy Information Administration (EIA) 2020). To serve these needs,
we have mainly depended on unsustainable sources like fossil fuels. The import of
crude oil, which was near 13 million metric tonnes (MMT) in 1972–73 (Ghosh and
Roy 2018), grew to about 270.78 MMT by the end of financial year 2019–20 (News
Express 2020).

The primary energy consumption (PEC) for India has been constantly growing.
As evident from Fig. 3.2, the PEC increased by ~2.5 times between 2000 and 2018
(Statista 2021a). It accounted for around ~5.5% of global PEC and around 11% of
global coal consumption in the year 2016 (Deloitte 2018). These figures put huge
implications on the Indian energy policies to serve the energy needs in a sustainable
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manner. To cater to these growing needs, it is a much necessary step that Indian
policy makers explore all the possible sustainable options to the maximum extent
possible. Renewable sector has emerged as the most promising alternate, that can
fulfill the energy needs of our larger population.

3.2.1.2 Renewable Energy Share

As already stated, the major form of renewable energy for India comprises of- solar,
wind, hydro and bioenergy. Out of these, solar energy has the maximum potential.
The annual-report published by the MNRE stated the maximum solar potential to
be around 750 Giga Watt-peak (GWp). Figure 3.3 shows the maximum peak poten-
tial distribution of solar energy across top five Indian states. The top five regions
include—Rajasthan, Jammu & Kashmir, Maharashtra, Madhya Pradesh (MP), and
Andhra Pradesh (AP). All together these states have a total solar potential of around
418 GWp. Out of these, Rajasthan has the maximum solar potential of 142.31 GWp,
while Andhra Pradesh has a potential of 38.44 GWp (MNRE 2021a).

Similarly, the wind potential of top five states (above 120 m from the ground
level) is around 568 GW, as shown in Fig. 3.4. These states are majorly situated at
the western and eastern boundaries of India. At 120 m from ground, Gujarat has a
maximum potential of 142.56 GW, while Andhra Pradesh is the fifth largest potential
state for wind having 74.9 GW peak potential (MNRE 2021a).

The other two sources, i.e., small hydro and bioenergy have potential ~20 GW
and 25 GW respectively. Jointly, these numbers indicate huge potential of renew-
ables that can fulfil the energy security needs of the country. For India, the installed
renewable capacity has constantly increased over the years. InMarch 2011, the share
of renewables in the total installed capacity was 10.63%, which increased to 23.59%
in May 2020. Figure 3.5 shows the continuously increasing share of renewables in
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total installed capacity in India. In the past five years between 2015 and 20, it has
increased at a CAGR of 9.33% (MNRE 2021b).

This growth can majorly be related to the commitment made through Paris Agree-
ment of 2015, where India voluntarily agreed to reduce the greenhouse gas emission
intensity of its GDP by 33–35% below the 2005 levels by 2030. Reports suggest that
India is well on track to achieve our target of 175 GW of installed RE capacity by
2022 (Contributors 2021). However, to meet the target of 450 GW of installed RE
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capacity by 2030, it becomes imperative to involve all the renewable resources. The
solar capacity, which was near 0.065 GW in the year 2010, has now increased to 39.2
GW by the end of 2020 (Statista 2021b). But the bioenergy sector did not perform
even near the growth rates of solar sector. Its capacity increased from 3 to 10.5 GW
in past ten years (Statista 2021c). Many policies were formed for utilizing bioenergy
but have not performed well enough to meet the expected objectives.

3.2.2 International Status of Biofuel Policies

Two most successful countries in implementing the biofuel policies include Brazil
and USA. They have performed well to implement these biofuel policies on the
ground level. These two countries dominate the global export of ethanol across the
world.

Being the largest producer of corn, USA mainly uses it as a primary feedstock
for bioethanol production. The Energy Policy Act (2005) of the country brought the
mandate of using 4000 million gallons of biofuels with the petrol. The target was
further increased to 7500 million gallons for the year 2012 and both the stated policy
mandates came under the program—Renewable Fuel Standard (RFS). Further, under
theEnergy Independence andSecurityAct (2007), theRFS2planned for 9000million
gallons ethanol blending by 2008 (Das 2020). Although the initial RFS programs
mainly focused on the first-generation biofuels, now the attention is shifting on the
alternates that mainly include the advanced feedstocks for bioethanol production. To
reduce the dependence on corn for bioethanol production, the RFS now promotes
lignocellulosic biomass as an alternate to the biofuels (MNRE 2021a).

Brazil, as a nation, was the amongst the first in the world to focus on its biofuel
policies right after the fuel crisis of 1973. Through its ‘Proalcool’ program, Brazil
was able to mix 15% ethanol in gasoline by 1979. By 2006, the nation became
oil independent and around 83% of entire car fleet was working on the flex-fuel
system (Sorda et al. 2010). Regarding recent advances, the country has launched the
RenovaBio programme in 2020 that aims at decreasing the carbon emissions. Brazil
is well on track to achieve these targets and meet the commitments done at Paris
agreement (USDA 2021).

Table 3.1 shows the ethanol production rates, expected blending targets, and
achieved target in Brazil, China, and India. If we look at the Asian counterpart
of India- China, it has not performed well on biofuel policy front. The policies in
China havemainly focused on the dissemination of technologies related to bioethanol
only. The reason for this is because China is a vegetable-oil deficit country, which
constrains it from making large scale policies in biodiesel. The bioethanol sector has
been struggling to reach the set targets. Due to the fuel vs food conflict, the produc-
tion as well as distribution of ethanol-based feedstocks was strictly monitored by the
government during initial policies. In 2006, the National Development and Reform
Commission had proposed a target of 6600 million litres of biofuel output. However,
under the purview of rising food prices, the proposal was rejected by the Chinese
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Table 3.1 Status of ethanol blending in Brazil, China and India (Statista 2021d; USDA-GAIN
2019)

Country Ethanol production in 2020
(in million gallons)

Ethanol blending target Target achieved (in 2020)
(%)

Brazil 7930 27% (in 2020) 27

China 880 10% (by 2020) <4

India 480 20% (by 2025)a 7.93

aIndia’s 2030 targets have been revised recently in July 2021

government (Sorda et al. 2010). A recent mandate of 2017 to achieve 10% blending
rates by 2020 have also been put up on hold due to uncertainties. Although the
capacity of production has increased since 2017 in China, the average blending rate
are not expected to go above 4%. Above all, use of ethanol to make medicines during
the COVID-19 pandemic also deviated the policy to achieve its blending targets
(China: Biofuels Annual 2020).

3.2.3 Evolution in the Indian Biofuel Sector

In India, the biofuel policies have mainly evolved around three domains-Biogas,
Bioethanol, and Biodiesel. It is imperative to emphasize that there has not been a
clear legal definition of the term ‘biofuels’ (Saravanan et al. 2018), which sometimes
creates ambiguities on the scope to use the term, as few works have only considered
bioethanol and biodiesel as biofuels. However, biogas is also one of the gaseous
biofuels and has been included in the chapter under the ambit of biofuels for our
analysis.

3.2.3.1 Timeline of Biofuel Policies and Programs in India

Regarding India’s biofuel laws, the first in history was the Indian Power Alcohol Act
of 1948, which came just after independence. The formulation of this law aimed to
use the surplus molasse generated from sugarcane production. This, in turn, sought
for a more energy secure India in the upcoming decades after independence. It also
had the provision of determining the procurement price of power alcohol such that
it can be blended with petrol for vehicular usage.

However, the law never made its presence on the ground and did not help in
uplifting the biofuel sector. Along with various other acts, the P.C. Jain committee
constituted by the government of India recommended to repeal the Power Alcohol
Act 1948, as it failed to serve its intended purpose (Report of the Committee to
identify … 2014). The recommendation led to repealing of the act in the year 2000.
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Due to the turbulence in the international oil market between 1970 and 80, coun-
tries worldwide started to form independent renewable energy units. India formed
the Commission for Additional Sources of Energy (CASE) in 1981, which was
made responsible for looking into the alternate energy sources for the nation. The
CASEwas further subsumedby theDepartment ofNon-conventional EnergySources
(DNES) in 1982. As a result of the formation of the DNES, during the sixth five-year
plan (1985–90), the biogas sector witnessed a significant push, which was the only
developed technology in the biofuel domain. This led to installation of household
biogas digesters all over the country in an exponential manner. As a result of these
efforts, nearly 33.7 lakh household-level biogas digesters by the end of 2000 in India.

Table 3.2 elaborates on various key events and policies that have contributed in
shaping up of the biofuel sector in India after independence.

Along with the biogas dissemination, the biodiesel and bioethanol sector
witnessed a major push around 2000. First major policy on bioethanol came in
2002, when ethanol blending was made mandatory in nine states across the country.
Regarding the biodiesel sector, the National Policy on Biodiesel also came in the year
2003 on the recommendation of Committee on Development of Biofuels in India.
However, the targets set in both these policies were not achieved due to various
reasons.

Reasons for heavy investments in biofuel sector near the year 2000

During the formulation and push for any policy, a whole set of background actions
take place. Multiple factors affected the investments in biofuel sector near the year
2000. Along with multiple geopolitical events, the intent of the government at centre
was also a main reason for these huge investments in the biofuel sector around 2000.
Following are the key points which led to analyze the events that affected these
investments:

1. The dynamics of the global fuel market mainly regulates the investments in the
alternate fuel options in any country. In the case of biofuels also, the geo-politics
played a major role. The series of events started from the oil-shocks of 1973
and 1979 which alerted Indian policy makers to focus on energy security. Table
3.3 enlists the important global events which affected the oil prices across the
globe (Holodny 2016).

2. Developmental organizations like the World Bank and the Asian Development
Bank also had plans to promote agriculture in India, which could have helped in
achieving sustainable development across the country (Ghosh and Roy 2018).

3. Other alternates like solar power were very expensive during that time. For
instance, the solar PV module price was around USD 5 per Watt in the year
2000 (Evolution of solar PV module … 2020) which was not affordable for
large scale deployment in India. Also, the technology for these alternate sources
of energy was not that developed around the year 2000.
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Table 3.2 Timeline of biofuel policies and programs in India (H. T. 2007; CSTEP, College of Legal
Studies, PLR Chambers 2019)

Year Specific policy changes
and events

Key actors Outcomes/consequences

1948 Power alcohol act Government of India • No substantial
on-ground
implementation

• The act was finally
repealed in 2000

1975 First feasibility check for
blending ethanol with
petrol in India

Government of India: 6
technical teams and 4
study groups

• Marked the beginning
of ethanol blending in
India

• However, no significant
developments were
made after this trial run

1980 Trial tests on passenger
cars and 3 wheelers using
ethanol blends

Indian oil corporation
limited and Indian institute
of petroleum

• No major initiatives
were taken after these
trial tests and India did
not form any policy in
the bioethanol sector for
next 20 years till 2000

1981 Formation of commission
for additional sources of
energy (CASE)

Ministry of energy • Laid the foundation for
formation of renewable
energy units in India

• Got incorporated in the
Department of
Non-Conventional
Energy Sources (DNES)
in 1982

1981 National project on
biogas development

Planning commission • The program marked a
very positive impact on
installing household
level biogas digesters

• Installation witnessed
an exponential growth in
the number of plants
across India

2002 Ethanol blended petrol
program made mandatory
in nine states

Central government and
committee on development
of biofuels in India

• Covered a wide range of
states which promoted
ethanol blending

• As a nudge, many new
renewable agencies
started to form in
various states

2003 National Biodiesel
mission

Committee on
development of biofuels in
India

• First policy on blending
biodiesels at national level

2003 National auto fuel policy Expert committee on auto
fuel vision and policy 2025

• Promoted the blending of
ethanol

(continued)
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Table 3.2 (continued)

Year Specific policy changes
and events

Key actors Outcomes/consequences

2008 National policy on
biofuels

Ministry of new and
renewable energy

• Incorporated both the
biodiesel and bioethanol
into one policy
document

2018 New national policy on
biofuels

Ministry of petroleum and
natural gas

• First National Biofuel
Coordination Committee
(NBCC) was formed for
effective implementation
of the program

Apr., 2018 GOBAR-dhan scheme Ministry of drinking water
and sanitation

• To be studied

Oct., 2018 SATAT scheme Ministry of petroleum and
natural gas

• Sets an ambitious target
of 5000 CBG plants by
2025

• Outcomes yet to be
studied

Table 3.3 Important global
events between 1970 and
2000

Year Global event

1974 and 1979 Two major oil crises across the globe

1990 Invasion of Iraq on Kuwait

1997 Asian financial crisis

2001 September 11 attacks in the USA

2002 Venezuelan oil workers’ strike

3.2.3.2 Policy Evolution in the Biogas Sector

Biogas has been one of the oldest technologies in the area of biofuels in India.
The approach of policy formulation for the sector has witnessed a huge change
over the years. The governments over time have shifted their focus from household-
level digesters in 1980s to a more industry-based approach after 2015. In 1984–85,
National Programme on Improved Chulhas (NPIC) was also launched to improve the
condition of cooking in the rural areas. But now, more Compressed Biogas (CBG)
plants are being promoted by the government through schemes like Sustainable
Alternative Towards Affordable Transformation (SATAT) to enhance the idea of
green transport fuel.

The following section discusses the changing approach of the governments after
independence till 2020 in the biogas sector-

The period 1947–1980 was a nascent period for the development of biogas tech-
nology in India. Indian Agricultural Research Institute (IARI) conducted its first
experiment on anaerobic digestion for biogas production in 1939 and subsequently
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Fig. 3.6 Number of installed biogas digesters in India between 1960 and 1980

developed the first biogas plant in 1946. An improved model of the reactor came in
1956, which worked on the principle of constant pressure and was easy to operate
as compared to the earlier design.

Themajor aim of the Planning Commission was to improve the agricultural sector
and enhance the rural economy during the third five-year plan of India. This helped
in shifting the focus on technologies that may improve the state of economy in rural
India. Khadi and Village Industries Commission (KVIC) took the responsibility of
promotion and penetration of the biogas technology in mid 1960s (Kharbanda and
Qureshi 1985). Their major focus was on the deployment of digesters in the rural
areas.

Figure 3.6 indicates the number of biogas reactors in India between 1960 and
1980. During the initial ten years, no significant progress was made. From total 6002
digesters in 1963 across the country, we reached 6858 reactors by the year 1974
(Kharbanda and Qureshi 1985). But these numbers started to increase significantly
after 1974.

After 1975, India added nearly 67,000 household biogas digesters in the rural
areas in the next five years till 1980. Two major reasons for this steep rise in the
number of digesters can be attributed to two simultaneous ongoing processes—one
at the international and the other at the national level. The international phenomenon
was related to the oil crisis of 1973, which nudged the nation to focus on energy
security. At the national level, the most important push came from the Twenty-point
programme (TPP), which was launched in 1975 by the Indian government. The
programme aimed at installation of biogas plants in the rural areas at household
level.

Although a dedicated executive agency, i.e., KVICwas appointed by the Planning
Commission to improve biogas technology dissemination in rural areas, no specific
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national level policy for promoting biogas in India was formulated until 1980. In the
year 1981, the first national plan to improve the penetration of household level biogas
plants in the rural areas was launched by the name—National Project on Biogas
Development (NPBD). The NPBD programme helped in increasing the reactors at
a much higher installation rate. This was a phase when India mainly focused on
the Family Type Biogas Plants (FTBPs) and Community Based Biogas Plants. It
involved a “multi-agency, multi-model” approach to promote the use of cooking
stoves at the household level through these FTBPs. Along with KVIC, the Action
for Food Production (AFPRO) and various other organisations also got involved to
disseminate the biogas technology in the rural areas at a faster rate (Organization
of the biogas sector 2021). KVIC mainly looked into the technical aspects of the
programme, while AFPRO was given the responsibility to connect to ground-level
NGOs that can help in capacity building of the local people for operating the digesters.

The second half of Fig. 3.7 gives an idea of the increase in the deployment rate
of biogas digesters between 1980 and 2002. From nearly eighty thousand digesters
by the end of 1980, the number grew to almost thirty lacs by the year 2000. These
growth trends show the immense focus of the centre on the biogas sector at household
level during 1980–2000.

By 2006, India was having around 38.37 lakh biogas plants, which further
increased to 41.34 lakh plants by 2009, and to 45.45 lakh by the year 2012. These
growth rates were relatively less as compared to the previous growth rates. If we
look at the policies in past five years, the schemes are now trying to implement the
advanced biogas technology at an industrial scale and also at the Community level
after 2015. The government has brought in new schemes. For instance, the GOBAR-
dhan scheme was rolled out in 2018 under the Swachh Bharat Mission- Gramin to
promote cleanliness in rural areas. The idea was also to encourage entrepreneurship
in villages through Community Based Biogas (CBG) plants. This mainly served the
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two prime purposes of the government-Promoting cleanliness in the rural areas and
Promoting entrepreneurship. Cleanliness and Entrepreneurship have been the two
primary motives of the current regime at the centre. The Sustainable Alternative
towards Affordable Transportation (SATAT) scheme was also launched in October
2018, which directly involves the Oil Marketing Companies (OMCs) like the IOCL,
BPCL, and HPCL to get involved in the process of production of Compressed Biogas
(CBG). It also became the first biogas programme in the country to connect OMCs
with the local entrepreneurs, Cooperative Societies etc. (Jayaswal 2020).

Reasons for the exponential growth of biogas digesters between 1980 and 2000
in India

Through a critical comparison of the two biofuel sectors- bioethanol and biogas, it is
evident that the focus of the policymakers was mainly on biogas between 1980 and
2000. On the one hand, there were no developments made in the bio-ethanol sector
but on the other, the number of biogas digesters increased at a much faster rate all
over the country (as shown in Figs. 3.6 and 3.7).

As already stated, the primary push in the sector came due to the Twenty-point
programme which started in 1975. And this continued when the programme specifi-
cally included biogas in the year 1982. Also, the reason for this increase was because
of the fact that the Planning Commission mainly focused on the already devel-
oped technologies across the nation which can help in energy security. The chapter
on Energy of the sixth five-year plan stated explicitly that the need of mass-scale
deployment of the technologies that already certain level ofmaturity across the nation
(Planning Commission 1980). The document did not find any mention of the word
bioethanol in the entire chapter on energy.

Unfortunately, these rising numbers just showed the growth in the number of
installed digesters. An assessment report published by the Planning Commission
(2002) suggested that although in terms of achieving the installation targets the
programme was a great success, the plants under this scheme had much lower func-
tionality rate. This indicated a flaw during the policy design of the programme. The
programme never addressed the maintenance issue of these family biogas plants in a
structured manner. No proper training was provided to the beneficiaries to look after
the reactor independently, and they became non-functional after short usage.

3.2.3.3 Policy Evolution in the Bioethanol Sector

Bioethanol is a good source of alternate fuel which can be used with petrol to reduce
pollution. Prior to the year 2000, the R&D in the bio-ethanol sector was slow, but
after that, the government formed several policies. Although these policies helped
in approaching the set targets, but unfortunately, due to various constraints, we have
not been able to achieve most of the blending targets defined in these policies.

Due to the oil crisis of 1973, countries started to shift focus on energy security
and become self-sufficient in their energy needs all over the world. It was during this
time, when a minor focus on the biofuels took place in India. In India also, the first
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test for mixing ethanol with petrol took place in the year 1975 (H. T. 2007). It is worth
noting that Brazil, the largest producer of sugarcane, also started its National Alcohol
Programme, “Proalcool” in the year 1975 and did exceptionally well in promoting
the blending of ethanol to append petrol and diesel in their country (Stolf 2020). The
country succeeded because of the strong legal provisions in biofuel sector.

The slight wave to start the ethanol blending program in India also came as
a push from the Brazilian program but never got a major traction (Report of the
Expert Committee on Auto Fuel Vision Policy 2025) in the initial years. Research
and development in the bio-ethanol sector did not achieve the expected pace till the
end of twentieth century. No major initiatives were taken between the twenty-year
period from 1980 to 2000. Apart from the minor 1975 initiative to blend ethanol
with gasoline, only one other instance can be traced. In 1980, the R&D section
of Indian Oil Corporation Limited (IOCL) and the Indian Institute of Petroleum
(IIP) conducted test on 13 passenger vehicles which also included the army vehicles
(ENVIS centre-CPCB 2003). Although the test results favored ethanol blending, but
these experiments did not come at a mass scale for vehicular use.

In the year 2001, India started to work on blending of ethanol with the gasoline at
a larger scale. Three pilot projects were started in the states of Maharashtra and Uttar
Pradesh. These pilot studies became successful, and also, the Research & Devel-
opment in the area gave positive results. After discussions with expert committees,
5% ethanol blending in petrol was recommended for the first phase. Replicating the
results of successful pilot study from two states, the Planning Commission decided
to launch the Ethanol Blending Programme (EBP) in 2002 for nine states and three
Union Territories. Blending of 5% ethanol in petrol was mandated for these states.
But the policy didn’t work well. Out of the total requirement of 363 million litres,
only 196 L of ethanol were made available to the Oil Marketing Companies during
2003–04 (RamMohan et al. 2006). The issue of high procurement cost as compared
to petrol also became one of the prominent reasons for the failure of the blending
programme.

The National Biofuel Policy of 2008 had set an ambitious target of blending 20%
bioethanol by 2017. Unfortunately, wewere far behind the 2017 target, even till 2020.
Figure 3.8 shows the percentage blending achieved in the respective years from 2010
till 2020 in India.

Major hurdles for bioethanol policies in India

India had set a target of 5% ethanol blending through the Ethanol Blending Petrol
Programme (EBPP) of 2002. However, the policy fell much behind inmaking ethanol
available to the OMCs. The situation prevailed with the 2017 targets as well and only
1.9% of ethanol blending was done, contrary to the 20% blending expectations. The
major issue faced during the production and procurement of molasses was due to the
unavailability of sugarcane. Sugarcane is cyclic in its production, and most of the
time, the policies failed due to a mismatch in demand and supply in the bioethanol
sector. It shall be noted that the out of the total sugarcane produced, nearly 75% is
used for production of sugar and the rest 25% is used for making jaggery and other
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Fig. 3.8 Ethanol blending percentage between 2010 and 2020 (Online 2019; Bhosale 2020)

Table 3.4 Ethanol usage in
different sectors (Kataki et al.
2017)

Sector Percentages

Industrial use ~25

Drinking purposes ~35

Other usage ~5

Fuel ~35

products. Further, if we look at the bifurcation of the alcohol being produced, it is
majorly divided in sections, as described in Table 3.4.

Hence, due to multi-sectoral usage of the alcohol being produced from sugarcane,
the supply side got further constrained to meet the expected demands in previous
bioethanol policies in the country. The other reason for improper working of these
policies is related to the pricing mechanism, which again was dependent on cyclic
nature of sugarcane (The Ethanol Blending Policy in India 2012). A SWOT analysis
done by Dey et al. (2021) indicates three other issues that have been there with the
Indian biofuel policies-

• Lack of proper infrastructure
• Issues in retrieval of agricultural residues
• Increasing ethanol deficit in the country (i.e., import increasing and export

decreasing).

Also, one of the highly contested topics that comes inherently with the formation
of any bioethanol-based policy is related to the ‘food versus fuel’ debate. Table 3.5
gives an overview of the primary feedstock used for bioethanol production across
the world.
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Table 3.5 Primary feedstock
used for ethanol production in
different countries (Dey et al.
2021)

Country Feedstock used for ethanol production

USA Corn

Brazil Sugarcane

China Wheat and corn

Canada Wheat

Thailand Cassava and sugarcane

Argentina Corn and sugarcane

In India, themain source of production of commercial scale bioethanol ismolasses
which comes from the sugarcane. This in turn gets dependent on the production of
sugarcane and land usage in the country. Although the degree of contest between
the land being diverted for biofuel production and rise in the food prices is complex,
research suggests that whenever we produce biofuel from agricultural land, food
price rises (Tomei and Helliwell 2016). Hence, it becomes imperative that the biofuel
industry looks for sustainable alternates which can help in meeting the demand of
ethanol blending.

Being an agriculture-based country, India has a huge availability of the alternate
feed-stock option for the production of bioethanol. It has a huge potential, and can tap
the advanced generation of the biofuels, that majorly consists of the lignocellulosic
biomass. This mainly includes the lignocellulosic alternates like rice straw, wheat
straw, legume stover, sugarcane tops, etc. The option will also help us in tackling
the ‘food versus fuel’ debate, as these feedstocks are non-edible and come under the
second-generation of biofuels. Along with the stated alternates, few other options
are also available which can be used to meet the demand side of alternate feed. They
are available in the North-Eastern and Himalyan region of India and can be used for
bioethanol production. They include- Bamboo processing waste, Sweet sorghum,
and pine (Singh et al. 2017).

However, as we advance to the future generation biofuel feedstocks, it is important
to ensure robust technologies that can help in conversion of these feedstocks to
bioethanol. The current government has planned out to setup 2G biorefineries that
can help in achieving India’s ethanol blending targets (MoPNG 2019). Under the
Pradhan Mantri Ji-Van Yojana, 12 commercial scale second generation bioethanol
plants are proposed to be setup across India. This will potentially help in meeting
the ethanol demand in the country and meet our long-term targets.

3.2.3.4 Policy Evolution in the Biodiesel Sector

In India, national-level policies to mix biodiesel with diesel came up around and after
the year 2000. In the year 2002, a committeewas formed by the central government to
evaluate the state of biofuels in India. The final report (Planning Commission 2003)
produced by the committee gave its recommendations on the state of bioethanol and
biodiesel in India. For the biodiesel sector, various recommendations were made.
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Main options related to the production of biodiesel were discussed extensively in the
report. Tree-based oilseeds (TBOs)which includes plant species like JatrophaCurcas
(Ratanjyot), Pongamia Pinnata (Karanj), Calophyllum inophyllum (Nagchampa),
Hevca brasiliensis (Rubber) etc. were suggested to be the main source of biodiesel
production in India. Out of all these species, Jatropha Curcas came up as the most
important source for biodiesel production. The committee report stated a target of
5% blending by the end of 2006–07, which was supposed to be increased to 20%
blending by the end of 2011–12.

Unfortunately, we were never able to reach even near to these targets set during
the commencement of these schemes. By the end of 2010, the biodiesel blending
rates were merely 0.09% (Abdi and ET EnergyWorld 2019). A comprehensive study
conducted by the German Development Institute in 2008 also suggested that the
purchase policies of the biodiesel program were economically infeasible. Although
the yield of mature Jatrophawas expected to be 3.5t/ha but that required severe inputs
and intense care at the farmer’s end. By applying those commensurate efforts, the
farmers got a better opportunity cost in planting other seasonal food crops which
gave much better returns (German Development Institute 2008). This resisted them
from planting Jatropha in their fields.

This programmewas promulgatedwith theNational Biofuel Policies 2009, setting
new targets for the year 2017. The National Biofuel Policy 2009 had set a target of
achieving 20% blending of biodiesel with the diesel. India achieved only 0.13% of
biodiesel blending by the end of 2017 (Abdi and EnergyWorld 2019). However, the
new National Biofuel Policy 2018 sets a more realistic target of achieving a blending
rate of 5% blending of the biodiesel with the conventional diesel by the end of 2030.

Issues in implementing the biodiesel policies

Similar to the bioethanol programme, the policies for biodiesel also didn’t work as
per the expectations. There was a huge gap in the proposed policy and the actual on-
ground outcomes after its implementation. Following points enlist few of the issues
in biodiesel sector in India-

• Main issue was with the availability of Jatropha as a feedmaterial for the biodiesel
production. Jatropha has a gestation period of 3–5 years, making the simple
payback period longer for the farmers. This made them to move away from
the plantation of Jatropha in their fields, and hence prevented the large-scale
production of Jatropha as per the national needs (Lahiry 2018).

• Research finds that Jatropha Curcas leaves are toxic in nature. And with a focus
on plantation of Jatropha curcas in the common wastelands in India, there were
chances that children may come in contact with the plant. There were number of
cases reported in various parts of India (Gupta et al. 2016; Shah and Sanmukhani
2010), which left the farmers further skeptical regarding the plantation of Jatropha
in the common places.

Along with this, some studies have even questioned the most basic assumption of
the biodiesel policies in India, which is regarding availability of ample ‘wasteland’
for the purpose of feedstock production of these biofuels. A study conducted by
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Baka (2014) stated that plantation of biodiesel on these lands can severely affect
the agrarian livelihood, as the farmers already develop an energy economy around
these lands. Although it is a fact that Jatropha plants grow well even in low water
conditions and less fertile land, but the issue with the wastelands is that the farmers
are using them as pastureland. Mostly it is being utilized by the animals like cow
and buffalo for the feeding purpose in the rural areas. This has caused a conflict of
interest among the farmers and the state governments (Ghosh and Roy 2018), leading
to lower production of biodiesel.

3.3 Discussions

There are various biofuel options present that can help in serving the energy demand
of India’s transportation sector. It mainly includes- Bioethanol, Compressed Biogas
(CBG), and Biodiesel. The number of vehicles for transportation has been contin-
uously increasing in India. By 2030, it is expected that Indian roads will be having
around 260 million vehicles, that need petrol as its fuel (Nouni et al. 2021). This
shows huge opportunity for the ethanol industry (Singh et al. 2018), if it fixes its
supply side issues mainly. Reaching the 20% ethanol blending rates with petrol will
also decrease pollution levels significantly and increase the energy security in India.
However, it shall be noted that there is no specific law or mandate that defines mixing
targets for biofuels in the Indian transportation sector. At present, only around 1.2%
biofuels are being used in the sector (Ebadian et al. 2020). This can cause deviations
from achieving the emission reduction goals as well if we do not approach themixing
targets in a systematic manner in transport sector.

In the past few years, the ethanol blending rates are rising for India. This has been
made possible because of the use of cereals along with sugarcane for bioethanol
production. For the year 2019–20, cereals contributed to around 37.7% share in
ethanol production, which is expected to grow to 50% in 2025–26 (Nouni et al.
2021). Although the increasing percentage of ethanol blending is a good sign, the
policy makers have to very cautious of the fact that this increase is based on a first-
generation feedstock, i.e., cereals. This can potentially raise the conflict of ‘food
versus fuel’ in the long term. However, the process also shows that opting for a
multiple source feed input is going to be the key factor in achieving India’s ethanol
blending needs in the transportation sector.

For Compressed Biogas (CBG) systems to be efficiently employed in the transport
sector, there are three basic requirements—availability of biogas energy, robust gas
grid across the nation, and gas filling stations to fulfil the fuel needs of vehicles
running on gas. In India, availability of energy through biogas is in abundance,
which mainly comprises of the municipal solid waste and animal residues (IRENA
2017). As shown in Fig. 3.9, Indian biogas energy potential throughMSWand animal
by-products is around 125 PJ/year and 19.6 PJ/year respectively.

However, other factors required for scaling up of CBG have not worked well in
the past. There is a huge investment cost that goes into setting up of the CBG plants
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Fig. 3.9 Indian biogas potential through MSW and animal by-products (in PJ) (IRENA 2017)

to pressurize and purify the raw biogas. It requires industry support for technology,
and policy support for sustainability of these projects. Recently, the Sustainable
Alternative Towards Affordable Transportation (SATAT) was launched by MoPNG
to improve the production of CBG on a commercial scale in India. The scheme aims
at setting up 1000 by 2022 and eventually 5000 CBG plants by 2025 across India. But
reports suggest that the rate of installation has been very poor. Only seven plants have
laid their foundation stone, out of which only two are working (India falls behind on
biogas production plans 2021).

The other issue over which India is lagging is regarding average performance of
nation-wide gas grid system. The ‘Vision 2030- Natural Gas infrastructure in India’
document, published by Petroleum and Natural Gas Regulatory board, also indicated
that the country has an under-developed gas pipeline infrastructure (PNGRB 2013).
There are technical issues related to use of CBG in vehicles as well, that stop the
customer from opting to gas-based vehicles. For instance, the gas cylinders used to
store the CBG inside the vehicles takesmuch space which puts technical limitation in
driving these vehicles to longer distances. Hence, implementation of CBG on ground
is still a mammoth task for the Indian policy makers to achieve, and concentrated
efforts are needed to get to the national targets.

3.3.1 Major Issues with the Previous Biofuel Policies in India

Along with these above discussed issues related to the supply constraints, demand
issues, feedstock quality, fuel pricing mechanism, technical issues etc., policies
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formed in the past were also having various key design issues that need to be
addressed. Following section elaborates on the major issues related in the Indian
biofuel policy making-

3.3.1.1 Picking up Late in the Bioethanol Policy Formation

During the initial phase of development, India mainly focused on its biogas program
till the year 2000 after independence. After the oil-shocks of 1973 and 1979, various
countries like Brazil, USA etc., started to take profound actions to enhance their
biofuel technology. They started their large-scale biofuel programs and research to
explore the feasibility of ethanol blending with diesel, and even succeeded in the
process. For instance, the Proalcool program launched by Brazil in the year 1975
aimed at improving the state of ethanol production and blending all over the country.
As a result, an exponential growth was observed, and the production capacity of 0.6
billion litres in 1975–76 increased to 12.3 billion litres in 1986–87 (Stolf 2020). By
the end of 1980, the production of light vehicles that ran on ethanol reached 95% of
all fleet produced in Brazil (Lopes et al. 2016).

However, the same was not true with India. The initial policies did not focus
on the ethanol-based fuel development programmes in the initial days and mainly
emphasized on our biogas program and its deployment in the rural areas. Our first
large-scale blending program started around the year 2002. This clearly points out
the need to speed up the research and development in bioethanol sector, that can help
in filling earlier gap.

3.3.1.2 Disconnect Between the Policy Design and Ground Reality

During our study, it was found that during the formation of initial programmes, there
was a constant disconnect between the designed policies and the actual conditions on
ground. This also showed the top-down approach of the policy makers where minor
consultations were done with the major stakeholders like researchers, farmers etc.,
while designing the biofuel policies. This constant disconnect between the ground
realities and designed policies never allowed to achieve the expected traction which
were defined as the policy objectives.

Following instances can be cited to further augment the above argument of top-
down approach opted by the policy makers.

a. The report published by the commission on development of biodiesel in India
(Planning Commission 2003) assumed that the Jatropha seeds proposed to be
used for biodiesel production had production range between 0.4 and 1.2 tons/ha.
However, this assumption was far from actual production rates, which were near
to lower bound of the assumed limit, i.e., 0.4 tons/ha (German Development
Institute 2008). As a result, the demand and supply synergy required to achieve
5% blending targets by the end of 2006–07 were also missed by a larger margin.
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b. Similarly, during the Ethanol Blending Program (2007) also, the Oil Manufac-
turing Companies (OMCs) contracted for 1.4 billion litres of ethanol between
Nov 2006 and Nov 2009 but only 540 million liters were supplied till April
2009 due to lack of molasses. This pointed out the mismatch between the policy
mandate and the actual procurement conditions on ground (Saravanan et al.
2018). However, despite the fact that the targets set in the EBP of 2007 were
not met, the policy makers went ahead to set the targets to 10% in the revised
policy mandate of October 2008, which unfortunately were again not achieved
due to the unrealistic approach (Bandyopadhyay and Das 2014). It was in the
year 2019, when we actually reached to 5% average blending rates across in the
country.

3.3.1.3 Lack of Coordination Due to Complex Institutional Structure

The biofuel subsystem involves various policy areas such as renewable energy, rural
development, fuel pricing, research and development, etc. This in turn engages range
of complex actors who get involved in the policy-making process. Figure 3.10 gives
an overview of various stakeholders involved in the policymaking process of biofuels
in India.

The involvement of a range of actors has often brought inherent inefficiencies in
policy formulation as well as implementation process. In our context, the Indian state

Fig. 3.10 An overview of various actors involved in the biofuel policymaking
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follows a federal structure, where the central government and the state governments
work in a compounded mode. Many times, the policies formed by the centre either
clashes with the policies or interests of the state governments. This situation has also
caused a significant impediment to the smoother functioning of biofuel policies in
India. There are various examples where states put restrictions on free inter-state
movement of raw materials like non-potable alcohol and molasses, leading to an
increase in prices and restricting the free trade of these sources for blending (Das
2020).

3.3.2 Changing Dimensions for Biofuel Policies in India

Though there have been issues in designing previous biofuel policies, the space for
biofuels has constantly been evolving over time. For instance, India is now shifting
its focus on the industry scale digesters from a point in the 1980s, where we were
only focusing on the household level biogas digesters. Energy access in rural areas
has also been changing constantly in India. In 1993, the electricity access which was
near about 40% of the rural population, has now increased to 96.67% in the year
2019 (Access to electricity, rural (% of rural population)—India|Data 2021). Hence,
compared to the earlier plans, where biogas plants were mainly used to provide
clean fuel or electricity, a significant focus is now given to using this resource as a
transportation fuel.

The data in seventeenth standing committee report (as shown in Fig. 3.11) on
energy also depicts a decreasing trend in the number of reactors being installed
under the New National Biogas and Organic Manure Programme (NNBOMP) all
over the country. This constant decrease in the installation has also been due to the
Ujjwala scheme launched by the Government of India, which has provided a greater
penetration of cleaner cooking fuel options to the masses.

Therefore, on the one hand, there has been a decrease in the number of small plants
being installed per year, while on the other, our biogas policies are now shifting to
support the installation of large-scale Compressed Biogas (CBG) plants through
schemes like Sustainable Alternative Towards Affordable Transportation (SATAT).

Similarly, in the biodiesel and bioethanol sector also, the focus is shifting towards
future generation biofuels. For instance, keeping in mind the shortcomings of
Jatropha cultivation,whichwasdefined as the primary feedstock for biodiesel produc-
tion in India, researchers are now shifting their focus to other feasible options like
Pongamis Pinnata (Karanja), waste cooking oil, microalgae, etc. (Sharma and Singh
2017). The NBP of 2018 also mentions sources like—animal tallow, acid oil, used
cookingoil, etc., for biodiesel production.Thepolicy focuses ondeveloping advanced
biofuels and the drop-in-fuels, which can address the issue of ‘food versus fuel’ in
an efficient manner, as these advanced biofuels are obtained from non-edible crops,
agriculture residues, etc. Along with this, it opts for a more structured approach
to address the issue of feed-stock management by proposing a ‘National Biomass
Repository’.
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Fig. 3.11 Trend of household digesters being installed after 2010 (MNRE 2021b)

3.3.3 Future Challenges for Advanced Biofuels

In biofuel domain, ethanol is considered as one of the best blending options with
petrol due to its high-octane number. There are well established evidences which
prove that blending of ethanol with petrol leads to reduction in air-pollution levels.
However, due to huge dependence of almost all the major biofuel producing coun-
tries on first generation feedstocks, there is a constant mismatch between the demand
and supply side for transport sector. In the current scenario, the focus is now shifting
on advanced generations of biofuels. This mainly includes the lignocellulosic feed-
stocks present in the form of agricultural waste, municipal organic waste, forest
wood residues, etc. However, there are many challenges related to the processing and
commercialization of advanced biofuels which can hinder their full-fledged appli-
cation in automotive sector. A review work done by Cheng and Timilsina (2011)
specifically points out these overarching issues:

• The pre-treatment required to break the lignin, cellulose and hemicellulose layer
over these feedstocks, makes it an energy intensive process. Hence, the cost of
ethanol production after pre-treatment increases significantly.

As shown in Fig. 3.12 the cost of production of bioethanol from first-generation
feedstock is around 0.44 USD/litre, which increases to around 1 USD/litre for the
lignocellulosic feed, which are advanced generation feedstocks.
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Fig. 3.12 Cost of bioethanol production from different routes (Bušić et al. 2018)

• Most of the lignocellulosic materials have a lower bulk density. Due to this, it
becomes very difficult to move larger quantities of lignocellulosic materials from
one place to the other for processing purpose.

• The other important issue is related to the efficiency of processing the lignocellu-
losic materials. Generally, with the first-generation feedstocks the conversion effi-
ciency is very high but when it comes to the 2G feedstocks, it reduces significantly
and ranges between 30 and 60%.

Further, if we look at the major challenges for biodiesel to be utilized as a fuel in
automobiles, again the cost of conversion of 2G feedstocks to biodiesel is quite high.

Figure 3.13 shows different costs for biodiesel production from various first-
generation feedstocks which includes—soyabean, rapeseed, sunflower, palm, and
castor. The cost of production for these feedstocks ranges between 0.53 and 1.24
USD/litre (average of the cost was taken in case range was provided for a particular
feedstock). However, the cost of biodiesel production frommicroalgae is around 7.26
USD/litre, which makes the production of this advanced biofuel as a cost intensive
one. Hence, a proper research and development is required in the biofuel domain,
that can help in reducing the conversion cost of the feedstocks.

3.4 Conclusion

In India there is a huge food demand to serve the needs of its larger population.
Depending only on the first-generation feedstock is not a sustainable option. It
becomes essential that we extensively research on future generation biofuels and
deploy these technologies at the national level. Biofuels can be a potential solution
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Fig. 3.13 Cost of biodiesel production from different routes (Kumar et al. 2019)

to major problems like agriculture crop residue burning, organic waste manage-
ment, increasing air pollution, etc. They can help in replacing traditional fuels used
for transportation across the country. Opting for a multiple feedstock path for the
production of biofuels can be a feasible option. This can help in improving the quality
of future generation feedstocks and reduce their costs.

In the current scenario, when India is at the brink of transformation to renewable
domain, it becomes very crucial to analyze the flaws made in the earlier policies
in alternate fuel sector. In previous biofuel policies, many of our efforts were not
planned, which became a cause of severe impediment in achieving the intended
targets. The chapter traces the biofuel policies in India after its independence and
attempts at addressing a few of these issues. Being one of the most dynamic sectors
which is affected by various factors like—oil prices in the international market,
involvement of multiple stakeholders, production and cyclicity of crops, etc., the
policy formation process becomes even more difficult. However, the learnings from
various policy design and implementation issues like—inefficient top-downapproach
in initial national level policies, lack of coordination with successful market players,
etc., can be emphasized and rectified in the future policies to tap the potential of
biofuels in India fully. An industry-level engagement is also required, which can
support both research and development and help in scaling up the process at the
national level to achieve our renewable targets of 2030.
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Chapter 4
Hydrogen as Maritime Transportation
Fuel: A Pathway for Decarbonization

Omer Berkehan Inal , Burak Zincir , and Caglar Dere

Abstract Shipping is the most energy-efficient way for the transportation of goods
and it has a substantial role in the global economy. The vast majority of the ships
are addicted to fossil fuels as an energy source due to economic advantages, strong
bunkering nets, and well-experienced operations of marine diesel engines. However,
environmental concerns drive the industry to take precautions on the ship-sourced
greenhouse gas emissions, and the International Maritime Organization (IMO), the
ruler of the maritime industry, is bringing strict rules to regulate the emissions under
The International Convention for the Prevention of Pollution from Ships—Annex
VI (MARPOL). On the way of decarbonization and emission-free shipping, marine
alternative fuels may draw a framework for the future of the maritime industry.
In this perspective, hydrogen is a promising alternative for maritime transportation
with its carbon-free structure. Furthermore, green hydrogen is one of the electro-
fuels for maritime transportation to solve the issue to achieve full decarbonization.
The use of hydrogen for ships is still under investigation at the level of research
projects. Therefore, elaboration of the feasibility from different points of view for
the commercial fleet is necessary to enlighten the future of the industry. This chapter
includes information about the status of maritime transportation, recent international
maritime emission rules and regulations, and hydrogen compliance with the Inter-
national Code of Safety for Ships Using Gas or Other Low-flashpoint Fuels (IGF
Code). Furthermore, hydrogen production technologies, onboard hydrogen storage
methods, hydrogen combustion concepts on marine diesel engines, and fuel cells are
reviewed. Lastly, the conclusion section comprises the chapter discussion.
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4.1 Introduction

Global energy consumption has been continuously increasing year by year. It was
575 quadrillion BTU in 2015, and it is expected that the global energy consumption
will be 663 quadrillion BTU in 2030 and 736 quadrillion BTU in 2040 (U. S. Energy
Information Agency (EIA) 2017). Buildings, industry, and transportation are the
end-users that consume energy worldwide. The transportation sector contains road,
railway, aviation, and maritime, and it is an important energy-consuming share.
According to the data of EIA, the transportation sector consumes 110 quadrillion
BTU in 2015 and it is estimated that it will rise to 140 quadrillion BTU in 2040 (U.
S. Energy Information Agency EIA (EIA) 2017).

Maritime transportation is the most important transportation type in the trans-
portation sector. Ninety percent of global transportation (Deniz and Zincir 2016),
90% of outer freight, and 40% of inner freight of the European Union (EU) are done
by maritime transportation (Fan et al. 2018). There are 98,140 commercial ships
worldwide in 2020 which are 100 gross tons and above (United Nations Conference
on Trade and Development (UNCTAD) 2020), and these ships consume approxi-
mately 300 million tons of fuel (International Maritime Organization (IMO) 2015).
Furthermore, 72% of total fuel consumption was heavy fuel oil (HFO), while 26%
is marine diesel oil (MDO), and 2% is liquefied natural gas (LNG) (International
Maritime Organization (IMO) 2020). Some specifications of diesel fuel and marine
low-grade fuels are shown in Table 4.1. The huge amount of fuel consumption results
in a major amount of shipboard emissions. European Energy Agency (EEA) states
that maritime transportation is responsible for 20.98% of the global NOX emissions,
11.80% of the global SOX emissions, 8.57 and 4.63% of the global PM2.5 and PM10
emissions, and 1.94% of the global CO emissions (European Energy Agency (EEA)
2019). Moreover, maritime transportation contributes to 3.1% of worldwide CO2

emissions (International Maritime Organization (IMO) 2015).
International Maritime Organization (IMO) has been working on controlling and

mitigating shipboard emissions from the past until now. IMOput emission limitations
for NOX and SOX and PM emissions under MARPOL Annex VI Regulation 13 and
14, respectively. Table 4.2 shows NOX emission limits and Table 4.3 shows SOX and

Table 4.1 Specifications of diesel fuel and marinelow-grade fuels (Yi et al. 2021)

Diesel LSHFO180 LSHFO380 HSFO380

Ash (% m/m) – 0.03 0.05 0.07

Carbon residue (% m/m) – 3.2 6.5 16.6

Sulfur (% m/m) < 0.035 0.475 0.477 3.05

Density (kg/m3) at 20 °C 818 934.6 951.5 981.5

Kinematic viscosity (cSt) (°C) 3.35/20 180/50 380/50 380/50

LSHFO low sulfur heavy fuel oil
HSFO high sulfur fuel oil
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Table 4.2 NOX emission limits (International Maritime Organization (IMO) 2021a)

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 1 January 2000 17.0 45n(−0.2) 9.8

II 1 January 2011 14.4 44n(−0.23) 7.7

III 1 January 2016 3.4 9n(−0.2) 2.0

Table 4.3 SOX and PM
limits (International Maritime
Organization (IMO) 2021b)

SOX and PM limits outside
ECAs

SOX and PM limits inside
ECAs

4.50% m/m prior to 1 January
2012

1.50% m/m prior to 1 July
2010

3.50% m/m on and after 1
January 2012

1.00% m/m on and after 1 July
2010

0.50% m/m on and after 1
January 2020

0.10% m/m on and after 1
January 2015

PM limits in the fuel inside and outside of the Emission Control Areas (ECAs).
IMO also pay attention to CO2 emissions by more strict rules and regulations.

The Regulations on Energy Efficiency for Ships entered into force on 1 January 2013
(International Maritime Organization (IMO) 2011). The mandatory terms Energy
Efficiency Design Index (EEDI) and the Ship Energy Efficiency Management Plan
(SEEMP), and voluntary term the Energy Efficiency Operational Indicator (EEOI)
were described. The EEDI determines the energy efficiency index for new building
ships and encourages the use of more efficient materials and systems on ships. On
the other hand, the SEEMP aims to increase the operational efficiency of ships.
And voluntary EEOI is for calculating the voyage-based efficiency of ships. Later
then, IMO Data Collection System entered into force on 1 March 2018 (IMO data
collection system 2021c). It aims to record and control the annual voyage-based CO2

emissions of ships larger than 5000 GRT worldwide.
The latest action of IMO is the Initial Greenhouse Gas (GHG) Strategy that is

announced in 2018. The Strategy aims to achieve two targets. The first target is to
reduce CO2 emissions per transport work at least 40% by 2030 and 70% by 2050,
compared to 2008, and the second target is to decrease GHG emissions to 50%
by 2050, compared to 2008 (International Maritime Organization (IMO) 2018). By
this strategy, the short-term (2018–2023), mid-term (2023–2030), and long-term
(2030–…) candidate measures were defined (Table 4.4). One candidate measure
or combination of two or more candidate measures can be used and it is left up
to ship owners/operators. The strategy includes various operational and technical
measures, but the use of alternative fuels is a prominent candidate measure. From
short-term candidate measures to long-term candidate measures, a transition from
low-carbon alternative fuels to zero-carbon alternative fuels is observed. Alternative
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Table 4.4 Initial GHG strategy measures (International Maritime Organization (IMO) 2018)

Short-term
measures (2018–2023)

Mid-term
measures (2023–2030)

Long-term measures (2030+)

Improvement of the existing
energy efficiency framework

Implementation programme
for the effective uptake of
alternative low-carbon and
zero-carbon fuels

Pursue the development and
provision of zero-carbon or
fossil-free fuels

Development of technical and
operational energy efficiency
measures for both new and
existing ships

Operational energy efficiency
measures for both new and
existing ships

Encourage and facilitate the
general adoption of other
possible new/innovative
emission reduction
mechanism(s)

Establishment of an Existing
Fleet Improvement Programme

New/innovative emission
reduction mechanism(s),
market-based measures
(MBMs)

Speed optimization/speed
reduction

Further continuation and
enhancement of technical
cooperation and
capacity-building

Measures for volatile organic
compounds

Development of a feedback
mechanism to enable lessons
learned on implementation of
measures

Development and update of
national action plans

Continuing and enhancing
technical cooperation and
capacity-building

Measures for port developments
and activities

Initiation of research and
development activities on
marine propulsion, alternative
low-carbon and zero-carbon
fuels, and innovative
technologies

Incentives for first movers of
new technologies

Development of a sufficient
lifecycle GHG/carbon intensity
guidelines for fuels

Active promotion of the work
of the IMO

Undertake additional GHG
emission studies
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fuels identified for maritime transportation are liquefied natural gas (LNG), liquefied
petroleum gas (LPG), methanol, ethanol, ammonia, dimethyl ether (DME), ethane,
biogas, biofuels, synthetic fuels, and hydrogen (Zincir and Deniz 2021). Among
these alternative fuels, hydrogen is zero-carbon fuel that can meet the IMO Initial
GHG Strategy reduction targets (American Bureau of Shipping (ABS) 2021). More-
over, if hydrogen is produced by water electrolysis which is powered by renewable
energy, this type of hydrogen is named electrofuel. In general terms, electrofuels are
hydrocarbon fuels that are produced from CO2 and water while renewable electricity
is the main source of production (Brynolf et al. 2018). The renewable electricity is
converted to hydrogen by the electrolysis process and the later step is to combine
hydrogen with carbon atoms to form hydrocarbon fuels, for instance, ammonia,
methane, methanol, etc. (Rixhon et al. 2021). Therefore hydrogen is an important
alternative fuel to achieve full decarbonization at maritime transportation.

This chapter explains that the use of hydrogen as an alternative fuel can be a
pathway for decarbonized maritime transportation. The chapter contains hydrogen
fuel properties, hydrogen production methods, hydrogen storage methods, applica-
tion of hydrogen fuel on fuel cells and diesel engines. Lastly, the chapter conclusion
will discuss the role of hydrogen in maritime transportation.

4.2 Hydrogen Fuel Properties

International Energy Agency (IEA) states that hydrogen is a promising fuel to meet
future energy demands (Qyyumet al. 2021) andwill have an important role in sustain-
able energy systems by 2050 (Staffell et al. 2019). Hydrogen is the most available
element in various feedstocks, but it is unusual to find solely (Inal et al. 2021a).
Hydrogen is a carbon-free and clean alternative fuel for maritime transportation.
Therefore the combustion of hydrogen results in water only as a by-product.

The properties of hydrogen are shown in Table 4.5. The remarkable fuel prop-
erties of hydrogen are high laminar flame speed, wide flammability limits, high
diffusivity, smaller quenching distance, and low minimum ignition energy (Deniz
and Zincir 2016). Hydrogen is a high octane fuel and the high auto-ignition temper-
ature of hydrogen is an issue to overcome, especially combustion at diesel engines.
On the other hand, low minimum ignition energy of hydrogen brings quick combus-
tion of hydrogen by external sources such as spark plugs. The wide flammability
limits provide using variable fuel–air ratios for the optimum combustion conditions
for lower fuel consumption and lower emissions. The high laminar flame speed of
hydrogen improves the spread of the flame in the cylinder and contributes to more
complete burning. Due to the high diffusivity, hydrogen forms a more homogenous
fuel–air charge in the cylinder that also leads to higher combustion efficiency.

Despite its high LHV than conventional marine fuels, the energy density of
hydrogen is low. For this reason, the volumetric energy capacity of gaseous hydrogen
is 3000 times lower than diesel oil (Inal et al. 2021a). And for instance, compressed
hydrogen needs six to seven times more storage area than the same energy content of
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Table 4.5 Properties of hydrogen (Deniz and Zincir 2016; Inal et al. 2021a; Zincir and Deniz 2014,
2018)

Properties Gaseous hydrogen Liquid hydrogen

Auto-ignition temperature (°C) 571 571

Density (kg/m3) 17.50–20.54 70.85–71.10

Energy density (MJ/m3) 2101 8539

Diffusivity in air (cm2/s) 0.63 0.63

Laminar Flame speed (m/s) 3.51 3.51

Flame temperature (°C at 1 bar) 2045 2045

Flammability limits (Vol.%) 4–75 4–75

Flashpoint (°C) −150 −150

Lower heating value (MJ/kg) 120.1 120.1

Minimum ignition energy (mJ) 0.02 0.02

Octane number >130 >130

Stoichiometric air–fuel ratio on mass basis 34.3 34.3

Storage type Compressed gas Cryogenic liquid

Storage temperature (°C) 25 −253

Storage pressure (bar) 300 1

Onboard storage cost (e/kWh) 1.29–1.71

Fuel cost (e/kWh) 153 153

Exposure limit (mg/m3—8 h) 336 336

Well to wheel life cycle emissions (gco2/MJ) Grid electricity: 139
Wind electricity: 2.59–20.74
Solar PV electricity: 6.67–66.67

HFO (Chryssakis et al. 2014). The energy densities without taking into account the
container and insulation of gaseous and liquid hydrogen are shown in Table 4.5. The
low energy density is the main disadvantage of hydrogen for being a maritime trans-
portation fuel. Themain storage options of hydrogen are as a compressed gas at 25 °C
and 300 bar or as a cryogenic liquid at−253 °C and 1 bar. Detailed hydrogen storage
techniques are explained in Sect. 4.4. Hydrogen is neither corrosive nor toxic which
lowers operational procedures and costs. But the storage cost of cryogenic hydrogen
storage is higher than the compressed hydrogen storage. The reasons for these are
special insulation material for the cryogenic storage, cooling and pumping units to
recover gasified hydrogen from the tank and transfer it again to the tank cryogeni-
cally. Although hydrogen is not a toxic substance, exposure to hydrogen in a place
that contains more than 336 mg/m3—8 h results in asphyxiation.

Some main advantages of hydrogen are abundance, carbon-free structure, high
energy conversion efficiency, variety of storage options, the possibility of long-
distance transportation, higher LHV than the conventional marine fuels, and
conversion options to other energy forms (Dincer and Acar 2015).
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4.3 Hydrogen Production Methods

Hydrogen is an essential substance for various industries and 0.1 Gt of hydrogen is
produced annually (Qyyum et al. 2021). Fifty-one percent of hydrogen production is
for ammonia production, while 31% is for oil refining, 10% for methanol production,
and 8% for other applications (Kannah et al. 2021). Hydrogen is produced from
different feedstocks that 96% of them are fossil fuels (natural gas 48%, oil 30%,
and coal 18%) and 4% from renewable resources (Taibi et al. 2018). The energy
consumption of annual worldwide hydrogen production equals 2% of the global
energy demand (American Bureau of Shipping (ABS) 2021).

Hydrogen production is determined in four different ways by their emitted GHG
emissions during the process. These are brown hydrogen, grey hydrogen, blue
hydrogen, and green hydrogen (American Bureau of Shipping (ABS) 2021). Brown
hydrogen is the production way of using coal as feedstock, grey hydrogen is the
production process of using other fossil fuels (natural gas, oil, etc.) as feedstock.
Blue hydrogen is the process that uses fossil fuels as feedstock for hydrogen produc-
tion, but the emitted carbon emissions are captured and stored by the carbon capture
and storage (CCS) system. The emitted CO2 emissions are approximately 90% lower
than brown hydrogen and grey hydrogen. Lastly, green hydrogen is the production
process that uses renewable energy sources (solar, wind) for electrolysis of water, or
uses biomass or biological methods to produce hydrogen.

This section describes the hydrogen productionmethods based on feedstocks. The
feedstocks are separated as hydrocarbon fuels, biomass, and water. The hydrogen
production methods are also classified according to their production way color.

4.3.1 Hydrogen Production from Hydrocarbon Fuels

Hydrogen production methods from hydrocarbon fuels are hydrocarbon reforming
and pyrolysis. These two hydrogen production methods are the most mature and
used methods that meet almost the total global hydrogen demand (Nikolaidis and
Poullikkas 2017). Hydrogen production from hydrocarbon fuels can be done at high
efficiencies and low costs (Baykara 2018).

4.3.1.1 Hydrocarbon Reforming

Hydrocarbon reforming is the conversion process of hydrocarbon fuels to hydrogen
by chemical techniques. The hydrocarbon reforming process is named steam
reforming, partial oxidation, or auto-thermal reforming, according to the reactant
substance. If the reactant substance is steam, the process is named steam reforming,
if the reactant substance is oxygen, the process is known as partial oxidation, and
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if the hydrogen production process consists of these two reactions, the process is
auto-thermal reforming (Chen et al. 2008).

Steam Reforming

Steam reforming is a hydrogen production method that uses natural gas, liquefied
petroleum gas (LPG), methanol, jet fuel, naphtha, and diesel fuel as feedstocks
(Kannah et al. 2021). But natural gas is the major feedstock for steam reforming
that has high process thermal efficiencies up to 85% (El-Shafie et al. 2019) and the
lowest CO2 emissions compared to all hydrogen production from hydrocarbon fuels
(Qyyum et al. 2021). During the steam reforming process, hydrocarbon fuel reacts
with steam at a high temperature (700–1000 °C) environment. The product of this
reaction is carbon monoxide (CO), hydrogen, and unreacted natural gas mixture
which is called syngas. After the syngas generation, the later step of the steam
reforming is the water–gas shift (WGS) reaction that converts CO to CO2. The final
step is methanation or gas purification to collect 99.99% purity of hydrogen from the
process (Al-Qahtani et al. 2021). Equations (4.1)–(4.3) (Nikolaidis and Poullikkas
2017) and Fig. 4.1 show the main steps of steam reforming. If the hydrocarbon fuel
contains sulfur compounds, the desulphurization process is done before the syngas
generation step to prevent poisoning the reforming catalyst (Nikolaidis and Poul-
likkas 2017). Steam reforming is considered grey hydrogen production since the
process uses fossil fuels. On the other hand, if the process contains CCS almost 90%
of emitted CO2 is captured. Thus the produced hydrogen is blue hydrogen.

Reforming step:

CnHm + nH2O → nCO +
(
n + 1

2
m

)
H2 (4.1)

WGS step:

CO + H2O → CO2 + H2 (4.2)

Methanation step:

CO + 3H2 → CH4 + H2O (4.3)

Fig. 4.1 Steam reforming steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)
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Partial Oxidation

Partial oxidation (POX) is the conversion process of hydrocarbon to hydrogen and
carbon oxides by oxygen. The feedstocks for the POX are coal, heavy oil, methane,
and naphtha (Nikolaidis and Poullikkas 2017). The POX with the feedstock of coal
is also called gasification. After the desulphurization, the hydrocarbon feedstock is
partially oxidized by oxygen to produce syngas. The further process is the same as
steam reforming. Equations (4.4)–(4.7) and Fig. 4.2 show the main steps of the POX
(Nikolaidis and Poullikkas 2017). POX is the most convenient hydrogen production
method for using heavier hydrocarbon fuels, for instance, heavy fuel oil and coal
(Chen et al. 2008). However, the hydrogen production by partial oxidation is more
expensive due to the oxygen separation unit, and less energy efficient than the steam
reforming (El-Shafie et al. 2019). Moreover, when the process uses heavier hydro-
carbon fuels with lower carbon to hydrogen ratio, the POX results in higher CO2

emissions (Al-Qahtani et al. 2021). The hydrogen production from the POX process
is brown hydrogenwhen coal is used as feedstock; grey hydrogenwhen heavy fuel oil
or methane is used as feedstock; and blue hydrogen when CCS is applied to capture
CO2 emissions during the hydrogen production process.

Reforming step:

CnHm + 1

2
nO2 → nCO + 1

2
mH2 (catalytic process) (4.4)

CnHm + nH2O → nCO +
(
n + 1

2
m

)
H2 (non − catalyticprocess) (4.5)

WGS step:

CO + H2O → CO2 + H2 (4.6)

Methanation step:

CO + 3H2 → CH4 + H2O (4.7)

Fig. 4.2 Partial oxidation steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)
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Auto-thermal Reforming

Auto-thermal reforming (ATR) is the hydrogen production process by the combi-
nation of steam reforming and partial oxidation (Zincir and Deniz 2016). The ATR
includes the exothermic POX and endothermic steam reforming processes. The heat
from the POX is used during the steam reforming process to increase the hydrogen
production rate (Nikolaidis and Poullikkas 2017). The remaining steps of the process
are the same as steam reforming and POX. Equation (4.8) shows the main step of the
ATR (Nikolaidis and Poullikkas 2017), and the process steps are similar to Fig. 4.2.
The ATR also requires pure oxygen that raises the complexity and cost of the system
(Dincer andAcar 2015). Hydrogen is produced by theATR is grey hydrogen since the
process uses methane and if CCS is applied to capture CO2 emissions the produced
hydrogen is blue hydrogen.

CnHm + 1

2
nH2O + 1

4
nO2 → nCO +

(
1

2
n + 1

2
m

)
H2 (4.8)

4.3.1.2 Pyrolysis

Pyrolysis is the decomposition of hydrocarbon fuels by heat. The decomposition
reaction temperature is 350–400 °C for coal and 1400 °C and above for methane
(El-Shafie et al. 2019). Products of the pyrolysis process are hydrogen-rich gas,
gaseous hydrocarbon, and solid char (Kannah et al. 2021). Equation (4.9) (Niko-
laidis and Poullikkas 2017) and Fig. 4.3 show the main chemical reaction of the
pyrolysis process. Since there are no gaseous carbon emissions, the CCS is not
needed. The pyrolysis process does not contain the WGS reaction and CO2 capture
process. Therefore, capital investments and hydrogen production costs are lower than
steam reforming and partial oxidation (Muradov 1993). Despite its advantages, the
pyrolysis process has a fouling issue due to the solid carbon product that reduces the
effectiveness of the reactor (Guo et al. 2005). Although the pyrolysis process does
not carbon oxide emissions, solid carbon is the product of the process and pollutes
the environment. Hence, the produced hydrogen is either brown hydrogen or grey
hydrogen when the feedstock is coal or other hydrocarbon fuels, respectively.

Fig. 4.3 Pyrolysis steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)
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CnHm → nC + 1

2
mH2 (4.9)

4.3.2 Hydrogen Production from Biomass

Hydrogen from biomass is the renewable production way. There are two main cate-
gories for hydrogen production from biomass. One of them is the thermochemical
process and the other one is the biological process. The subcategories of the thermo-
chemical process are pyrolysis and gasification. The biological process contains bio-
photolysis, dark fermentation, and photo-fermentation. Although there are various
ways of hydrogen production from biomass, most of the techniques are not mature
enough, and the hydrogen production rate is not adequate to replace with fossil-based
fuels (Qyyum et al. 2021).

4.3.2.1 Thermochemical Process

Thermochemical processes are pyrolysis andgasification, andbiomass is converted to
hydrogen and hydrogen-rich gases (Nikolaidis and Poullikkas 2017). These methods
are the same as the processes with hydrocarbon fuels. Biomass pyrolysis commenced
at 650–800 K, 0.1–0.5 MPa, (Demirbaş 2001) and an oxygen-free environment. The
products of the process are gaseous compounds, liquid oils, and solid charcoal. The
reforming and WGS reactions follow the pyrolysis process. The main steps of the
process are shown in Eqs. (4.10–4.12) (Nikolaidis and Poullikkas 2017) and Fig. 4.4.

Biomass pyrolysis → H2 + CO + CO2

+ hydrocarbon gases + tar + char (4.10)

CnHm + nH2O → nCO +
(
n + 1

2
m

)
H2 (4.11)

CO + H2O → CO2 + H2 (4.12)

Fig. 4.4 Biomass pyrolysis steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)
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Fig. 4.5 Biomass gasification steps (figure reproduced and adapted) (Nikolaidis and Poullikkas
2017)

Biomass gasification is the same process as coal gasification. It is the most well-
known and promising hydrogen production method (Kannah et al. 2021). Biomass
feedstock is partially oxidized by oxygen to form syngas. The operating conditions
temperatures are between 500 and 1400 °C at 33 bar pressure (Iribarren et al. 2014).
Equations (4.13) and (4.14) (Nikolaidis and Poullikkas 2017) and Fig. 4.5 show the
main step of biomass gasification with air or steam respectively.

Biomass + air → H2 + CO2 + CO + N2 + CH4

+ other + CHs + tar + H2O + char (4.13)

Biomass + steam → H2 + CO2 + CO + CH4

+ other + CHs + tar + char (4.14)

Biomass pyrolysis and biomass gasification processes are renewable processes
and the produced hydrogen is green hydrogen. Moreover, if the CCS is applied to
these processes the negative carbon balance is achieved (Al-Qahtani et al. 2021).

4.3.2.2 Biological Process

Thebiological process uses biological technologies to produce hydrogen. The biolog-
ical process commences at ambient temperature and pressure and the feedstocks are
renewable and waste materials (Das and Veziroğlu 2001). The main methods of
biological process are bio-photolysis, dark fermentation, and photo-fermentation.
These hydrogen production methods are green production way of hydrogen.

Bio-photolysis

Bio-photolysis is some kind of replica of photosynthesis but the product is hydrogen
gas. Water is given to green and blue algae as a feedstock. They can split the water
molecules into hydrogen ions and oxygen. Hydrogenase or nitrogenase enzymes of
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Fig. 4.6 Bio-photolysis
steps (figure reproduced and
adapted) (Nikolaidis and
Poullikkas 2017)

algae convert hydrogen ions to hydrogen gas (Kapdan and Kargi 2006). It is not a
mature and commercial technology (Dincer and Acar 2015) and has drawbacks of
low hydrogen production rate and large surface area requirement to get satisfactory
light (Holladay et al. 2009). The general formula for the bio-photolysis is shown in
Eq. (4.15) (Nikolaidis and Poullikkas 2017) and the basic steps are shown in Fig. 4.6.

2H2O + light → 2H2 + O2 (4.15)

Dark Fermentation

Anaerobic bacteria digest carbohydrates in biomass feedstock to convert organic
acids and then to hydrogen gas (Kapdan and Kargi 2006). This process is called dark
fermentation. The process commences in oxygen-free and dark conditions. Dark
fermentation is the most well-known and used method for hydrogen production from
renewable biomass feedstock, for instance, lignocelluloses biomass, crop residues,
organic waste, and algal biomass (Kannah et al. 2021). The hydrogen production rate
depends on pH value (between 5 and 6) (Ni et al. 2006) and removal of produced
hydrogen from the fermentation area since pressure rise decreases hydrogen produc-
tion rate (Holladay et al. 2009). Despite dark fermentation has the advantage of
continuous production of hydrogen day and night, the production capacity is low,
the capital investment is high, and the process is on a laboratory scale (Dincer and
Acar 2015; Kannah et al. 2021). The main chemical reaction of dark fermentation
with acetate fermentation and butyrate fermentation is shown in Eqs. (4.16) and
(4.17), respectively (Nikolaidis and Poullikkas 2017). Figure 4.7 shows the basic
steps of the dark fermentation process.

Acetate fermentation:

C6H12O6 + 2H2O → 2CH3COOH + 4H2 + 2CO2 (4.16)

Fig. 4.7 Dark fermentation steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)
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Fig. 4.8 Photo-fermentation steps (figure reproduced and adapted) (Nikolaidis and Poullikkas
2017)

Butyrate fermentation:

C6H12O6 + 2H2O → CH3CH2CH2COOH + 2H2 + 2CO2 (4.17)

Photo-fermentation

Photo-fermentation is a biological process that some photosynthetic bacteria that
use solar power and organic acids to produce hydrogen and CO2 (Das and Veziroglu
2008). This hydrogen production method is on a laboratory scale and has challenges
such as large surface area requirement and low light utilization efficiency (Zincir
and Deniz 2016). The main chemical reaction of the process is shown in Eq. (4.18)
(Nikolaidis and Poullikkas 2017) and Fig. 4.8.

CH3COOH + 2H2O + light → 4H2 + 2CO2 (4.18)

4.3.3 Hydrogen Production from Water Splitting

Water splitting is another hydrogen production way and it can be done by
three methods. These methods are electrolysis, thermolysis, and photo-electrolysis.
Hydrogen from water splitting is the cleanest energy when the energy for water
splitting is provided from renewable energy sources (Nikolaidis and Poullikkas
2017).

4.3.3.1 Electrolysis

Electrolysis is the most mature and well-known method for water splitting. The
method is endothermic and requires high electric energy (Qyyum et al. 2021). The
electrical current splits water at the anode and cathode of the electrolyzer unit.
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Fig. 4.9 Electrolysis steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)

Hydrogen accumulates at the cathode and oxygen at the anode. The reaction for
the water electrolysis is shown in Eq. (4.19) (Levene et al. 2007) and Fig. 4.9.

2H2O → 2H2 + O2 (4.19)

There are three types of water electrolysis methods for hydrogen production.
These are alkaline, proton exchange membrane (PEM), and solid oxide electrolysis
(SOE). Alkaline electrolysis has the lowest system efficiency, the lowest capital cost,
and higher hydrogen production. On the other hand, the PEM has higher system effi-
ciency than the alkaline electrolysis, no corrosion and sealing related issues, but the
capital electrolyzer cost is higher than the alkaline electrolysis. Lastly, nevertheless,
the SOE is the most efficient electrolysis system, it is still under development and
there are corrosion and sealing issues that have to be solved (El-Shafie et al. 2019).

Water electrolysis is an intensive electricity-consuming process. Therefore, when
the electricity production is from fossil fuels, the process emits a high amount of
CO2 emissions and the produced hydrogen is brown hydrogen if the electricity is
generated from coal energy and grey hydrogen if the electricity is generated from
oil and natural gas. Fossil power plants can use CCS to capture CO2 emissions.
Therefore, the produced hydrogen by using generated electricity from these power
plants results in blue hydrogen production. When the electricity is produced from
renewable energy sources (wind or solar), the produced hydrogen is green hydrogen.
The green hydrogen is also named electrofuel which has a carbon-free lifecycle from
well-to-wheel or well-to-propeller at maritime transportation.

4.3.3.2 Thermolysis

Thermolysis is a water-splitting process that the water is decomposed to hydrogen
and oxygen at a high temperature (Nikolaidis and Poullikkas 2017). The temperature
has to be as high as more than 2500 °C to separate hydrogen (Funk 2001). The main
chemical reaction of the process is shown in Eq. (4.20) (Steinfeld 2005) and Fig. 4.10.

2H2O → 2H2 + O2T > 2500 ◦C (4.20)

The thermolysis process is under development since the compatible material to
high thermal stress issue and the development of an effective technique has to be
solved (El-Shafie et al. 2019). The required heat can be provided from fossil fuels or
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Fig. 4.10 Thermolysis steps (figure reproduced and adapted) (Nikolaidis and Poullikkas 2017)

solar power, thus, the produced hydrogen will be brown or grey hydrogen and green
hydrogen, respectively.

4.3.3.3 Photo-Electrolysis

Photo-electrolysis is a water-splitting method that transforms the photonic energy
of sunlight into chemical energy (Dincer and Acar 2015). Water is decomposed to
hydrogen and oxygen by the photonic energy that is similar to electrolysis. The
photo-electrolysis method is a more efficient water splitting method than elec-
trolysis (Qyyum et al. 2021). The photo-electrolysis systems use semiconductor
materials which is the same as the photovoltaic systems (El-Shafie et al. 2019).
Equations (4.21)–(4.23) show the main chemical reactions of the photo-electrolysis
method (Nikolaidis and Poullikkas 2017).

Anode:

2p+ + H2O → 0.5O2 + 2H+ (4.21)

Cathode:

2e− + 2H+ → H2 (4.22)

Total reaction:

2e− + 2H+ → H2 (4.23)

Photo-electrolysis hydrogen production is expected to be a promising long-term
solution for carbon-free hydrogen production, but before it will happen, a more
durable and inexpensive photocatalyst has to be developed for commercial hydrogen
production (Maeda andDomen2010). The photo-electrolysismethod produces green
hydrogen (Fig. 4.11).

Table 4.6 compares hydrogen production methods with their advantages and
disadvantages. Technology readiness levels (TRL) of hydrogen production methods
are compared. Steam reforming and electrolysis are the most mature methods
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Fig. 4.11 Photo-electrolysis process (figure reproduced and adapted) (Nikolaidis and Poullikkas
2017)

and bio-photolysis, dark fermentation, photo-fermentation, thermolysis, and photo-
electrolysis are the least mature methods. The efficiencies are indicated in the table,
of the hydrogen production methods represent energy conversion efficiency from the
external energy sources to hydrogen production. Since steam reforming is the most
mature and used hydrogen production method, the most developed technologies
with higher efficiency have been used. On the other hand, the hydrogen produc-
tion methods such as photo-fermentation and photo-electrolysis are on a labora-
tory scale and under development and the efficiencies are the lowest. The sunlight
energy conversion efficiency of these methods is also effective on the efficiency.
Steam reforming, partial oxidation, and auto-thermal reforming emit CO2 emissions
and hydrocarbon pyrolysis forms solid carbon. As a consequence, these hydrogen
production methods are not able to produce hydrogen in a green way. The remaining
methods have green production ways and the variety of hydrogen production is
promising for future renewable hydrogen production pathways. It is known that
steam reforming is the most used hydrogen production method recently. Thus, steam
reforming with CCS (blue hydrogen) is a good option during the transition from
brown/grey hydrogen to green hydrogen pathways. And in the future, green hydrogen
production pathways will be used for achieving zero well-to-wake emissions in
maritime transportation.

Figure 4.12 shows the hydrogen production lifecycle costs by considering human
health, ecosystem, and resources. The data of the figure is derived from the study of
Al-Qahtani et al. that is done in 2021 (Al-Qahtani et al. 2021). They assessed the
hydrogen production methods by taking into account the effects of hydrogen produc-
tion methods on human health, the environment, and resources. According to the
results of the study, steam reforming with CCS has the lowest hydrogen production
cost recently. Pyrolysis and steam reforming without CCS followed it. The highest
production cost is for coal gasification since it has the highest effect on human health
and the environment. Nuclear and wind energies can cope with steam reforming, but
solar energy is not an effective way to produce hydrogen for now.
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Table 4.6 Comparison of hydrogen production methods (Qyyum et al. 2021; Dincer and Acar
2015; Kannah et al. 2021; Nikolaidis and Poullikkas 2017; Al-Qahtani et al. 2021)

Production methods TRL
Level

Efficiency Advantages Disadvantages Produced
hydrogen
color

Steam reforming 9 74–85 Most mature and
existing process

Emits CO2, fossil
fuel depended

Brown
Grey
Blue

Partial Oxidation 8 60–75 Proven and
existing process

Emits CO2, fossil
fuel depended

Brown
grey
Blue

Auto-thermal
reforming

8 60–75 Proven and
existing process

Emits CO2, fossil
fuel depended

Brown
Grey
Blue

Hydrocarbon
pyrolysis

3–5 – Emission-free,
low process steps

Solid carbon
formation, fossil
fuel depended

Brown
Grey

Biomass pyrolysis 3–5 35–50 CO2-neutral
process, ample
and cheap
feedstock

Tar formation,
unstable H2
content

Green

Biomass gasification 5–6 40–50 CO2-neutral
process, ample
and cheap
feedstock

Tar formation,
unstable H2
content

Green

Bio-photolysis 1–3 10 CO2-consuming
process

Sunlight and large
area requirement

Green

Dark fermentation 1–3 60–80 CO2-neutral
process, waste
recycling, O2-free
process without
light

Low H2
production, low
efficiency

Green

Photo-fermentation 1–3 0.1 CO2-neutral
process, waste
recycling

Sunlight and large
area requirement,
low efficiency

Green

Electrolysis 9 40–60 Proven and
existing process,
ample feedstock,
zero-emission
with renewable
energy

High capital cost,
low efficiency

Brown
Grey
Blue
Green

Thermolysis 1–3 20–45 Clean and reliable
process, ample
feedstock

Toxicity,
corrosion issues,
high capital cost

Brown
Grey
Green

Photo-electrolysis 1–3 0.06 Ample feedstock,
zero-emission
process

Sunlight
requirement, low
efficiency

Green
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Fig. 4.12 Hydrogen production lifecycle assessment costs (data is derived and the graph is drawn)
(Al-Qahtani et al. 2021)

4.4 Hydrogen Storage Techniques for Maritime

The main objective on the use of hydrogen for ships is to eliminate greenhouse
gas emissions. In this motivation, alternative fuels are gaining importance, however,
the ultimate zero emission goal can be reached by hydrogen thanks to its carbon-
free structure. Hence, onboard storage of the hydrogen receives attention and many
industrial techniques have been tried to apply for ships. The major obstacle seems as
the onboard storage of the hydrogen before using it for powering the ship’s propul-
sion systems. From a wider perspective, several milestones need to be achieved in
order to switch the fuel system to a newer and less experienced one. In this manner,
there are several levels such as bunkering stations, refueling infrastructures (connec-
tions, production, and distributions), storage, and their safety aspects (Andersson and
Grönkvist 2019). However, this chapter only focuses on the available and applicable
onboard storage techniques and other requirements for the hydrogen use is out of the
scope.

Hydrogen fuel has some advantageous properties compared to conventional
marine fuels. For instance, lower heating value of the hydrogen is approximately
3 times higher than diesel oil, 33 kWh/kg and 11 kWh/kg, respectively (Inal et al.
2021b). However, being in gaseous form under atmospheric conditions and having
roughly 3000 times lesser volumetric energy compared to diesel requires increased
space onboard ship for long voyages. Therefore, substantial technological improve-
mentsmaybe needed for spreading the hydrogen fuel in shipping industry.As a nature
of themarine environment, the use of hydrogen shows different challenges compared
to land-based facilities and other transportation sectors. This section provides a
general overview to onboard hydrogen storage techniques that can be applicable
for ships.
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4.4.1 Onboard Hydrogen Storage

In this section hydrogen storage techniques for the onboard ship are reviewed.
The four main storage technologies compressed, liquid, solid-state, and alternative
carriers are elaborated, respectively, and shown in Fig. 4.13. Additionally, alterna-
tive carriers are separated into three subtitles as N2 based, CO2 based, and organic
liquids.

4.4.1.1 Compressed Hydrogen Storage

The compressed hydrogen storage is the most developed and well-experienced
method amongdifferent technologies. The hydrogen is kept under very highpressures
around 350–700 bar which give a density of 23.3 kg/m3 and 39.3 kg/m3, respectively
(Raucci et al. 2015). Table 4.7 shows the four different pressurized vessel types with
the used material, typical pressure in bar, and approximate cost in USD per kg.

The most well-known tank types to store the hydrogen are type I and II, all-
metal, and mostly metal development types because of their somewhat lower costs.
Additionally, since the material of type II is a combination of metal and composite
parts it has a lower weight contrasted with the all-metal, type I tank. Be that as it may,
the composite material diminishes the solidness of the vessel and it can simply go up
to 200 bars. The primary issue is the significant expense because of the utilization
of cutting edge materials like carbon fiber, for the third and fourth kinds of capacity
tanks (O’Malley et al. 2015). On the other hand, high-pressure hydrogen storage

Onboard 
Hydrogen Storage

Alternative Carriers

Compressed Storage

Liquid Storage Solid State Storage

Ammonia CO2 Based Organic 
Liquids

Fig. 4.13 Onboard hydrogen storage techniques (Inal et al. 2021b)
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Table 4.7 Storage tank types (Rivard et al. 2019)

Type Material Typical pressure (bar) Cost ($/kg)

I All-metal construction 300 83

II Mostly metal, composite overwrap in the hoop
direction

200 86

III Metal liner, full composite overwrap 700 700

IV All-composite construction 700 633

tanks are in advantage with gravimetric density and well-proven by being used in
fuel cell electric cars, Toyota Mirai, and Honda Clarity (Yamashita et al. 2015). This
high gravimetric density serves to multiple times higher storage limit contrasted with
low-pressure tanks (Rivard et al. 2019; Hoecke et al. 2021).

4.4.1.2 Liquid Hydrogen Storage

The subsequent method to store hydrogen is by liquification. The central of putting
away hydrogen in fluid structure is to lessen temperature to −253 °C which is its
bubbling temperature. The benefit of liquefaction is the capacity to arrive at high
hydrogen densities at environmental pressing factors, which is 70 kg/m3 andmultiple
times higher than the vaporous structure (Hoecke et al. 2021). The heat transfer
should be limited to keep the temperature at the ideal level to store a cryogenic
fluid. In the interim, cryogenic capacity is certifiably not a far idea for the maritime
industry because of liquefied natural gas (LNG) transportation and boil-off gas use
in marine diesel motors. Incidentally, LNG seems like another solid option through
green shipping with its lesser carbon content contrasted with substantial fuel oil and
marine diesel oil, additionally, with its free sulfur content.

The main piece of liquid hydrogen storage is to limit evaporation. Evaporation of
hydrogen has two incidental effects; the first is the pressing factor increment within
the tank and the second is the deficiency of the burned through effort during the
liquefaction of the hydrogen. The decrease of heat transfer through the tank is the
critical answer for stopping the evaporation. To fulfill this, the volume to surface
proportion ought to be maximized, and this is reachable with circular tank shapes
that have the biggest volume to surface proportion. In conclusion, the boil-off rates
are below 0.1% per day with strongly insulated spherical tanks (Amos 1998).

4.4.1.3 Solid-State Hydrogen Storage

There are variousmethods to store hydrogen in solidmaterials but the promising ones;
metal hydride and boron-based storage have been reviewed. Firstly, metal hydrides
were elaborated with magnesium hydrides. Secondly, the two most common boron-
based storage materials NaBH4 and NH3BH3 were summarized. There is a vast
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number of researches are ongoing on putting hydrogen into a solid carrier, however,
this scope is limited with the promising types for the marine environment.

The metal hydrides store hydrogen by synthetically holding the hydrogen to the
metal as can be seen by the name. Hydrides have interesting properties for adsorbing
and delivering hydrogen at various temperatures and pressing factors, in this way,
each metal hydrides have various attributes. There two different ways of delivering
hydrogen frommetal hydrides; thermolysis and hydrolysis. Albeit the point is some-
thing very similar for both ways, they are genuinely unique. While thermolysis is a
reversible endothermic cycle, hydrolysis is exothermic and irreversible. As a rule,
metal hydride storage is primarily centered around the thermolysis-based activity.
Notwithstanding there are different metal hydrides storage strategies, for instance,
elemental, intermetallic, or complex, this paper mainly centered around elemental
metal hydrides and boron-based (borohydrides) from complex metal hydrides.

Themajor solid-state elementalmetal hydride ismagnesiumhydride sincemagne-
sium is widely available, magnesium hydrides are affordable and attractive hydrogen
storage methods with a density of 1.45 g/cm3 and high hydrogen storage capacity
of 7.6% (wt) (Yartys et al. 2019). Notwithstanding these benefits, the hydrogenation
response energy of magnesium is moderate as a result of the framed MgH2 layer
in the capacity vessel. This layer decreases the diffusion speed of hydrogen into
further steps of metal along these lines the hydrogenation getting slower and slower
(Webb 2015). To overcome this issue, the operation temperature transcends 300 °C
for adequate magnesium hydride formations.

On the other hand, boron-based solid-state hydrogen storage is an alternative to
metal hydrides. Boron is classified as a metalloid and involves both metallic and
non-metallic properties. There are mainly two boron-based storage can be found
in the literature; NaBH4 and NH3BH3. Both have bigger than 10% (wt) hydrogen
capacity thanks to light boron with high storage capacity. Firstly, NaBH4 with a
hydrogen storage capacity of 10.8% (wt) can be released from hydrogen at 530 °C
(Hoecke et al. 2021). The advantage of NaBH4 is the ability to give four moles
hydrogen via reaction with water. Since the ships can produce pure water from the
seawater thanks to evaporators, this reaction is beneficial. However, hydrogenate is
not as simple as the dehydrogenation process, so the reverse reaction is hard. On
the other hand, NH3BH3 is another boron-based storage material for hydrogen. The
gravimetric hydrogen capacity of this compound is higher than NaBH4 and it offers
19.4% (wt). One of the methods to release hydrogen from the compound is to apply
heat, and above 500 °C the process would be completed. The second is the hydrolysis
reaction in an acidic solution at room temperature.

4.4.1.4 Alternative Hydrogen Carriers

Ammonia

Ammonia is the key chemical in fertilizer production that forms 80% of the global
consumption by combining hydrogen with nitrogen from the air (Hansson et al.
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2020). Ammonia has a high gravimetric hydrogen storage capacity of 17.7% (wt) at
a 10 bar liquid state (Zincir 2020). Ammonia-based storage of hydrogen is a good
option for ships with its easy-to-handle properties, and its ability to be produced
without carbon dioxide by theHaber–Bosch process (Foster et al. 2018). This process
is an exothermic reaction that can be occurred at high temperature and high pressure,
it can be expressed as the following Eq. (4.24):

N2 + 3H2 ↔ 2NH3 �H ◦ = − 91.8
kJ

mol
(4.24)

The most common way to produce hydrogen from ammonia is thermolysis which
needs very high temperatures typically above 650 °C (Mukherjee et al. 2018). At
this point, catalyst gain importance but the need for temperature would have arisen
if the catalyst getting cheaper.

CO2 based

Methanol and formic acid are seen in this section as alternative hydrogen carriers
for the shipping industry. Since both are viewed as elective hydrogen carriers, they
differ from ammonia by their chemical properties.

Initially, formic acid has a gravimetric hydrogen storage limit of 4.4% (wt) and it
is relatively low compared with different strategies. The main benefit of formic acid
is the simple dehydrogenation measure at moderately lower temperatures compared
to ammonia or methanol. However, it actually has a comparable issue as far as costly
noble metal catalysts (Pérez-Fortes et al. 2016). Creation of formic acid from the
hydrogenation of CO2 is an uptrend as of late yet the high-pressure factor during the
CO2 separation is as yet an issue. Secondly,methanol is the simplest alcohol and it has
a gravimetric hydrogen storage capacity of 12.5% (wt). Most commonly examined
way of the renewable methanol is by hydrogenation of CO2. Dehydrogenation of
methanol is realized mainly by steam reforming, oxidation, or thermolysis. The
typical process occurs around 230 °C and up to 5MPa.As an advantage, the relatively
cheaper catalyst can be used during the synthesis of methanol.

Organic Liquids

Liquid organic hydrogen carriers (LOHCs) are based on the hydrogenation and dehy-
drogenation of the compounds to store hydrogen (Hu et al. 2015). The advantage of
this method is easy handling compared to compression and appears like a promising
method for ships.

The hydrogenations and dehydrogenation of LOHCs are exothermic and
endothermic processes, respectively. Since the hydrogenation is an exothermic reac-
tion, the generatedheat shouldbe removed to ensure the equilibrium.However, during
dehydrogenation, heat energy should be supply for extraction of the hydrogen from
the carrier. Therefore, using organic liquid for ships as a hydrogen carrier requires
sustainable heat production and also a suitable heat management system to provide
continuity and the efficiency of the hydrogen storage. Furthermore, LOHCs contain
noble metal catalysts and this increases the cost. Although there are several types of
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research on the use of non-noble metals, the lifetime of the catalyst is still a challenge
to address (He et al. 2018). For instance, dodecahedron-N-ethyl carbazole is one the
most investigated hydrogen carrier, and it needs costly materials like platinum or
palladium as a catalyst.

Hydrogen has an extremely low ignition point and high combustibility, conse-
quently, storage and use ought to be at the highest point of safety in a high-risk
region like ships. Here the primary issue happens because of the poisonous proper-
ties of ammonia and explosion risk of high-pressure hydrogen tanks. Furthermore,
bunkering framework and the worldwide spread of hydrogen bunkering stations are
an outright requirement for the shipping industry in the meaning of applicability.
However, it is likewise a typical issue for a wide range of storage techniques because
of the usage frequencyof hydrogen in themaritime industry. In this viewpoint, storage
limit per weight and volume acquire significance for the ease of use onboard ships.
The conspicuous techniques are compressed hydrogen in regards to its technological
maturity and ammonia with relatively simpler storage conditions. Liquid hydrogen
may be another solution in the next years if the onboard tank isolation and refrig-
eration system can be solved efficiently. The others are somewhat frail alternatives
because of weighty ocean conditions and worldwide bunkering availabilities.

The efficiency is directly evaluated from the point of view of the energy need for
hydrogen storage requirements. Van Hoecke et al. analyzed the total energy required
to produce and store 1 kg hydrogen and the compressed hydrogen requirements seem
like the optimum one among different methods (Hoecke et al. 2021).

Lastly, from the reliability perspective, ease of bunkering and onboard operational
requirements are reviewed to evaluate the storagemethods. The previous experiences
in shipping industry are the key element to evaluate the reliability for bunkering
and fuel operations. In this manner, liquid storage such as methanol, ammonia,
liquid hydrogen, and also solid-state storage are the strong options. However, liquid
hydrogen supply port still requires new and safe infrastructures and spread all over
the world. Hence, methanol and ammonia are one step ahead of liquid hydrogen but
formic acid has not been tested onboard ship yet and it reduces the advantage of
methanol for CO2 based storage in reliability.

4.5 Hydrogen Fuel Cells in Shipping

Fuel cells are electrochemical devices that can use hydrogen directly to generate
electric power without any combustion process (Inal and Deniz 2018; Sharaf and
Orhan 2014). There are many different application areas such as; fuel cell electric
vehicles in the transportation sector, backup power sources for portable applications
or energy, and heat generators for high power demands in stationary applications
(Bassam 2017a; Ellamla et al. 2015; Hasani and Rahbar 2015; Inal and Deniz 2021;
Ma et al. 2021; Sorlei et al. 2021; Abkenar et al. 2017; Wu and Bucknall 2020). Fuel
cells play an important role during the transition to sustainable energy production
with their fewer GHG emissions compared to fossil fuel using technologies like
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internal combustion engines (Bicer and Dincer 2018). In this perspective, hydrogen
fuel cells offer a great advantage for ships when the new emission regulations which
are aiming to reduceGHGemissions ofmaritime transportation are considered (Bicer
and Dincer 2018).

Fuel cells are formed from an electrolyte that is placed between a fuel electrode
(anode) and an oxidant electrode (cathode). The hydrogen fed into the anode side
releases its electrons to pass from an external circuit where the load is connected.
Then, hydrogen atoms pass through the electrolyte to the cathode side and in presence
of oxygen, they reunite with its electrons which are released at the anode side of the
cell by producing water at the cathode side. The basic working equations can be seen
in Eqs. (4.25) and (4.26).

Anode:

H2O → 2e− + 2H+ (4.25)

Cathode:

O2 + 2e− + 2H+ → H2O (4.26)

4.5.1 Fuel Cell Types

Fuel cells can be categorized according to their electrolyte types (Tronstad et al.
2017). There aremainlyfive types of commercial fuel cells; alkaline, proton exchange
membrane, molten carbonate, solid oxide, and phosphoric acid. Alkaline fuel cell
(AFC) is the first fuel cell type developed in 1939 (De-Troya et al. 2016). It works
below 100 °C and uses relatively affordable alkaline electrolytes and this made it
popular for a long time. AFCs are mostly used in NASA space shuttles to generate
power during space missions. However, limited power capacity and requirements
of pure hydrogen cause to lose its popularity compared to new fuel cell types.
Proton exchange membrane fuel cells (PEMFC) are the most common and devel-
oped technology among different fuel cell types. It works at low temperatures and
uses hydrogen in high purity as a fuel (Barbir 2005). In case of the need to use
hydrocarbons as fuel, several methods of hydrogen extraction should be performed.
PEMFC has two different working characteristics according to operating temper-
ature; low and high. Low-temperature types (LT-PEMFC) are the most traditional
ones compared to high-temperature working fuel cells (HT-PEMFC). As can be
noticed from the classification, low-temperature types work below 100 °C, besides,
high-temperature types work above 120 °C up to 200 °C (Rosli et al. 2017). The
working temperature difference comes from the membrane material and its char-
acteristics meanwhile the development of novel membranes and catalysts allows to
work at higher temperatures. The higher temperatures offer an ability for reaching
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higher efficiency and it reduces the sensitivity to impurities in the fuel, for example,
HT-PEMFC is 3–5% less sensitive to CO compared to LT-PEMFC (Boaventura
et al. 2011). The same approaches are valid for the three other high-temperature
working fuel cells; solid oxide fuel cell (SOFC), phosphoric acid fuel cell (PAFC),
and molten carbonate fuel cell (MCFC). Both can use hydrocarbons like natural gas
as fuel thanks to high working temperature and internal reforming ability to produce
hydrogen (Tronstad et al. 2017). However, it should be noted that, in the case of using
hydrocarbons, the formation of CO2 will be happened during the internal reforming
to produce hydrogen. Therefore, not only power generation technology but also fuel
type is also important in the aim of reaching zero-emission. While MCFC works
around 600–800 °C, PAFC operates around 150–200 °C, and SOFC can reach to
1000 °C (Inal 2018; Marefati and Mehrpooya 2019). MCFC and SOFC have rela-
tively higher energy output capacity (MW levels) and higher efficiency compared to
low-temperature fuel cell types. They can be used with heat recovery systems, for
instance, high-temperature fuel cells can be combined with steam and gas turbine
systems by using flue gases to increase the total efficiency. In this case, the total effi-
ciency can reach 85% (Tronstad et al. 2017).On the other hand, high-temperature fuel
cells have slower start-up times, lower power density, and material corrosion disad-
vantages (Han et al. 2012). Due to the slow response time of fuel cells, an additional
power source is required to supply peak power needs and store the excess energy
for specific mission profiles (Garcia et al. 2009). Furthermore, since the researches
on the extension of the fuel cell lifetime mostly focus on the PEMFC, the periodic
change of electrolyte and components increase the operational cost for other types,
especially for high-temperature types (Table 4.8).

Ship propulsion systems have high power requirements especially when they are
compared with fuel cell cars. Therefore, it limits the range of fuel cell types as
the main power unit. In this manner, MCFC and SOFC are the prominent types
but PEMFC is also rapidly increasing the power capacity. Moreover, fuel cells are
modular and it increases the flexibility of shipbuilding opportunities. So, fuel cells
can be also an effective solution for electric production instead of the propulsion
unit. But it should be noted that most of the ship-sourced emissions are coming from
the main diesel engine which is used for powering the propeller.

Table 4.8 Fuel cell types
according to operation
temperatures and efficiencies
(Inal and Deniz 2020;
Tronstad et al. 2017; Biert
et al. 2016)

Type Operation temperature (°C) Efficiency (%)

AFC 50–90 50–60

LT-PEMFC 60–100 40–60

HT-PEMFC 120–200 40–80

PAFC 150–250 40–50

SOFC 800–1000 50–85

MCFC 600–700 40–85
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4.5.2 Maritime Fuel Cell Projects

Several fuel cell ship projects have been carried out for years and the most significant
ones are briefly explained in this section.

4.5.2.1 FellowSHIP

The FellowSHIP is one the most important fuel cell ship projects with the aim of
demonstrating MCFC system onboard ship. The substantial side of the project is the
use of a hydrocarbon fuel (LNG) instead of the pure hydrogen for a fuel cell system
on an offshore supply vessel named “Viking Lady”. After an operation period of
18,500 h any NOx, SOx, and PM emissions are observed (Ovrum and Dimopoulos
2012).

4.5.2.2 METHAPU

The METHAPU project was aiming to develop and validate the successful applica-
tion of methanol using SOFC system onboard ship. The tests were applied on a car
carrier ship where the 20 kW SOFC is used which is developed byWartsila (Bassam
2017b). The project has demonstrated the feasibility of methanol with fuel cell and
assessed the environmental impact of this new fuel.

4.5.2.3 Nemo H2

Nemo H2 program was a good demonstration of onboard hydrogen storage and
PEMFC usage for powering a passenger ferry which operates in Amsterdam.
Hybridization of 60 kW fuel cell system with lead acid battery packages shows
a good performance, however, lack of hydrogen bunkering infrastructure causes not
to enter into service (McConnell 2010).

4.5.2.4 ZEMSHIP

The project is designed as an inland passenger ship equippedwith PEMFC to serve in
Hamburg, Germany. The ultimate goal was to demonstrate a zero-emission shipping
using hydrogen fuel. In this perspective, installation of hybrid battery and fuel cell
system successfully operated between 2006 and 2010.
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4.5.2.5 SchIBZ

This project is designed for the 500 kW diesel using SOFC system but only 27 kW is
demonstrated on a multipurpose ship. Moreover, 50% electrical efficiency is reached
for more than 1000 h by using low sulphur diesel oil by emitting lower pollutant
emission compared to diesel engines at the 10 kW tests stands (Ma et al. 2021; Biert
et al. 2016).

4.5.2.6 Pa-X-ell

The Pa-X-ell is the second project under SchIBZ program by focusing on the safety
aspects of methanol fed HT-PEMFC powered ships. Rather than efficiency, emis-
sion or technical perspective, the project aims to find a suitable placement and
management system for onboard alternative fuel and fuel cell applications (Table
4.9; Figs. 4.14 and 4.15).

Table 4.9 Examples of several fuel cell ship projects

Project Time FC type Fuel type Partners

FellowSHIP 2003–2013 MCFC LNG DNV&GL and Wartsila

METHAPU 2006–2009 SOFC Methanol Wartsila

Nemo H2 2008–2011 PEMFC Hydrogen Alewijnse

ZEMSHIP 2006–2010 PEMFC Hydrogen Proton motor

SchIBZ 2009–2016 SOFC Diesel Thyssen krupp

Pa-X-ell 2009–2016 HT-PEMFC Methanol Meyer werft

Fig. 4.14 Possible placement of hydrogen tanks and fuel cell systems on the engine room plan of
a chemical tanker ship (figure reproduced and adapted) (Inal 2018)
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Fig. 4.15 Possible placement of converter, electric motor, and hydrogen tanks on the engine room
plan of a chemical tanker ship (figure reproduced and adapted) (Inal 2018)

4.6 Hydrogen Combustion in Marine Engines

Hydrogen is considered the most up-and-coming energy source because of its high
heating value for unit mass, wide range of combustion limits, carbon–neutral content,
and obtainability from renewable energy sources. This makes hydrogen as an attrac-
tive alternative fuel in the future. In this section, the potential usage of hydrogen in
marine diesel engines will be examined.

4.6.1 Combustion of Hydrogen in Internal Combustion
Engines

Carbon-free fuels are becoming significant topic in internal combustion engines.
In order to decrease the harmful emissions of carbon-contained fuels, hydrogen
is a prominent way for the transition of fuels into the environmentally friendly
perspective.

There are significant breakthroughs at usage of hydrogen in the internal combus-
tion engines. As a fuel, with zero-carbon content, H2 results in neither carbon emis-
sion nor soot, the water is produced as a combustion product. However, the pure H2

has technical drawbacks in combustion as well as in storage and transportation.
Hydrogen has higher heat value than other conventional fuels together with rapid

burning and high reactivity specifications. Although intrinsic limitations of combus-
tion of pure hydrogen in internal combustion engines owing to low ignition energy,
there are many applications on both spark ignited and compression ignition engines.
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The self-ignition of hydrogen and limited compression ratios in operation become
more critical in high equivalence ratios. Therefore, applicable hydrogen combustion
is generally limited to lean-combustion processes. The lean-combustion limitation
enables low load operation with reduced peak power, can be eliminated by increased
boost inlet pressures. Additionally, H2 can be advantageous to usewith fuels that have
relatively lower burning velocity and flammability. For instance, while the maximum
burning velocity is 280 cm/s for hydrogen (Kwon and Faeth 2001), it is 6–8 cm/s
and 40 cm/s for ammonia (Ronney 1988) and methane (Fells and Rutherford 1969),
respectively. In the hydrogen-doped hydrocarbon fuels, the flame temperatures and
flammability characteristics are increased. Therefore, the NOx emissions increases
together with increased H2 fraction in the mixture because of the elevated combus-
tion temperatures (Li et al. 2014). On the other hand the H2 content in the fuel brings
favourable effects on CO2 and soot emissions. The combustion concepts of hydrogen
and subsequently marine engine applications are examined in the following parts.

4.6.1.1 Hydrogen as a Main Fuel for Internal Combustion Engines

Hydrogen fuel can be used in reciprocating engines with different cycles. The
hydrogen combustion in the engines, as a main fuel, has been studied for premixed
combustion applications for instance spark ignited engines and homogenous charge
compression ignition engines generally. There are also some studies for compres-
sion ignition engines. Hydrogen has some intrinsic advantages and disadvantages for
combustion in reciprocating engines where depends on characteristics of the engine
and cycles.

Thanks to lean combustion capability of the hydrogen, the in-cylinder tempera-
tures are not sufficient that to generate NOx emissions at low load condition. That
is a combustion characteristic of hydrogen, which allows low load operation. The
capability of lean combustion characteristic enables NOx emission reduction as an
effective emission control strategy. The Fig. 4.16 represents the NOx variation as
a function of equivalence ration for hydrogen combustion (Tang et al. 2002). The
compression ratios, in dataset, are between 12.5 and 15.3. It seems the limit for NOx

generation around 0.5 equivalence ration where a significant increment occurs above
this value.

However in spite of high flammability temperature, low ignition energy of
hydrogen causes unintended combustion timing near stoichiometric conditions, leads
higher emissions levels (White et al. 2006). While auto ignition temperature is high
for hydrogen, the activation energy quite low, comparingwith the gasoline ormethane
(Lewis and Elbe 1962). Although the hydrogen has a wide operable equivalence ratio
range, the limits, derived from increased NOx levels and uncontrolled ignition, create
a critical trade-offmechanism for combustion of hydrogen between power output and
emissions. Hydrogen can be burned with spark plug in SI engines. Timing of ignition
and injection has crucial role on combustion control (Hamada et al. 2013). Never-
theless, there are some issues to be solved in the engine design or operation basis
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Fig. 4.16 NOx generation
as a function of equivalence
ratio for H2 combustion
(figure reproduced and
adapted) (Tang et al. 2002)
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within the operation of the engine with hydrogen to inhibit knocking and nitrogen
oxide emissions. NOx emission is derived from higher in-cylinder gas temperatures.

4.6.1.2 Hydrogen-Natural Gas Combustion

Natural gas has less carbon fraction than fuel oil by mass, thereby, the natural gas
utilization is considered alternative fuel for carbon emission reduction. Particularly,
lean-burn combustion of natural has is highly attractive because of reduced NOx

emissions and allowing high compression ratios. However, relatively low combustion
speed and high ignition temperature gives disadvantage on natural gas combustion.
In order to improve the combustion characteristics researchers show that, hydrogen
addition can improve the flame speed (Ma and Wang 2008; Sapra et al. 2018). The
schematic representation of H2-NG operation in a marine engine is demonstrated in
Fig. 4.17.

Fig. 4.17 The H2 and
Natural gas utilization in a
marine SI engine
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While the hydrogen addition can be carried out before TC together with natural
gas, the NG can be injected to compressed air-H2 mixture before cylinder inlet. The
operation, performed in lean combustion with natural gas, the in-cylinder processes
and the temperatures hence the NOx values can be diminished while the H2 addi-
tion has contrary effect on all. However, by controlling the intake air amount, the
temperatures and the NOx emissions could be achieved as the same amount which
are under limitations.

TogetherwithNOx accomplishment thehydrogenprovidesmore clean combustion
with less carbon monoxide and complete combustion without hydrocarbon.

4.6.1.3 Hydrogen-Diesel Combustion

Combustion of hydrogen with diesel is carried out with diesel pilot fuel for the initi-
ation of the combustion for the reason of high-self ignition temperature of hydrogen
(Chintala and Subramanian 2016). Diesel combustion suffers from CO2 and PM
emissions because of the carbon mass fraction of the fuel. Altering the some part of
diesel with the hydrogen by considering combustion energy equivalent of the diesel
gives favourable effect on both carbon emissions and PM. Hydrogen addition can
be conducted by two ways as intake port injection and injection at the beginning of
compression stroke. A marine diesel scheme is demonstrated for the operation of the
hydrogen in a two stroke marine diesel engine (Serrano et al. 2021) in Fig. 4.18.

The figure represents the engine that has uni-flow scavenging model. Hydrogen
can be injected during induction via ports which are seen at the bottom of the liner or
be injected after intake port and exhaust valve closes during compression. After the

Fig. 4.18 Hydrogen mixture
in a 2-stroke marine diesel
engine (figure reproduced
and adapted) (Serrano et al.
2021)
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Fig. 4.19 Parameterized heat release rate of fuel mixture for different H2 fractions (figure
reproduced and adapted) (Serrano et al. 2021)

compression, the combustion is triggered by diesel injection around TDC. Hydrogen
has an advantage to accelerate burning speed which causes different heat release rate
during combustion process. The parametric heat release rate variation of fuel mixture
(HFO-H2) for different hydrogen fractions is given in Fig. 4.19 (Serrano et al. 2021).

It can be observed that two phase combustion (premixed and diffusive) becomes
interpenetrated combustion phases with the addition of hydrogen. Also the study
considers the water injection (WI) which causes ignition delay in H2 dopedmixtures,
however, WI has no significant effect on heat release rate shape.

The rapid combustion of hydrogen could result in higher NOx emission. As well
as during diesel operation, the exhaust gas recirculation method (Wang et al. 2018)
or water addition in the intake charge can be utilized to solve a high amount of
NOx generation in hydrogen-diesel combustion. The injection of the water in the
air provide controlled combustion without self-ignition of hydrogen or knocking
(Serrano et al. 2019). Addition of hydrogen in to the diesel combustion also increases
the diesel combustion specific efficiency (Varde and Frame 1983).

4.6.1.4 Hydrogen-Ammonia Combustion

Ammonia is considered as a clean energy carrier, compared with carbon contained
fossil fuels with its carbon-free structure and obtainability from renewable energy
sources as solar energy, wind energy or biomass. Both thanks to its energy density
and easy storage capability, it can be used as a fuel in internal combustion engines,
including marine engines (Zincir 2020). Ammonia is a significant hydrogen carrier
with a capability of storage. It can be stored as liquefied phase in the room temperature
which also allows an easy transportation.Howbeit there are favourable reasons to use,
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Fig. 4.20 H2 and ammonia
injection into the intake port
for HCCI engine
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the combustion properties as burning limitations (speed) and generation of nitrogen
oxide emissions limit the operation of ammonia (Zhu et al. 2021). Therefore, it is a
prevalent way that the ammonia is used with fuels, which have high reactivity. Diesel
fuel, gasoline or natural gas improves the combustion performance of the ammonia as
well as hydrogen (Feng et al. 2020; Yapicioglu and Dincer 2018). However, the high
reactive fuels used with the ammonia, except hydrogen, contain carbon atoms, which
prevent to achieve carbon dioxide neutral combustion. Hydrogen has an accelerant
role on combustion, both increasing the reactivity and decreasing the time for ignition
of the fuel. In order to increase the performance and practicality of ammonia, the
hydrogen addition is a prominent way, which enables ammonia to use in internal
combustion engines (Li et al. 2014; Lee et al. 2010) by injecting the ammonia and
hydrogen in to the intake port. The representative scheme is shown in the Fig. 4.20
for the HCCI engine.

The combination of ammonia and hydrogen is regarded as ideal environmentally
friendly fuel in the zero-carbon manner and has been studied by many researchers
(Choi et al. 2015; Tang et al. 2021).The study (Wang et al. 2021) shows that even the
addition of just 5% hydrogen improves combustion performance. By the addition
of hydrogen the flame temperature increased 2080 K to ~2160 K and the laminar
flame speed increased 13 m/s to 38 m/s around 1.1 equivalence ratio for 0% H2 to
40% H2 fraction, respectively in ammonia combustion. The doped hydrogen leads
an increased propagation of combustion and also results in high NOx emissions
(Rocha et al. 2019). Additionally, hydrogen addition helps to enhance the reactivity
and the combustion rate of ammonia (Lee et al. 2010). On the other hand unburned
ammonia can be used to decrease NOx emissions together with the high power output
availability for the combustion (Valera-Medina et al. 2019).

4.6.1.5 Hydrogen Usage for Heat Production

Boilers are used for heating purposes in the vessels. Oil tankers require heat and boiler
operation during their voyages particularly (International Maritime Organization
(IMO) 2020). The boilers also use conventional fuels which have carbon content.
In the perspective of carbon–neutral operation, there are also some applications of
hydrogen not in ships yet but industry exists. Catalytic combustion of hydrogen
can be used for heat production purposes. Marine boilers, capable of producing
steam for on-board usage, are convenient for the replacement of gas boilers for
cleaner production. The mixture of methane and hydrogen can be used without
major modification in burners, operated by natural gas (Ilbaş and Yilmaz 2012). The
utilization of hydrogen together with ammonia and the hydrogen burners achieve
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zero carbon emission mission (Hussein et al. 2019; Meraner et al. 2020). The studies
mainly investigated the NOx performance of the systems and a slight increase has
been observed in hydrogen rich combustion (Pashchenko 2020).

4.6.2 Marine Engine Applications

To the best of author’s knowledge, pure hydrogen combustion is not applicable yet,
in marine engines. Due to the high power rates of marine engines and high temper-
atures through the components as exhaust valves, bring limitations for hydrogen
combustion, while hydrogen requires high temperature for auto-ignition.

On the other hand, the injection of hydrogen in to the cylinder is another issue for
marine engines which have two-stroke cycle and uniflow scavenging which allows
bypass of hydrogen to the exhaust manifold without intervening the combustion
process. Injection of H2 at the beginning of compression stroke is a solution which
requires additional equipment, providing high pressure hydrogen in to the cylinder.

There are various studies about application of hydrogen combustion concept in
marine engines.

An ammonia-hydrogen combustion is investigated for a marine engine theoreti-
cally in the research (Wang et al. 2021). The study carried for medium speed marine
diesel engine (800 rpm) with homogenous charge combustion concept, for the igni-
tion of themixture for varying hydrogen fraction, intake temperature and pressure and
for different fuel/air ratios. The study reveals that the flame propagation of ammonia
enhanced with the addition of hydrogen. The equivalence ratio has an important
effect on in-cylinder pressure, temperature and flame propagation. As the hydrogen
concentration increases the strictness of initial condition of intake charge decreases.
It is also stated that, in order to mitigate the NOx emissions, additional treatment for
reduce peak combustion temperature, as exhaust gas recirculation or after treatment
are required.

In another study, the emission contribution of a ship to the environment during its
lifetime was examined (Bicer and Dincer 2018). The study focussed on ocean going
tanker and cargo vessel. The ships’ environmental effects are revealed by comparing
heavy fuel oil and other environmental friendly fuels as ammonia and hydrogen.
Needless to say that production of hydrogen or ammonia costs CO2 equivalent that
the most environmentally friendly sources used for the production are renewable
energy sources. In the study, it was found that the CO2 equivalent of the heavy fuel
oil is five times more than the hydrogen fuelled engines by considering hydrogen
production with geothermal energy sources.

The combination of hydrogen and heavy fuel oil Combustion (HFO) in a marine
diesel engine had been investigated in another research. In order to meet the emission
requirements water injection was proposed as a NOx emission reduction technology.
The study comprises a modelling methodology for the prediction of combustion.
The modelling study and the validation had been completed with the dataset of HFO
combustion for two stroke low speed (125 rpm) marine diesel engine with 16 MW
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power rate (Serrano et al. 2021). The study includes different hydrogen fractions in
intake air for different engine loads to observe the effect on engine efficiency and
the mean effective pressure. It is indicated that hydrogen can be supplied with two
methods; (1) through port injection and (2) the injection after intake port closes.
Since the two-stroke marine diesel engines have uniflow scavenging, some part of
intake air passes the cylinder without any combustion process. In the port injection
of hydrogen, significant amount of hydrogen bypasses the combustion zone which
affects the efficiency of the engine. As a solution of problem, variable exhaust valve
timing is applied to the engine operation in different loads. The exhaust valve timing
advanced and the reduction of hydrogen bypasswas achieved. The (2) second strategy
is claimed as more effective than the (1) prior injection strategy without any excess
leakage of hydrogen. However, additional modification is needed for injection after
port closes. To sum up, hydrogen addition had increased the total efficiency by
around 3.0% for max power of the marine diesel engine, and it has been indicated
the high efficiency levels could be achieved with injection after the intake port closes.
Another intake port injection study has been carried out for small sized two stroke
marine diesel engines with 500 kW power (Pan et al. 2014). The hydrogen effect
on the greenhouse gases for different fractions of hydrogen has been investigated.
Noteworthy, reduction could be achieved in only idle speed of the engine, because
of the limited flow amount of hydrogen into the intake air. It is obvious that the
amount of hydrogen ratio highly affect the engine emissions. For the idle speed 20 to
37% of reduction of CO2 emissions could be achieved. Study shows as the hydrogen
contributes to the total energy input for the engine the emissions reduction can be
achieved.

Natural gas combustion modelling with hydrogen has been investigated in marine
spark ignited engine. The natural gas engine measurement were used to develop
the engine combustion characteristics via modelling tool (Sapra et al. 2020). The
cases are different mixtures’ ratio of hydrogen and natural gas, different equivalence
ratioswith the engine load variation. The study shows Seiligermodelling has satisfied
higher accuracy thanDouble-Wiebe function in the prediction of combustion process.
In another experimental study, the hydrogen is used in 500 kW marine gas engine
that performed with different engine loads and 2 different hydrogen fraction as 10–
20% by volume (Sapra et al. 2018). The study shows that, the combustion duration
has been reduced as a consequence of increased combustion speed by hydrogen.
Additionally, the combustion could be controlled at lower equivalence ratios which
also help to increase efficiency as providing complete combustion of carbon atoms.
It seems 4% higher engine efficiency when compared to natural gas combustion. The
few studies applied for marine engine purposes are given in this part. The application
of hydrogen combustion will increase in the future of maritime sector.



4 Hydrogen as Maritime Transportation Fuel: A Pathway … 103

4.7 Conclusion

Reducing the impact of shipping emissions on global warming is provided through
carbon-free fuels. As a carbon-free fuel hydrogen is a promising alternative together
with ammonia for the future ofmaritime transportation. Production of hydrogen need
an energy source that can be provided by hydrocarbons, biomass, water-splitting,
produce carbon emissions except using energy from renewable energy sources.While
examining the favourable environmental impact of hydrogen, the emission costs in
production process, must be taken into account. After production process, hydrogen
storage is an important issue because of being gas phase in atmospheric conditions.
While the volume required to store hydrogen at onshore facilities is not an issue,
onboard storage is crucial due to the ship’s limited gross tonnage. There are different
ways to store hydrogen onboard as; liquid storage, compressed storage, solid-state
storage, and alternative hydrogen carriers which have relative ease of storage capa-
bility. It is exceptionally evident that in not so distant future and with the present
innovation, hydrogen can’t be a solid option for ships yet, so the inventory network,
bunkering, and capacity ought to be improved.

The hydrogen production lifecycle costs were examined in the study. According to
the comparison of lifecycle costs of hydrogen production methods, steam reforming
with CCS has the lowest hydrogen production cost recently. Pyrolysis and steam
reforming without CCS followed it. The highest production cost is for coal gasifica-
tion since it has the highest effect on human health and the environment. Nuclear and
wind energies can cope with steam reforming, but solar energy is not an effective
way to produce hydrogen for now.

The usage of hydrogen, to generate power in ships, performed by two main ways
as fuel cells and internal combustion engines. Fuel cells are still expensive than
conventional internal combustion engines. However, endeavours on emissionmitiga-
tion drive the industry to alternative fuels and alternative energy producers. From this
perspective, hydrogen fuel and fuel cells are promising technology with only water
emissions. In the case of using hydrocarbons as fuel, fuel cells have still substan-
tial advantages compared to marine diesel engines such as higher efficiency, lesser
maintenance expenditures, lesser noise, and vibration onboard ships. Nevertheless,
the first capital cost of fuel cells, limited lifetime, and difficulties onboard hydrogen
storage of hydrogen are the major cost drivers and safety issues. For the maritime
industry, hydrogen and fuel cells are still in early stages and immature technologies.
As given before there are several problems to address. Whether these problems are
resolved, it will be more realistic to expand fuel cell ships in commercial use.

The other way is combustion of hydrogen. Adding hydrogen to the intake air
for the internal combustion engines both increasing the combustion efficiency and
the engine total efficiency. The application reduces the emissions with the help of
enhanced reaction capability and carbon-free content.While hydrogen can be burned
in small spark-ignited engines directly, the knocking and self-ignition characteristics
of hydrogen allow lean combustion and hinder usage in high power rated engines as
marine engines. However, the addition of hydrogen into marine fuels as natural gas,
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heavy fuel oil, or ammonia fuel gives significant advantages on emissions. Addition-
ally, the dual-fuel conceptsignificantly reduces the deficiencies of each individual
fuel in combustion as low combustion speed, high soot emissions. The hydrogen
utilization on ships initiated recently and it is expected to grow up in the near future
of the shipping. To facilitate hydrogen usage at maritime transportation, bunkering
infrastructures have to be spread worldwide, engine and fuel cell manufacturers have
to speed up their development process, and safety procedures onboardhave to be iden-
tified completely for hydrogen. Additional attention is needed for the adaptation of
hydrogen based operation, during stricter emission regulations in maritime sector.
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Chapter 5
Improving Cold Flow Properties
of Biodiesel, and Hydrogen-Biodiesel
Dual-Fuel Engine Aiming Near-Zero
Emissions

Murari Mohon Roy

Abstract Increasing concerns over environmental issues and traditional resource
depletion have heightened themotivation to use clean and alternative fuels. Biodiesel
is an alternate renewable fuel to be used in diesel engines. On the other hand, expert
studies designate hydrogen as the fuel of the longer term. Ideally, it is possible to
possess both zero-greenhouse gas (GHG) emissions, and zero regulated emissions,
carbon monoxide (CO), particulate matter (PM), hydrocarbon (HC) and nitrogen
oxides (NOx) from IC engines powered by hydrogen. A dual-fuel combustion system
that burns hydrogen as the primary fuel and biodiesel as a pilot fuel is the main focus
of this work. Use of diesel in dual-fuel combustion is typical. To completely replace
diesel with biodiesel, improvement of cold flow properties (CFPs) of biodiesel is
an absolute necessity. Cold flow properties indicate the low-temperature operation
ability of any fuel. To render biodiesel usable during winter, biodiesel requires urea
fractionation, which is discussed in this study. The most challenges with a hydrogen-
operated dual-fuel engine are the power output almost like that of diesel engines, and
to sustain stable engine operation at lean engine running conditions. Supercharging
can address the power output issue, but it increases the likelihood of premature igni-
tion and knock tendency unless the equivalence ratio and other parameters are prop-
erly adjusted. A hydrogen-diesel supercharged dual-fuel engine results are presented
in this study. The charge dilution (by N2) that helps to lower NOx emissions is
also presented. Furthermore, a detailed engine conditions and engine parameters are
suggested to make near-zero emissions from hydrogen-biodiesel dual-fuel engine.
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5.1 Introduction

Gases that trap heat within the atmosphere are called greenhouse gases. There are
four main greenhouse gases: carbon dioxide (CO2), methane (CH4), nitrous oxide
(N2O) and fluorinated gases. CO2 is the primary GHG emitted through human activi-
ties. In 2019, CO2 accounted for about 76 percent globally (https://www.epa.gov/ghg
emissions/global-greenhouse-gas-emissions-data) and 80 percent of all U.S. GHG
emissions from human activities (https://www.epa.gov/ghgemissions/overview-gre
enhouse-gases). The most act that emits CO2 is the combustion of fossil fuels
(coal, naturel gas, and oil) for energy and transportation. Internal combustion (IC)
engines are serving mankind in transportation and stationary power generations over
a century. Transport accounts for around one-fifth of worldwide CO2 emissions. The
worldwide transport sector was liable for approximately eight billion metric tons
of CO2 emissions in 2018 (https://www.statista.com/statistics/1185535/transport-car
bon-dioxide-emissions-breakdown/). Undesirable emissions in combustion engines
are of major concern due to their negative impact on air quality and human health.
Undesirable emissions include unburned HC, CO, NOx, and PM. Therefore, emis-
sions of CO, HC, NOx and PM also are a big concern for the continuation of the IC
engines within the latter a part of this century. Due to the global warming of CO2

from fuel combustion and related heating effect, and high emissions of air pollutants
like CO, PM, HC and NOx some experts suspect that the traditional IC engine is
entering its sunset era.

The Paris Agreement is a world treaty on global climate change. It had been
adopted by 196 Parties in Paris, on 12 December 2015 and entered into force on 4
November 2016. Its goal is to limit temperature increase towell below2, preferably to
1.5 degrees Celsius, compared to pre-industrial levels (reference period, 1850–1900).
To satisfy the Paris Climate Agreement, many European countries (e.g., France and
Britain) have already announced bans on new diesel and gasoline cars by 2040 (New
York Times, July, 2017). Norway intends to sell only electric cars starting in 2025,
and India wants to try to do so by 2030. We have quite few available options to scale
back GHG emissions from transportation: (1) Use renewable energy, like biofuels in
IC engines; (2) Reduce fuel use by incorporating hybrid cars; (3) Use electric cars;
(4) Use a hydrogen IC engine (H2ICE); and (5) Use hydrogen fuel cell engines. This
study focuses on (1) Use of renewable energy, biodiesel, and (4) Use of a hydrogen
IC engine (H2ICE).

Climate change and mitigation of GHG emissions are the first motivators for
biofuels research. Additionally, the growing concern on environmental pollution
caused by extensive use of conventional fossil fuels has led to the search for more
environmentally-friendly and renewable fuels. Biofuels like alcohols and biodiesel
are proposed as alternatives for combustion engines (Agarwal 2007;Demirbas 2007).
Although it is impossible for one alternative fuel to completely replace the diesel
fuel, biodiesel can replace a big amount of diesel fuel in diesel engines. Biodiesel
is a renewable and clean-burning diesel-like fuel that’s produced from vegetable
oils, animal fats, or used cooking oils. It’s typically formed by the reaction of oils

https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
https://www.epa.gov/ghgemissions/overview-greenhouse-gases
https://www.statista.com/statistics/1185535/transport-carbon-dioxide-emissions-breakdown/
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and fats with alcohol that produce fatty acid esters. It is often utilized in pure form
(B100), or blended with diesel in any proportion, for instance as B2 (2% biodiesel,
98% diesel), B5 (5% biodiesel, 95% diesel), B20 (20% biodiesel, 80% diesel) B50
(50% biodiesel, 50% diesel), etc. Biodiesel has received wide attention as a supple-
mentary for diesel fuel because it emits less CO2 and other pollutants. While the
burning of biodiesel produces CO2 emissions almost like that of ordinary fossil
fuels, the plant feedstock used for its production absorbs CO2 from the atmosphere
when it grows. Biodiesel can reduce net CO2 emissions by 78% on a lifecycle basis
compared to standard diesel fuel (Sheehan et al. 1998). Biodiesel is additionally
low in sulfur, but features a much higher cetane number than other lower sulfur
diesel fuels. Canadian ultra-low sulfur diesel (ULSD), could have a cetane number
as high as 50. Biodiesels from most oil sources are recorded as having a cetane
number greater than 50, and animal-fat based biodiesels’ cetane numbers range from
56 to 60 (https://web.archive.org/web/20070714042908/http://www.biodiesel.org/
resources/reportsdatabase/reports/gen/19940101_gen-297.pdf). The cetane number
is an indicator of ignition quality of diesel-like fuel. The higher cetane number indi-
cates the higher quality of the fuel. The addition of biodiesel reduces wear in fuel
systems and increases the service lifetime of the fuel injection system equipment as
a result of its high lubricity. Biodiesel is biodegradable, which suggests that it can
be decomposed easily by bacteria. Consequently, any cleanup would be easier. As
pure biodiesel doesn’t leave deposits, it leads to increased engine life.

TheUSEnvironmental ProtectionAgency (USEPA) has conducted a comprehen-
sive analysis of biodiesel impacts on exhaust emissions (US EPA 2002) mentioning
that pure biodiesel can reduce HC as high as 70% and PM and CO about 50%
compared with conventional diesel fuel. Several countries, including Canada, have
already begun substituting conventional diesel by a particular amount of biodiesel.
The utilization of biodiesel is being promoted by European Union (EU) countries
to partially replace petroleum diesel so as to reduce the global warming and depen-
dency on foreign oil. Meeting the targets established by the European Parliament
for 2020 would have led to a biofuel market share of 10% (Directive 2009). The
Canadian government announced a replacement biofuel strategy (2% biodiesel in
diesel for ground transportation and heating by 2012 and 5% by 2015). Many inves-
tigations have indicated that the utilization of biodiesel may result in a substantial
reduction in PM, HC and CO emissions (Ozsezen et al. 2009; Roy et al. 2013; Shahir
et al. 2015). The performance and combustion characteristics of a direct injection
(DI) diesel engine fueled with biodiesels like waste (frying) palm oil methyl ester
(WPOME) and canola oil methyl ester (COME) were tested (Ozsezen et al. 2009).
The experimentswere conducted at the constant engine speedmode (1500 rpm) under
the full load condition of the engine. The CO reductions by WPOME and COME
were approximately 87% and 73%, respectively. The HC reductions byWPOME and
COME were only about 14% and 10%, respectively. Finally, the smoke reductions
by WPOME and COME were significant 68% and 48%, respectively. A DI diesel
engine is tested with biodiesel–diesel and canola oil–diesel blends for performance
and emissions at high idling operations (Roy et al. 2013). B20 or UCB20 shows
average CO reduction of 13% than diesel. Similarly, B20 or UCB20 shows average

https://web.archive.org/web/20070714042908/\UrlAllowbreak {}http://\UrlAllowbreak {}www.\UrlAllowbreak {}bio\UrlAllowbreak {}die\UrlAllowbreak {}sel.\UrlAllowbreak {}org/\UrlAllowbreak {}res\UrlAllowbreak {}our\UrlAllowbreak {}ces/\UrlAllowbreak {}rep\UrlAllowbreak {}ort\UrlAllowbreak {}sda\UrlAllowbreak {}tab\UrlAllowbreak {}ase/\UrlAllowbreak {}rep\UrlAllowbreak {}orts/\UrlAllowbreak {}gen/\UrlAllowbreak {}199\UrlAllowbreak {}40101_\UrlAllowbreak {}gen-\UrlAllowbreak {}297.\UrlAllowbreak {}pdf\UrlAllowbreak {}


114 M. M. Roy

HC reduction of 22%. A review paper (Shahir et al. 2015) showed the results of CO,
HC and PM emissions for various sorts of biodiesel blends. The utmost reduction
of CO with 100% biodiesel was about 80% and maximum reduction in HC and PM
with 100% biodiesel was about 55%. During a recent study (Sharma et al. 2020)
of various biodiesel and diesel combustion, it had been found that with 10% and
20% microalgae, jatropha and polanga biodiesel reduced HC, CO and smoke emis-
sions than diesel combustion. Furthermore, 20% microalgae biodiesel showed the
very best reductions approximately 10% HC, 7% CO and 5% smoke. Therefore,
biodiesel might be a far better substitute to diesel fuel in terms of lowering CO2

emissions and pollutant emissions of HC, CO and PM. Although biodiesel has many
advantages, its inferior CFPs compared to standard diesel makes it unusable in high
percentages in colder climates. This study discusses the improvement of CFPs of
biodiesel during a later section.

Now let’s mention use of hydrogen IC engine (H2ICE). Within the coming
decades, we’ll see more and more diesel and gasoline vehicles being replaced by
hybrid and electric vehicles. Several years ago, hydrogen car technology seemed
to be promising, and government funding for hydrogen generation was flowing.
Hydrogen is often generated using oil and gas. It can better be produced using wind
energy, solar energy, or the other source of electricity that’s available at that point,
thus providing ultimate flexibility.When fueled by renewable hydrogen, H2ICE vehi-
cles have near-zero lifecycle GHG emissions. Japan is betting heavily on hydrogen
as an energy source to become a hydrogen society, despite the high cost and technical
difficulties which have generally slowed its adoption as a carbon-free fuel. However,
recently Toyota starts again developing a combustion engine that runs on hydrogen
for racing (https://www.greencarreports.com/news/1132023_toyota-is-developing-
hydrogen-combustion-engines-for-racing). Ever since the EU initiated the “Euro-
peanCleanHydrogenAlliance” in July 2020, theH2ICEhas increasingly beenwithin
the spotlight within the mobility industry’s debate on zero-emission drive solutions.
Aachen-based FEV, a number one international vehicle and powertrain developer,
welcomes this openness to technology regarding future mobility solutions and has
nearly four decades of experience in hydrogen engine development. Therefore, there
are new initiatives within the direction of H2ICE from different auto manufacturers.
Hydrogen fuel cells are currently too cost-prohibitive to be competitive compared to
electric cars. Additionally due to inadequate fueling station network, fuel cell cars are
of low demand. The few models of fuel cell vehicles already available on the market
cost around USD 80,000 for a mid- or upper-mid-range vehicle (https://www.bmw.
com/en/innovation/how-hydrogen-fuel-cell-cars-work.html#pwjt-3). That’s almost
twice the maximum amount as comparable fully electric or hybrid vehicles. Addi-
tionally, to the value of purchase, operating costs also play a crucial role within the
cost-effectiveness and acceptance of a propulsion technology. The value per km of
running hydrogen fuel cell cars is currently almost twice as high as that of battery-
powered vehicles. On the opposite hand, H2ICEs are less expensive than hydrogen
fuel cell engines. This is due to the very fact that the hydrogen combustion engines
are often manufactured using equipment from traditional engine manufacturing plat-
form because the most components are very similar. Furthermore, the hydrogen

https://www.greencarreports.com/news/1132023_toyota-is-developing-hydrogen-combustion-engines-for-racing
https://www.bmw.com/en/innovation/how-hydrogen-fuel-cell-cars-work.html%23pwjt-3
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combustion engine features a longer expected lifetime than the fuel cell, which
results in significantly lower operating costs (0.58 versus 2.62 e/h) (Handwerker
et al. 2021). Therefore, H2ICEs are viewed by many experts as the means to supply
power for transportation and stationary power generation within the near future.
However, the hydrogen engine must overcome certain obstacles like fuel storage in
small-to-medium vehicles to supply comparable mileage with diesel and gasoline
cars. H2ICE’s efficiency (≈45%) is less than that of the electrical motor (80% or
more) or fuel cell vehicle (60% or more). To enhance the efficiency advantage of
H2ICE, this might be utilized in a combined heat and power (CHP) system where
engine exhaust heat is employed for heating purposes, which could end in a 70%
efficiency or more. There are some areas (e.g., oil and gas sector, and world’s marine
diesel engine/cruise ships) where CHP plays an important role for power genera-
tion, also as heat or steam generation. H2ICE can play a big role in these sectors
through high efficiency, and reduced GHG and other harmful emissions. Biodiesel
and hydrogen-driven dual-fuel engine can play a really important role in these sectors.
The transportation sector could also enjoy this engine once there are enough fueling
infrastructures and the energy density (energy content per unit volume) of hydrogen
can be significantly increased.

5.2 CFPs of Biodiesel

Biodiesel has inferior CFPs compared to conventional diesel, which is the main
reason it is unusable in high percentages in colder climates (e.g., Canada). Cloud
point (CP), pour point (PP) and cold filter plugging point (CFPP) represent the main
CFPs of biodiesel.

Cloud point—the temperature at which a cloud of wax crystals first appears in a
liquid fuel when it is cooled under specific testing conditions, ASTM Standard D-
2500 (Kruka et al. 1995). It is important because the fuel line could get clogged if
the fuel’s cloud point is too high due to the presence of saturated esters in biodiesel.
Biodiesel has a higher cloud point than diesel fuel.

Pour point—the lowest temperature at which a fuel ceases to flow. Pour point of a
fuel is usually lower than cloud point.

Cold filter plugging point—the lowest temperature at which a given volume of a
fuel still passes through a standardized filter in a specified time when cooled under
certain conditions. It is also usually lower than cloud point, but higher than pour
point.

Among those three cold flow properties, cloud point is usually the highest and
thus, can be considered the safest cold flow property of a fuel; most fuels can be
burned at the cloud point without problems.
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5.2.1 Mechanism of CFPs Improvement

Fatty acids that include long carbon chains affect cold flow properties. Fatty acids
are composed of a carboxyl and a hydrocarbon chain. This chain can differ in length
from 4 to 24 carbon atoms. Generally, the fatty acids of biodiesel are divided into
two categories: saturated and unsaturated. Unsaturated fatty acids are divided into
monounsaturated and polyunsaturated fatty acids. Myristic, palmitic and stearic are
saturated fatty acids with melting points (MPs) of 19 °C, 30 °C and 39 °C, respec-
tively, whereas oleic (monounsaturated), linoleic and linolenic (polyunsaturated)
are unsaturated acids with MPs −19.5 °C, −35 °C and −52 °C, respectively (Liu
2015; Yuan et al. 2017). Therefore, biodiesel with a better percentage of unsaturated
fatty acids (especially polyunsaturated) shows a lower CP. Canola biodiesel contains
the very best amount of polyunsaturated fatty acids (≈32%), whereas that of palm
biodiesel contains only about 12%. This leads to an enormous difference in their CPs:
canola biodiesel’s CP is −2.6 °C, and palm biodiesel’s CP is 16 °C (Roy et al. 2016;
Hamdan et al. 2016; Sarin et al. 2010; Verma et al. 2016). A number of the prevailing
approaches to enhance biodiesel’s CFPs was achieved by simply modifying its fatty
acid profile. Other techniques were followed by blending biodiesel with fuels that
have low CFPs, and a few additives were proposed to enhance biodiesel CFPs. A
quick review of the technology that were used is going to be discussed within the
following sections.

Modification of fatty acids profile—The modification of fatty acids composition of
biodiesel is often achieved mainly through fractionation. Fractionation is a process
of separation of a mixture or chemical compound into components by fractional
crystallization. Fractionation is often classified in three main groups: dry fraction-
ation, solvent fractionation and urea fractionation. Dry fractionation is additionally
called winterization. Winterization is essentially the method of preparing something
for winter. For biodiesel, winterization may be a simple method to get rid of satu-
rated fatty acid contents in biodiesel fuels for improving their CFPs. It’s done by a
process whereby biodiesel is cooled, thereby leading to the formation of crystals.
Those crystals are then filtered to get a high level of unsaturated fatty acids (González
Gómez et al. 2002). Nainwal et al. (2015) achieved a 3 °C reduction in biodiesel’s CP
through a four-stage winterization process. Pérez et al. (2010) increased the unsatu-
rated level of peanut biodiesel from 84.45 to 88.21% using three-stage winterization,
obtaining a CP reduction of roughly 12 °C. Solvent fractionation tackles winteriza-
tion’s disadvantages of long preparation time and low production efficiency. Through
this method, solvents like methanol, acetone, chloroform, hexane, or isopropanol are
blended with biodiesel to reduce its viscosity. The solvent fractionation process is
characterized by shortened crystallization time and simple filterability, resulting in
high separation efficiency and improved yield (O’Brien 2008). Urea fractionation is
simply applied to alkyl ester, mixing methanol or ethanol with urea. Through this
method, the biodiesel was separated into two or more portions (Knothe 2009; Dunn
et al. 1996). The urea fractionation method significantly improved the biodiesel’s
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CFPs, and was reported to possess the power to lower the biodiesel’s CP to −30 °C
(Dunn 2011).

Urea fractionation—A detailed study of urea fractionation was performed by a
grad student (Elsanusi 2017) under the supervision of the author of this chapter at
Lakehead University. The materials utilized in this study include pure urea (44 gm),
methanol (150 ml), and canola biodiesel (50 ml). The preparation procedure was as
follows:

1. Mix the urea with biodiesel and methanol.
2. Heat the mixture to make a heterogeneous solution.
3. Cool the mixture to between 15 °C and 30 °C.
4. Separate the solid crystals (Fig. 5.1) from the liquid employing a Buchner

funnel aspirator.
5. Collect the solid crystals.
6. Heat the remaining mixture until two distinct layers are formed (Fig. 5.2).
7. Cool the mixture to between 15 °C and 30 °C.
8. Separate the solids (recovered urea) from the liquid employing a Buchner

funnel aspirator (Fig. 5.3a).
9. Collect the recovered urea (Fig. 5.3b).
10. Heat the remaining liquid (biodiesel) up to 150 °C to decompose the urea.

Although this method resulted in a significant reduction in the biodiesel’s CP
(−31.7 °C), it also caused lower production efficiency (33%).

Crystal Fractionation Process—In this study, the by-product (solid crystals and
recovered urea) of urea fractionation is also used to produce fractionated biodiesel.
The preparation steps are exactly the same as the urea fractionation steps, while the
material compositions are different. This method is referred to as crystal fraction-
ation. The material compositions, CP and production efficiency are listed in Table
5.1. Winter diesel in Canada has a CP of about −41 °C. The goal was to make
biodiesel with a CP of −41 °C or lower. Transesterification was used to produce
normal biodiesel from canola oil, and then urea fractionation was used in that normal

Fig. 5.1 Solid crystals
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Fig. 5.2 Two-liquid phase

Fig. 5.3 a Buchner funnel
aspirator; b Recovered urea

biodiesel to obtain fractionated biodiesel withCP of−31.7 °C.Using the by-products
of urea fractionation (solid crystals and recovered urea mixture) for crystal fraction-
ated biodiesel resulted in significant improvements in production efficiency. Using
22.5 gm of solid crystals and 22.5 gm of recovered urea with 150 ml of methanol
resulted in overall higher production efficiency, which reached 100 vol.%, and CP
of −18 °C, as seen in Table 5.1. The next step of this research could be to deter-
mine how to improve the CP while maintaining the production efficiency as high
as possible. One possible route could be winterization of canola oil first to separate
the high saturated fats, followed by using the remaining highly unsaturated oil to
produce biodiesel, and finally using the urea fractionation to produce fractionated
biodiesel. This might provide a fractionated biodiesel of CP of −41 °C or lower.
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Table 5.1 CP and production efficiency of fractionated biodiesel prepared using different methods
(Elsanusi 2017)

Material compositions CP ( °C) Production efficiency
(vol.%)

Biodiesel −2.6 80

Original urea fractionation

44 gm of urea + 150 ml methanol + 50 ml biodiesel −31.7 33

Recovered urea and crystal fractionation

Solid crystals
(gm)

Recovered
urea (gm)

Methanol (ml) Biodiesel (ml) CP ( °C) Production efficiency
(vol.%)

22.5 22.5 150 50 −18 100

22.5 22.5 0 50 −9 87

50 – 150 75 −13.8 90

50 – 150 100 −11.1 92

50 – 150 125 −7.9 91

50 – 150 150 −9 95

66 – 150 200 −8.5 90

88 – 150 50 −14.8 95

Additives—Additives are usually used for improving biodiesel’s properties in order
to reduce regulated emissions and to improve the fuel’s flow properties. Although
the flow improvers do not change biodiesel’s CP, they inhibit the growth of wax
crystals, which in turn improves the CFPP (Lanjekar and Deshmukh 2016; Mei et al.
2016). The additives used to improve biodiesel cold flow are usually known as wax
crystallizationmodifiers. Roy et al. (2016) obtained CP reduction of 5.3 °C by adding
2% of Wintron Synergy to regular canola biodiesel. Using diethyl ether (DEE) as
an additive of 15 vol. % to biodiesel, Roy et al. (2016) also improved the CP by
2.8 °C. Another study of urea fractionated biodiesel and biodiesel additive Wintron
Synergy was performed by a graduate student (Mangad 2017) under the supervision
of the author of this chapter. The CP of various fractionated biodiesel-winter diesel
blends with the Wintron Synergy additive (2 vol.%) showed a remarkable reduction.
FB20S2 (fractionated biodiesel 20% + winter diesel 80% with Synergy 2%) had the
CP of as low as −48.2 °C. The other combination FB50S2 (fractionated biodiesel
50% + winter diesel 50% with Synergy 2%) showed the CP of −47.5 °C, both
temperatures are lower than that of winter diesel (−41 °C) in Canada.

Biodiesel blending—Biodiesel is often blended and utilized in different concen-
trations with petroleum diesel or kerosene. Blends of 5% biodiesel with winter diesel
have a little influence on CFPs (Verma et al. 2016). Ghanei (2015) studied the conse-
quences of blending castor biodiesel with canola biodiesel, whereby significant
improvements were obtained within the blends’ CFPs with the increased amount
of castor biodiesel. Zhao et al. (2016) blended biodiesel with conventional diesel,
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and reported that the CFPP and PP linearly decreased by increasing the diesel
concentration within the blends.

5.3 Hydrogen as a Vehicular Fuel

Hydrogen is often used either in H2ICE or in fuel cell vehicles (FCVs). Hydrogen is
abundantwithin the environment. Theproductionof hydrogen at a lowcost is themain
challenge. It’s stored in water (H2O), in hydrocarbons like methane (CH4), and in
other organic matter. Currently, steam reforming that mixes high-temperature steam
with natural gas to extract hydrogen accounts for the bulk of the hydrogen production.
Hydrogen also can be produced from water through electrolysis. Although it’s more
energy-intensive, it is often achieved by using renewable energy, like wind or solar.
Hydrogen fuel cells are currently too cost-prohibitive to be competitive. On the other
hand, H2ICE is far cheaper than hydrogen fuel cell engines, and thus H2ICE is seen
bymany experts as themeans to supply power for transportation and stationary power
generation. It is often used to fuel IC engines with minimal emissions of pollutant
gases. A hydrogen-operated engine produces water as its main combustion product.
It doesn’t produce significant amounts of CO, HC, smoke, sulfur oxides (SOx), leads
or other toxic metals, sulfuric acid deposition, ozone and other oxidants, benzene
and other carcinogenic compounds. Hydrogen combustion is free from CO2, the
foremost important GHG. The sole undesirable emissions are nitric oxide (NO) and
nitrogen dioxide (NO2), thus NOx. Because hydrogen features a wide flammability
range compared to all or any other fuels, it is often combusted in an IC engine over a
good range of fuel-air mixtures. Due to this significant advantage, hydrogen can run
on a lean mixture. Generally, fuel economy is bigger and therefore the combustion
reaction is more complete when an IC engine runs on a lean mixture. Additionally,
the ultimate combustion temperature is typically lower, reducing the quantity of NOx
emitted within the exhaust. Hydrogen has very low ignition energy, which enables
hydrogen engines to ignite lean mixtures and ensures prompt ignition. A number of
the important properties of hydrogen (H2) are given in Table 1.2 (Hord 1978).

The ratio of specific heat (γ) plays an important role on thermal efficiency of IC
engines; the higher the specific heat, the higher the thermal efficiency. Hydrogen’s
ratio of specific heat (γ = 1.4) is higher than that of conventional petroleum fuels,
for example gasoline’s (γ = 1.1). Therefore, H2ICE has higher thermal efficiency
than traditional gasoline or diesel engines’ efficiency.

5.4 Emissions from Hydrogen Combustion

The combustion of hydrogen with oxygen produces only water:

2H2 + O2 = 2H2O
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Table 5.2 Important
properties of hydrogen (Hord
1978)

Hydrogen property Value

Limits of flammability in air, vol.% 4–75

Minimum energy for ignition, mJ 0.02

Quenching gap in NTP air, cm 0.064

Auto-ignition temperature, K 858

Burning velocity in NTP air, cm/s 265–325

Diffusion coefficient in NTP air, cm2/s 0.61

Heat of combustion (LCV), MJ/kg 119.93

However, the combustion of hydrogenwith air also can produceNOx. Air contains
nitrogen; most of it exits within the exhaust unreacted. Some nitrogen within the air
reacting with oxygen at high temperature during combustion forms NOx. Addition-
ally, to NOx, traces of CO, unburnt HC and CO2 are often present within the exhaust
gas due to engine oil burning within the combustion chamber. Depending on the
condition of the engine (burning of engine oil) and the operating strategy used (rich
or lean mixture), a hydrogen engine can produce from near-zero emissions (a few
ppm) to high NOx, and emit significant CO (Table 5.2).

5.5 Hydrogen in a Dual-Fuel Engine

In an earlier study, Gopal et al. (1982) investigated the performance of a hydrogen
dual-fuel engine under a good range of engine operation. The thermal efficiency
obtained was like pure diesel operation, and up to half the engine’s energy require-
ment might be derived from hydrogen. Mathur et al. (1992) found that hydrogen
might be substituted for diesel fuel up to 85%, although with some penalty in engine
performance. A big efficiency advantage was found when using hydrogen as against
diesel fuel, with the hydrogen-fueled engine achieving efficiency of roughly 43%
compared to 28% in the conventional, diesel-fueledmode (Antunes et al. 2009).Dual-
fuel operation with hydrogen including exhaust gas recirculation (EGR) resulted in
lowered emissions and improved performance compared to the case of neat diesel
operation (Bose and Maji 2009). Early work testing a boosted hydrogen engine was
administered by Nagalingam et al. (1983) with a single-cylinder research engine and
simulated turbocharged operation by pressurizing inlet air to 2.6 bars. During the last
decade of 2000, substantial advances were made by BMW (Berckmuller et al. 2003)
and Ford (Gopal et al. 1982; Mathur et al. 1992). In (Berckmuller et al. 2003), Berck-
muller et al. reported results from one cylinder engine supercharged to 1.8 bars that
achieved a 30% increase in specific power output compared to a naturally-aspirated
gasolines engine. Natkin et al. (2003) reported results for a supercharged 4-cylinder
2.0 l Ford Zetec engine and a 4-cylinder 2.3 l Ford Duratec engine that was utilized
in conventional and hybrid vehicles (Jaura et al. 2004). Because boosting pressure
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increases charge pressure and temperature, the issues of pre-ignition, knock and NOx

control were heightened during boosted operation. Additionally, Nagalingam et al.
(1983) reported that the pre-ignition-limited equivalence ratio decreased from 1.0 to
0.5 once they increased the intake pressure from 1 bar to 2.6 bars. Berckmuller et al.
reported a decrease in the pre-ignition-limited equivalence ratio from 1 to 0.6 when
the inlet pressure was increased from 1 bar to 1.8 bars. To realize emissions of 3–
4 ppm levels likely required to achieve super ultra-low emissions vehicle (SULEV),
Ford’s supercharged engine was run at a leaner fuel-air equivalence ratio of 0.23
(Natkin et al. 2003). To stop knock, diluents like nitrogen, heliumorwater are helpful.
Sharma and Dhar during a recent publication (Sharma and Dhar 2018), expressed
their thoughts on advances in hydrogen-fueled compression ignition engine. This
work critically evaluated the amenities and shortcomings of the hydrogen as a fuel
in compression ignition engines. Application of hydrogen in advanced compression
ignition technologies like homogeneous charge compression ignition (HCCI) and
premixed charge compression ignition (PCCI) was also explored. Hydrogen showed
excellent combustion properties and enhanced the diesel combustion efficiency in
dual-fuel mode. However, it required advance technologies to regulate the H2–HCCI
combustion, and if achieved, it not only offered excellent combustion efficiency but
also reduced the emissions to negligible amounts.

Reference (Roy et al. 2010) is a publication by the author of this chapter and
his group. In brief, the work investigated the engine performance and emissions of
a supercharged dual-fuel engine fueled by hydrogen and ignited by a pilot amount
of diesel fuel. The engine was tested first with hydrogen-operation condition up to
the utmost possible fuel-air equivalence ratio of 0.3. Equivalence ratio couldn’t be
further increased because of engine knocking. The charge dilution (by N2) was then
performed to lower NOx emissions, thereby achieving zero NOx emissions.

Methodology—Figure 5.4 shows the schematic diagram of the engine experi-
ment, and Fig. 5.5 shows the single cylinder, water cooled, supercharged dual-fuel
test engine. Table 5.3 shows the engine specifications.

This is a dual-fuel engine where the primary gaseous fuel source (hydrogen) is
pre-mixed with air as it enters the combustion chamber. This homogenous air-H2

mixture is ignited by a small quantity of diesel fuel injected towards the end of the
compression stroke. Hydrogen is drawn from a high-pressure cylinder and moved
through a mass flow controller, which is used to measure the flow of hydrogen. The
intake pressure was kept constant at 200 kPa and the temperature was maintained
at 30 °C throughout the study. The injection of pilot diesel fuel was controlled to
a pressure of 80 MPa with a common rail system and introduced at a rate of 3
mg/cycle. In ref. (Roy et al. 2010), an in-depth description of engine control is
provided. “The injection timing of the pilot diesel was adjusted counting on the
equivalence ratio to get optimum timings for maximum engine power. The engine
speed was 1000 rpm. The injection period/duration of the pilot diesel under these
conditions was 3.5 °CA. The pilot injection signal was controlled by a computer.
Therefore, the injection timing and injection duration are correctly controlled. The
TDC signals and each half-degree crank angle were detected and used to control the
injection timing and the diesel fuel period. The in-cylinder pressure was measured
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Fig. 5.4 Schematic diagram of the engine experiment (Roy et al. 2010)

Fig. 5.5 Single cylinder water cooled supercharged dual-fuel test engine

with a piezoelectric pressure transducer (6052A, Kistler). The pressure history was
analyzed to get the rate of heat release to research the combustion characteristics. The
engine performance decided by the IMEP and the indicated thermal efficiency of the
engine. The IMEP coefficient of variance (COV)imep, was measured to reflect the
cycle-to-cycle variation of the engine.” Combustion pressure history and (COV)imep
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Table 5.3 Engine
specifications (Roy et al.
2010)

Engine type 4-stroke, single cylinder, water
cooled

Bore x stroke 96 × 108 mm

Swept volume 781.7 cm3

Compression ratio 16

Combustion system Dual-fuel, direct injection

Combustion chamber type Shallow-dish

Injection system type Common-rail

Nozzle hole x diameter 4 × φ 0.10 mm

Engine speed 1000 rpm

were presented in Roy et al. (2010) intimately. To avoid repetition, those aren’t shown
here during this study. Data for every engine condition were captured when the
engine was in equilibrium, where there was almost no change within the emission
parameters and exhaust temperatures. For emission analysis, NOx, CO, HC, and
smoke emissions were measured. Regarding to exhaust emissions, the NOx and CO
concentrationsweremeasuredwith amulti gas analyzer (Horiba, PG-240) and theHC
concentration was measured with a hydrocarbon gas analyzer (Horiba, MEXA-1170
HFID). Smoke is additionally measured with an opacimeter (Horiba, MEXA-600S).

Engine results—Figure 5.6 illustrates energy supplied by the pilot diesel fuel, by
the hydrogen, and therefore the total fuel energy per cycle. The pilot diesel fuel energy

Fig. 5.6 Energy supplied by
different fuels and
percentage share at various
equivalence ratios (Roy et al.
2010)
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Fig. 5.7 IMEP and ηi of
hydrogen at various
equivalence ratios (Roy et al.
2010)

was constant (130 J/cycle), and energy from the hydrogen increased from 1080 to
1560 J/cycle, and therefore the total fuel energy increased from 1210 to 1690 J/cycle
when the total fuel–air equivalence ratio was increased from 0.20 to 0.30. Figure 1.6
also shows diesel and hydrogen share in total energy for various fuel-air equivalence
ratios. The share of diesel fuel changed from about 7.7 to 10.75%. The remaining
89.25–92.3% energy was supplied by the hydrogen.

Figure 5.7 present the IMEP and the indicated thermal efficiency of the hydrogen
at various fuel-air equivalence ratios for various injection timings. The injection
timings were varied to get maximum engine IMEP, i.e., maximum engine power,
without knocking and within the safe limit of the utmost cylinder pressure of the
engine. The safe maximum pressure of the tested engine was approximately 16MPa.
The IMEP increased with advanced injection timings at a constant equivalence ratio;
it also increased as the equivalence ratio increased. The utmost IMEP level at the
equivalence ratio of 0.20 was 630 kPa, and increased to the extent of 908 kPa when
the equivalence ratio was increased to 0.30. The equivalence ratio of 0.30 was the
utmost possible value for the tested engine with the hydrogen-operation, and will
not be further increased due to knocking. Therefore, the utmost IMEP produced by
the engine with the hydrogen was 908 kPa when there was no charge dilution. The
thermal efficiency graph reveals that at a constant equivalence ratio, the indicated
thermal efficiency increased with advanced injection timings, almost like the way
the IMEP increased. The indicated thermal efficiency was as high as 42% for some
best injection timings. Controlled two-stage combustion showed better IMEP and
thermal efficiency.

Figure 5.8 indicates the NOx, HC, and CO emissions at various equivalence ratios
for various injection timings. At a constant equivalence ratio, the NOx increased
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Fig. 5.8 Emissions of NOx,
HC and CO of hydrogen at
various equivalence ratios
(Roy et al. 2010)

with advanced injection timings. Advancing the injection timing increased the peak
cylinder pressure (figures aren’t shown here); higher peak cylinder pressures resulted
in higher peak burned gas temperatures, and hence more NOx. More NOx was
produced when the equivalence ratio increased, although the injection timings were
delayed. The utmost NOx level increased with the rise in the equivalence ratio, and
the highest NOx emission level was about 200 ppm at an equivalence ratio of 0.25–
0.30. The HC graph shows that the extent of HC emitted by the dual-fuel engine
fueled by hydrogen varied only slightly (14–18 ppm). The CO graph reveals that the
extent of CO emitted by the dual-fuel engine fueled by hydrogen was varied from
only 5–7 ppm. The emissions of HC and CO were low enough to satisfy most of
the future regulations. The NOx emissions in some cases were higher, and there’s
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Fig. 5.9 IMEP and ηi at different N2 dilution rates equivalence ratios

a requirement to further reduce the engine NOx, considering future stricter NOx

regulations.
Figure 5.9 illustrates the IMEP and the indicated thermal efficiency at different

percentages of N2 dilution conditions for various injection timings. The IMEP
increased with advanced injection timings similar to that with hydrogen-operation
without charge dilution. The maximum IMEP of 1012–1013 kPa was obtained for
40 and 50% of N2 dilution, which is about 13% higher than that of the highest
possible IMEP obtained with hydrogen-operation only (908 kPa). With 60% N2

dilution, it was more than 15% higher than that of hydrogen operation only. In the
case of 40%N2 dilution, the pilot injection timing could not be advanced before TDC
due to knocking. However, for the N2 dilution of 50% and 60%, the pilot injection
timing was advanced to 2° and 3° BTDC, respectively, without knocking. The higher
amount of N2 in the inlet gases were believed to be responsible for the suppression
of in-cylinder temperature, which made advancing injection timings possible. The
maximum ignition delay without charge dilution was about 5° CA, whereas it was
about 6–7° CA with charge dilution cases (not shown here). Longer ignition delay
with charge dilution may be due to lower bulk gas temperatures. The thermal effi-
ciency shows a very similar trend of results to that with the IMEP, i.e., the indicated
thermal efficiency increasedwith advanced injection timings, and the highest thermal
efficiency of 43% was obtained for 60% N2 dilution.

Figure 5.10 shows the NOx, HC, and CO emissions at different percentage of N2

dilution conditions for various injection timings by which a dramatic reduction of
NOx was obtained. The level of NOx of 200 ppm with hydrogen-operation only was
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Fig. 5.10 Emissions of
NOx, HC and CO at different
N2 dilution rates

reduced to 0 ppm level with 60% N2 dilution. NOx was reduced by 98% and 99%
for 40% and 50% N2 dilution, respectively. The maximum HC without N2 dilution
was 18 ppm; this level was maintained for the 40% and 50% N2 dilution. However,
HC increased to the level of about 120 ppm with 60% N2 dilution. The maximum
CO without N2 dilution was only 7 ppm; this level was maintained for the 40% N2

dilution. However, COwas increased to the levels of about 80 ppm and 900 ppmwith
50% and 60% N2 dilution, respectively. Without charge dilution, φ value cannot be
extended above 0.3 due to engine knocking. When nitrogen was added for dilution,
φ value became higher (up to 0.8 for 60% dilution). The heat value (input energy per
cycle) in dilution conditions was also higher (1940 J/cycle) than that in non-dilution
case of φ 0.3 (1690 J/cycle), which is a reason for higher IMEP in dilution cases.
Moreover, energy supplied by the hydrogen in case of dilution tests is equivalent to the
φ value of 0.34 without dilution, for which higher IMEP could be obtained. Inert N2

molecules within fuel act as a sink of heat producing lower combustion temperatures.
Lower combustion temperatures favored the suppression of autoignition of the end
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gas. Thus, higher hydrogen energy substitution was possible with higher N2 dilution,
which resulted in higher engine power as well as significant NOx reduction.

5.6 Prospect of Biodiesel and Hydrogen in Dual-Fuel
Engine

An experimental study was administered to evaluate the performance, combustion
and emission characteristics of diesel operated in dual-fuel mode fueled with esters
of honge (EHNO), honge (EHO) oils and hydrogen induction (Hosmath et al. 2015).
The study revealed that the brake thermal efficiency increased up to 20% hydrogen
energy ratio (HER); followed by a decrease. Emissions like HC, CO and smoke
decreased together with HER, while NOx increased. Combustion parameters like
peak pressure, ignition delay and heat release rate (HRR) increased together with
HER. A recent study investigated the results of co-combustion of biodiesel with
hydrogen in a compression ignition (CI) combustion engine (Tutak et al. 2020). It
had been determined that it’s possible to exchange biodiesel with hydrogen to its
energetic share of 38%. The rise in engine thermal efficiency was obtained with the
rise of the hydrogen share. The share of hydrogen caused a big decrease in CO,
CO2 and soot emissions. With the rise of hydrogen energy share, there was also a
rise in specific HC emission. The very best increase in HC emissions was for 38%
H2, which was above that obtained for biodiesel fueled engine by 26%. Hydrogen
contributed to a rise in NOx emissions within the entire range of its share; for 38%
hydrogen share a rise in specific NOx emission of over 2.5 times was noted. Both
studies used a naturally aspirated dual-fuel engine.

A modern dual-fuel engine (Fig. 5.4) might be far better fitted to a biodiesel and
hydrogen-driven dual-fuel engine. Hydrogen is to be inducted, and biodiesel is to be
injected within the engine cylinder. The engine operation parameters like compres-
sion ratio, intake pressure and temperature of the primary fuel (hydrogen), injection
pressure and timing of the pilot fuel (biodiesel), amount of pilot fuel, EGR, equiv-
alence ratio, and cooling water/oil temperature, engine speeds and others got to be
varied so as to seekout their optimumvalues forminimumemissions andbetter output
power. The experiments must be undertaken at a variable compression ratio (16–21)
of the engine with differing types of combustion chamber (re-entrant, toroidal, etc.).
Because intake pressure and temperature of primary fuel have a remarkable effect on
engine performance and emissions, different intake pressures (1–4 atm) and temper-
atures (−40 to 60 °C) should be investigated to watch lean operation limit, output
power and exhaust emissions.

The quantity of pilot fuel features a significant effect on power output and
knocking of the engine. Therefore, pilot fuel rate shaping is extremely important
for correct engine operation. The pilot amount should be varied between 5–10% of
the entire energy supply to the engine. The lower end (5%) is better for minimal CO2

emission. Injection pressure and timing of the pilot fuel even have an excellent impact
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on combustion and emissions. If the injection pressure is increased, very fine fuel
droplets are often expected, thus creating a good fuel-air mixture within the combus-
tion chamber, even within the remote a part of the combustion chamber. This is often
enhanced by the smaller orifice diameter of the injector. The above measure will
increase the reaction rate and hence, the power output. Emissions also are expected
to be lower at higher injection pressures.With advanced injection timing, the pressure
peak could also be high, causing higher NOx. However, with far advanced injection
timing, the rate of heat release is predicted to be mild and therefore the pressure peak
is reduced, leading to no knock or smoke, and reduced NOx, HC and CO. A high
cetane number of the pilot fuel may widen the knock-limited mixture strength within
the weaker direction (leaner operation is possible). The injection timing could also be
changed over a really wide selection from 60° BTDC up to TDC. Injection pressures
of the pilot fuel are going to be varied from 20 to 300 MPa. Older diesel engine
had fuel injection pressure of 20 MPa and modern diesel engine has fuel injection
pressure as high as 300 MPa. A pressure transducer is required in the cylinder head
to measure the cylinder pressure. The pressure signals within the cylinder, the TDC,
and the degree of crank angle are going to be stored in a digital recorder. A multi-
hole nozzle of the injector is required with a hole diameter from 0.1 to 0.26 mm
(normal range of hole dia.). The spray angle is to be changed from 130 to 160º in
some cases so as to research the effect of mixture formation on combustion. The
overall equivalence ratio must be varied from 0.25 to 1.2 to investigate from very
lean to rich combustions. The engine speed should be varied from 1000 to 3000 rpm
(normal range of diesel engine speed). The temperatures of cooling water and engine
oil are to be varied between 40 and 90 °C. Higher cooling water/oil temperature is
predicted to result in lower HC emissions. EGR features a marked effect on NOx

reduction. Different percentages of EGR0–30% (usual range of EGR) are going to be
investigated. Although external EGR helps to scale back NOx, an internal EGR (by
N2, He, H2O, etc.) must be considered to reduce NOx to the zero level. Figure 5.10
shows nitrogen dilution. When charge diluents like He, N2 or H2O in appropriate
proportions is employed alongside the hydrogen fuel, the engine knocking tendency
is suppressed and burning efficiency is improved. It’s to explore more on charge
diluents, especially on helium to work out its ability to reduce knock, to extend
engine power and efficiency, and to scale back NOx and smoke emissions. Exhaust
emissions of HC, CO, NOx, PM, aldehyde and CO2 must be determined with various
gas analyzers. The right combination of the above-mentioned parameters, alongside
employment of a catalyst system in a dual-fuel engine with proper strategy, renders
the engine nearly emission-free. Ultimately, a near-zero emission hydrogen dual-fuel
engine would evolve. Within the previous research work, the minimum diesel fuel
used as a pilot fuel was 7.7% (Fig. 5.6). If the pilot amount was further reduced to
5% biodiesel as a pilot fuel, the CO2 emission is going to be on the brink of zero.

For the event of operational hydrogen engines, pre-ignition has been identified
its most vital problems, which is due to hydrogen’s lower ignition energy, wider
flammability range, and shorter quenching gap. Premature ignition occurs when the
fuel mixture within the combustion chamber pre-ignites, leading to an inefficient,
rough-running engine. Variety of studies suggest that pre-ignition is caused by hot
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spots within the combustion chamber, like on a sparking plug or exhaust valve,
or on carbon deposits. Other research has revealed that backfire can occur when
there’s overlap between the openings of the intake and exhaust valves. Pre-ignition
conditions are often reduced by EGR or water injection. EGR or water injection
helps to reduce the temperature of hot spots, therefore reducing the likelihood of
pre-ignition. The foremost effective means of controlling pre-ignition and knock
is to re-design the engine for hydrogen use, specifically the combustion chamber
and the cooling system. The combustion chamber should be such it generates low
turbulence and swirl during compression. The cooling system must be designed to
supply uniform flow to all or any locations that need cooling. Using multi-exhaust
valves instead of bigger single-exhaust valves is useful to decrease pre-ignition.
Cold-rated spark plugs are preferred over hot-rated types for hydrogen engines. A
cold-rated plug is one that transfers heat from the plug tip to the cylinder head quicker
than a hot-rated sparking plug. Hydrogen should be prevented from accumulating
within the crankcase, and actually, just in case of accumulation, a correct pressure
safety valve must be installed on the engine crankcase to avoid ignition inside the
crankcase.

5.7 Conclusions

From the experimental results, the subsequent conclusions are drawn. A biodiesel is
produced from urea fractionation with CP of−31.7 °C. However, the production effi-
ciency was only 33%. To enhance the production efficiency, crystal fractionated by
solid crystals and recovered urea mixture from the urea fractionation was attempted.
This crystal fractionation resulted in significant improvements in production effi-
ciency. Using 22.5 gm of solid crystals and 22.5 gm of recovered urea with 150 ml
of methanol resulted in 100% production efficiency but CP was reduced to −18 °C.
This biodiesel with CP of −18 °C may be a perfect one in mild winter in Canada. To
form biodiesel with CP of −41 °C or lower, one possible method might be winteri-
zation of vegetable oil first to separate the high saturated fats, followed by using the
remaining highly unsaturated oil to produce biodiesel, and eventually using the urea
fractionation or crystal fractionation to produce fractionated biodiesel.

From hydrogen dual-fuel operation, a smooth and knock-free engine operation
resulted from the utilization of hydrogen during a supercharged dual-fuel engine for
leaner fuel-air equivalence ratios maintaining high thermal efficiency. It had been
possible to achieve over 92% hydrogen energy substitution to the diesel fuel with
zero smoke emissions. The hydrogen-operation produced the utmost IMEP of about
908 kPa and a thermal efficiency close to 42%with the very best fuel-air equivalence
ratio of 0.3. CO and HC emissions were negligible. However, the NOx emissions
were high considering future regulations. Charge dilution by N2 was found as an
efficient method of extending energy supplied by hydrogen to extend engine power.
EGR in hydrogen engine seemed to be a superb method of reducing engine NOx

to the zero-ppm level, also as a practical method of suppressing engine knocking
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and reducing the end gas temperature. The hydrogen with N2 dilution 40% and
50% produced the very best IMEP of 1013 kPa, which was about 13% above that
at hydrogen operation only. There was a dramatic reduction of NOx with different
percentage of N2 dilutions. The utmost NOx reduction of 100% was achieved with
60% N2 dilution maintaining 15% higher IMEP than hydrogen operation.

To make a near-zero emissions from H2ICE, a dual-fuel engine operation with
hydrogen as the primary fuel and biodiesel as a secondary fuel could be used.
Although biodiesel’s life cycle CO2 emission is nearly 80% less than that of diesel, it
still emits CO2. Therefore, the quantity of biodiesel use must keep as low as possible.
From the hydrogen-diesel dual fuel operation, the minimum diesel was 7.7%. If
the biodiesel amount is often brought right down to 5%, CO2 emission would be
99% lower, as 95% primary hydrogen doesn’t participate in CO2 production. CP of
biodiesel must be similar or less than winter diesel, in order that this engine is often
used year-round with none problem of fuel gelling. This will be done by a method
suggested before (winterization of vegetable oil first to separate the high saturated
fats, followed by using the remaining highly unsaturated oil to produce biodiesel,
and eventually using the urea fractionation to produce fractionated biodiesel) or
some additives could also be necessary to decrease the CP of fractionated biodiesel.
FB20S2 had the CP of as low as −48.2 °C and FB50S2 showed the CP of −47.5 °C,
both temperatures are lower than winter diesel’s CP (−41 °C). A neat H2ICE in dual
fuel operation could also produce near-zero emissions of CO, HC, PM and NOx.
Furthermore, this engine will help preserve petroleum fuels and can create a cleaner
atmosphere and environment. From the economic point of view, H2ICE is going
to be less expensive than hydrogen fuel cell vehicle, because H2ICE can use the
prevailing IC engine infrastructure for its production, but hydrogen fuel cell vehicle
must undergo an entire new costly infrastructure development.

The following outcomes are foreseen, if the aforementioned development of
biodiesel and hydrogen-driven dual-fuel engines can be implemented.

(1) Devise innovative methods or processes to enhance the CFPs of biodiesel.
(2) Use hydrogen as the primary energy source in an IC engine aiming near-zero
emissions. (3) Implement supercharging/turbocharging technology in hydrogendual-
fuel engine for higher power without knocking. (4) Bridge the gap between now
and the time when fuel cell technology becomes a feasible option for everyday
transportation. (5) Help the planet to meet the challenges of transitioning from a
carbon economy to a hydrogen and bio-economy.

References

Agarwal AK (2007) Biofuels (alcohols and biodiesel) applications as fuels for internal combustion
engines. Prog Energy Combust Sci 33:233–271

Antunes JG, Mikalsen R, Roskilly AP (2009) An experimental study of a direct injection
compression ignition hydrogen engine. Int J Hydrogen Energy 34:6516–6522

Berckmuller M, Rottengruber H, Eder A, Brehm N, Elsasser G, Muller-Alander G et-al. (2003)
Potentials of a charged SI-hydrogen engine. SAE paper 2003-01-3210



5 Improving Cold Flow Properties of Biodiesel … 133

Bose PK, Maji D (2009) An experimental investigation on engine performance and emissions of
a single cylinder diesel engine using hydrogen as inducted fuel and diesel as injected fuel with
exhaust gas recirculation. Int J Hydrogen Energy 34:4847–4854

Demirbas A (2007) Progress and recent trends in biofuels. Prog Energy Combust Sci 33:1–18
Directive 2009/28/EC. On the promotion of the use of energy from renewable sources and amending
and subsequently repealing directives 2001/77/EC and 2003/30/EC. OJEU 2009; L 140:16–62

DunnRO,ShockleyMW,BagbyMO(1996) Improving the low-temperature properties of alternative
diesel fuels: vegetable oil-derived methyl esters. J Am Oil Chem Soc 73(12):1719–1728

Dunn RO (2011) Improving the cold flow properties of biodiesel by fractionation. A book chapter
by INTECH Open Access Publisher.https://doi.org/10.5772/14624

Elsanusi O (2017) Cold flow improvement of biodiesel and investigation the effect of biodiesel
emulsification on diesel engine performance and emissions.MScThesis,Mechanical Engineering
Department, Lakehead University, Thunder Bay, Ontario, Canada

Ghanei R (2015) Improving cold-flow properties of biodiesel through blending with nonedible
castor oil methyl ester. Environ Prog Sustain Energy 34(3):897–902

González Gómez ME, Howard-Hildige R, Leahy JJ, Rice B (2002) Winterization of waste cooking
oil methyl ester to improve cold temperature fuel properties. Fuel 81(1):33–39

Gopal G, Rao PS, Gopalakrishnan KV, Murthy BS (1982) Use of hydrogen in dual-fuel engines.
Int J Hydrogen Energy 7:267–272

Hamdan SH, Chong WWF, Ng JH, Ghazali MJ, Wood RJK (2016) Influence of fatty acid methyl
ester composition on tribological properties of vegetable oils and duck fat derived biodiesel.
Tribol Int. https://doi.org/10.1016/j.triboint.2016.12.008

Handwerker M, Wellnitz J, Marzbani H (2021) Comparison of hydrogen powertrains with the
battery powered electric vehicle and investigation of small-scale local hydrogen production using
renewable energy. Hydrogen 2(1):76–100. https://doi.org/10.3390/hydrogen2010005

Hord J (1978) Is hydrogen a safe fuel? Int J Hydrogen Energy 3:157–176
Hosmath RS, Banapurmath NR, Bhovi M, Khandal SV, Madival AP, Dhannur SS, Gundalli V
(2015) Performance, emission and combustion characteristics of dual fuel (DF) engine fuelled
with hydrogen induction and injection of Honne and Honge methyl esters. Energy Power Eng
7:384–395

Jaura AK, OrtmannW, Stuntz R, Natkin B, Grabowski T (2004) Ford’s H2RV: an industry first HEV
propelled with a H2 fuelled engine—a fuel-efficient and clean solution for sustainable mobility.
SAE paper 2004-01-0058

Knothe G (2009) Improving biodiesel fuel properties by modifying fatty ester composition. Energy
Environ Sci 2(7):759

Kruka VR, Cadena ER, Long TE (1995) Cloud-point determination for crude oils. J Pet Technol
47(08):681–687. https://doi.org/10.2118/31032-PA

Lanjekar RD, Deshmukh D (2016) A review of the effect of the composition of biodiesel on NOx
emission, oxidative stability and cold flow properties. Renew Sustain Energy Rev 54:1401–1411

Liu G (2015) Development of low-temperature properties on biodiesel fuel: a review: low-
temperature properties of biodiesel fuel. Int J Energy Res 39:1295–1310

Mangad A (2017) Year-round biodiesel use strategy in diesel engines in Canadian adverse cold
weather conditions. MSc Thesis, Mechanical Engineering Department, Lakehead University,
Thunder Bay, Ontario, Canada

Mathur HB, Das LM, Patro TN (1992) Hydrogen fuel utilization in CI engine powered end utility
system. Int J Hydrogen Energy 17:369–374

Mei D, Luo Y, Tan W, Yuan Y (2016) Crystallization behavior of fatty acid methyl esters and
biodiesel based on differential scanning calorimetry and thermodynamic model. Energy Sources,
Part A Recovery, Utilization, and Environmental Effects 38(15):2312–2318

Nagalingam B, Dübel M, Schmillen K (1983) Performance of the supercharged spark ignition
hydrogen engine. SAE paper 831688

https://doi.org/10.5772/14624
https://doi.org/10.1016/j.triboint.2016.12.008
https://doi.org/10.3390/hydrogen2010005
https://doi.org/10.2118/31032-PA


134 M. M. Roy

Nainwal S, Sharma N, Sharma AS, Jain S, Jain S (2015) Cold flow properties improvement of
Jatropha curcas biodiesel and waste cooking oil biodiesel using winterization and blending.
Energy 89:702–707

Natkin RJ, Tang X, Boyer B, Oltmans B, Denlinger A, Heffel JW (2003) Hydrogen IC engine
boosting performance and NOx study. SAE paper 2003-01-0631

O’Brien RD (2008) Fats and oils: formulating and processing for applications. CRC press
Ozsezen AN, Canakci M, Turkcan A, Sayin C (2009) Performance and combustion characteristics
of a DI diesel engine fueled with waste palm oil and canola oil methyl esters. Fuel 88:629–636

PérezA, CasasA, Fernández CM,RamosMJ, Rodríguez L (2010)Winterization of peanut biodiesel
to improve the cold flow properties. Biores Technol 101(19):7375–7381

Roy MM, Calder J, Wang W, Mangad A, Diniz FCM (2016) Cold start idle emissions from a
modern Tier-4 turbo-charged diesel engine fueled with diesel-biodiesel, diesel-biodiesel-ethanol,
and diesel-biodiesel-diethyl ether blends. Appl Energy 180:52–65

Roy MM, Calder J, Wang W, Mangad A, Diniz FCM (2016) Emission analysis of a modern Tier 4
DI diesel engine fueled by biodiesel-diesel blends with a cold flow improver (Wintron Synergy)
at multiple idling conditions. Appl Energy 179: 45–54

Roy MM, Tomita E, Kawahara N, Harada Y, Sakane A (2010) An experimental investigation on
engine performance and emissions of a supercharged H2-diesel dual-fuel engine. Int J Hydrogen
Energy 35:844–853

Roy M, Wang W, Bujold J (2013) Biodiesel production and comparison of emissions of a DI diesel
engine fueled by biodiesel–diesel and canola oil–diesel blends at high idling operations. Appl
Energy 106:198–208. https://doi.org/10.1016/j.apenergy.2013.01.057

Sarin A, Arora R, Singh NP, Sarin R, Malhotra RK, Sarin S (2010) Blends of biodiesels synthesized
fromnon-edible and edible oils: effects on the cold filter plugging point. EnergyFuels 24(3):1996–
2001

Shahir VK, Jawahar CP, Suresh PR (2015) Comparative study of diesel and biodiesel on CI engine
with emphasis to emissions—a review. Renew Sustain Energy Rev 45:686–697. https://doi.org/
10.1016/j.rser.2015.02.042

SharmaAK,SharmaPK,ChintalaV,KhatriN, PatelA (2020)Environment-friendly biodiesel/diesel
blends for improving the exhaust emission and engine performance to reduce the pollutants
emitted from transportation fleets. Int J Environ Res Public Health 17:3896. https://doi.org/10.
3390/ijerph17113896)

Sharma P, Dhar A (2018) Advances in hydrogen-fuelled compression ignition engine. Singh AP
et al (eds) Prospects of alternative transportation fuels, energy, environment, and sustainability.
Springer Nature Singapore Private Limited. https://doi.org/10.1007/978-981-10-7518-6_5

Sheehan J, Camobreco JD, Graboski M, Shapouri H (1998) Life cycle inventory of biodiesel and
petroleum diesel for use in an urban bus. Final report for US department of energy’s office of fuel
development and the US department of agriculture’s office of energy, by the national renewable
energy laboratory. NERL/SR-580-24089

Tutak W, Grab-Rogalinski K, Jamrozik A (2020) Combustion and emission characteristics of a
biodiesel-hydrogen dual-fuel engine. Appl Sci 10:1082. https://doi.org/10.3390/app10031082

US EPA (2002) A comprehensive analysis of biodiesel impacts on exhaust emissions. EPA420-P-
02-001

Verma P, Sharma MP, Dwivedi G (2016) Evaluation and enhancement of cold flow properties of
palm oil and its biodiesel. Energy Rep 2:8–13

YuanMH,ChenYH,Chen JH, LuoYM(2017)Dependence of cold filter plugging point on saturated
fatty acid profile of biodiesel blends derived from different feedstocks. Fuel 195:59–68

Zhao W, Xue Y, Ma P, Ma W, Wang J, Lu D, Han S (2016) Improving the cold flow properties of
high-proportional waste cooking oil biodiesel blends with mixed cold flow improvers. RSC Adv
6(16):13365–13370

https://doi.org/10.1016/j.apenergy.2013.01.057
https://doi.org/10.1016/j.rser.2015.02.042
https://doi.org/10.3390/ijerph17113896)
https://doi.org/10.1007/978-981-10-7518-6_5
https://doi.org/10.3390/app10031082


Chapter 6
Assessment of Hydrogen
as an Alternative Fuel: Status, Prospects,
Performance and Emission
Characteristics
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Abstract The rapid depletion of fossil fuels has prompted the upcoming gener-
ations to adopt alternative resources which are similarly efficient and could meet
the soaring energy demand. Furthermore, being non-renewable in nature, having an
adverse effect on the environment while burning and mining, the replacement of
this outdated means of energy supplies will be the future challenge in addressing
the environmental and economic issues in a sustainable manner. However, among
the practiced alternative sources, the most popular sources are renewable energy
(solar, wind, geothermal, biomass energy), nuclear energy, or hybrid nuclear energy.
Although the energy demand is somehow getting fulfilled, these are not able to
contribute enough to fulfilling energy demand for having some drawbacks and incon-
sistencies. For instance, the insufficient power generation capacity, relatively lower
efficiency, necessitating the huge upfront capital, and dependency on geographical
conditions and locations impede their potential in covering the energy demand on
a large scale. Besides, nuclear energy poses a security risk and generates radioac-
tive waste. Similarly, biomass energy sources can lead to serious deforestation. On
the contrary, hydrogen is getting popularity as an alternative fuel because of its
cleaner production, non-toxicity, economic feasibility, and having a satisfactory effi-
ciency thanmost other energy sources. It’s nonpolluting production from electrolysis
and renewable sources, and wide range of flammability implies its scalability and
greener solution for transportation. Considering these aspects, hydrogen as fuel may
be a promising solution in the future. In this study the evaluation of hydrogen as a
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fuel over other alternative energy resources has been evaluated in terms of perfor-
mance and emission characterization. Moreover, the economical assessment carried
out in this chapter will make a comprehensive demonstration of the feasibility and
prospect of hydrogen over the other sources. Further, this study also identifies some
challenges and limitations and their possible solutions regarding the production and
use of hydrogen.

Keywords Hydrogen · Alternative fuel · Emission control · Carbon reduction ·
Economical feasibility

6.1 Introduction

To keep pace with the soaring energy demand and rapid industrialization, global
efforts are being enforced against the high fuel prices, environmental pollution, and
energy insecurity. In this modern civilization, fossil fuels are the primary energy
supplier for transportation and industrial application. Therefore, energy scarcity is
now a serious concern for this overdependence on conventional fuels like diesel,
gasoline, compressed natural gas, and liquefied petroleum gas. The limited reserves
of this petroleum-based fuel lie only in certain regions in the world and their uses
are on the verge of peak production. It is estimated that the reservation of current
petroleum fuels will be depleted within 50 years if the rate of consumption remains
like the present scenario (Demirbas 2017). However, significant attempts are being
taken in order to introduce the alternative sources and adopt them efficiently. The
uses of biomass sources becoming more attractive in terms of mitigating the emis-
sions during the combustion due to the fossil-based fuels, increasing fuel costs, and
scarcity of energy supplies (Şensöz et al. 2000). Growing trends are being noticed
in developed countries to adopt modern technologies and advancements in order to
produce different biofuels and use them cost-effectively and efficiently as compared
to conventional fuels. Because of these laudable initiatives, different alternative
fuels such as biodiesel, bioethanol, and hydrogen from biomass are being intro-
duced which will hold sustainable energy security for the future (Demirbas 2007).
However, among these alternative fuels hydrogen holds themost significant potential
to be used as a fuel in the future because of its availability and environment-friendly
production (Demirbas 2017). It is suggested that replacing the application of fossil
resources by hydrogen energy system would be the prominent solution to the current
global problems (Veziroglu 2007).

The by-products and the production of hydrogen fuel have made this more attrac-
tive because of its neutral impact on the environment and diversified application
(Fig. 6.1). Though it is not the primary fuel, the production from using water can
be done by electrolysis with the help of both renewable and non-renewable sources.
Electrical energy can be produced by utilizing renewable sources like solar, wind,
geothermal, or hydropower. All these sources can be used directly in the electrolysis
process which eventually produces hydrogen fuel. Therefore, an important linkage
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Fig. 6.1 Hydrogen production and its diversified uses

may be carried out between renewable energy and chemical energy because of
hydrogen production.

Moreover, hydrogen holds some important properties as fuel which make it effi-
cient economically and increasing the engine performance as compared to conven-
tional fuel. From Table 6.1, it can be seen that hydrogen holds a wide range of
flammability which implies that it can be combusted in an engine with the air–fuel
mixture on a large scale. Another property of hydrogen is it can run on a lean mixture
which effects positively fuel economy and complete combustion. Hydrogen has the
highest flame propagation, widest lean-burn limit, highest diffusivity in air, smallest
quenching gap, and lowest ignition energy (Duan et al. 2019; Verhelst et al. 2011).
Hydrogen shortens combustion duration and advances combustion phasing. Thus,
improving combustion and increasing thermal efficiency of engines can be done by
hydrogen. Yu et al. (2017) conducted research on petrol engine to understand the lean

Table 6.1 Properties of
hydrogen (Hord 1978)

Property Value

Flammability in air (vol, %) 4–75

Autoignition temperature (k) 858

Lower calorific value (MJ/kg) 119.93

Burning Velocity in air (cm/s), NTP 265–325

Minimum Energy for ignition (mJ) 0.02

Diffusion coefficient in NTP air (cm2/s) 0.61

Quenching gap in NTP air (cm) 0.064
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burn characteristics through direct injection of hydrogen. The study showed that at a
constant heat released condition, 10% hydrogen fraction significantly improved the
engines emission characteristics and performance. The direct injection of hydrogen
significantly enhanced the combustion stability of lean-burn mixtures, and point-
edly amended the thermal efficiency and mean effective pressure. The injection
of hydrogen at optimum ignition timing suggestively shortens the rapid combus-
tion duration and flame-development period. Li et at (2020) suggested that split
hydrogen direct injection provides better fuel economy and performance. Authors
reported that better performances, efficiency and emissions are obtained with split
hydrogen direct injection. In such a case at the same time the mixture closer to the
spark plug is denser and in other zone is more homogeneous. Study also reports that
direct hydrogen injection removes the backfire issue, which is extremely helpful to
reduce emission and enhance combustion. Also, the break power and break power
efficiency of the engine improves with the direct injection of hydrogen (Meng 2018).
Additionally, the in-cylinder temperature becomes lower which results in decreasing
the NOx amount. The flame speed of hydrogen is also high which implies that the
hydrogen-fueled engine is more identical to the ideal thermodynamic cycle. Also,
the high diffusivity results in a uniformed air–fuel mixture. However, there can be
a problem with storing to provide a sufficient driving range because of its lower
density. Lower ignition energy could lead to premature ignition also.

6.2 Worldwide Scenario of Hydrogen Production
Technologies

Hydrogen is found to be the lightest chemical element in the periodic table having
an atomic weight of 1.008 was discovered in 1766 by Cavendish (Szydło 2020). It is
found abundantly in-universe constituting about 75% of all baryonic mass (Noorol-
lahi and Yousefi 2010). A large amount of energy can be delivered by hydrogen
(Manoharan, et al. 2019). Thus, the production of hydrogen has of great impor-
tance. There involve various methods of generating hydrogen involving different
technologies. Hydrogen can mainly be generated using fossil fuels (FF) and renew-
able sources (RS). Producing hydrogen using fossil fuels further divided into the
hydrogen reforming (HR) and hydrocarbon pyrolysis (HP) process. Hydrocarbon
reforming further subdivided into steam reforming (SR), partial oxidation (PR), and
auto thermal reforming (ATR). Hydrogen production regarding renewable sources
can be divided into biomass process (BMP) andwater splitting (WS). BMP is divided
into biological processes (BP) and thermochemical processes (TP). WS is divided
into electrolysis process (EP), thermolysis process (TP), and pyrolysis process (PP).
BP is divided into bio-pyrolysis, dark fermentation, and photo fermentation. The
thermochemical process is divided into pyrolysis, gasification, combustion, and
liquefaction process (Nikolaidis and Poullikkas 2017). All these processes regarding
hydrogen production are shown in Fig. 6.2.
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Fig. 6.2 Different methods of hydrogen production (Nikolaidis 2017)

Generating hydrogen using fossil fuels constitutes the major portion of hydrogen
production. Until 2016, Natural gas, heavy oil well as naphtha, and coal constitute
48%, 30%, and 18% of hydrogen production respectively (Nikolaidis and Poullikkas
2017). A major portion of hydrogen is generated using the steam reforming process
from natural gas with or without Carbon Capture and Storage (CCS) (Noorollahi and
Yousefi 2010). Steam reforming is an endothermic reaction process (Nikolaidis and
Poullikkas 2017) and it can be accomplished usingmethane steam reforming (MSR),
ethanol steam reforming (SRE) and methanol steam reforming (Mer) (Chen et al.
2019). Methane steam reforming is used in the production of 50% world hydrogen.
Methanol steam reforming is used in75%ofhydrogenproduction.Due to less toxicity
and easier storing benefit, ethanol steam reforming has more advantages in hydrogen
production (Chen et al. 2019). Steam reforming is comprised of double stages. At
the initial stage, the hydrocarbon is diluted with the steam and is passed into the
tubular catalytic converter. At this stage, a syngas (mixture of carbon mono oxide
and hydrogen) and a small amount of carbon dioxide is produced as shown in reaction
(6.1) and (6.2). The desired temperature of the reaction is gained by introducing air
or oxygen into the combustion part of the catalytic convertor. At the second stage
using CO (carbon monoxide) catalytic converter the carbon mono oxide is converted
into carbon di oxide and hydrogen as shown in reaction (6.3). The raw material used
in the steam reforming process need to be free of sulfur to avoid deactivation of
catalyst used (Kalamaras and Efstathiou 2013a).

CmHn + mH2O (g) → mCO + (m + 0.5n) H2 (6.1)
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CmHn + 2mH2O (g) → 2mC2O + (2m + 0.5n) H2 (6.2)

CO + CO + H2O (g) ↔ CO2 + H2 (6.3)

Partial oxidation is non-catalytic process where hydrocarbon is converted into
hydrogen by reactionwith oxygen as shown in reaction (6.4) and (6.5). In this process,
more carbon mono oxide is produced compared to SR process which is further
converted into Hydrogen and carbon di oxide (Kalamaras and Efstathiou 2013a).

CH4 + O2 → CO2 + 2H2 (6.4)

CH4 + 2O2 → CO + 2H2O (6.5)

Using partial oxidation the concentration of generated hydrogen from biodiesel
(fatty acid methyl ester) and heavy fuel oil was found 18.80% and 17.67% respec-
tively (Lin andWu 2019). However partial oxidation has lower efficiency and higher
production cost compare to the steam reformingprocess (El-Shafie et al. 2019). Steam
reforming (SR) and partial oxidation’s (PO) combined effect make the auto thermal
reforming (ATR) process. Thus, the ATR has a combined effect of an exothermic
and endothermic reaction. ATR is less expensive compared to SR of methane and
does not require external heat. Along with this advantage, ATR has quick start-up
and shut down characteristics and generates a large amount of hydrogen compared to
partial oxidation (Kalamaras and Efstathiou 2013a). ATR truncates the requirement
of hydrogen storage (Zhang et al. 2017). The catalytic and non-catalytic reaction
makes a significant difference in the production of hydrogen in the ATR process.
The catalytic reaction yields up to 29.4% of the molar fraction of hydrogen produc-
tion while the non-catalytic one yields below half (12.2%) of the molar fraction of
hydrogen production than of catalytic one (Zhang et al. 2017). ATR can produce 31%
of hydrogen as compared to PO (Chen et al. 2021). Another method of hydrogen
production is water splitting electrolysis. In water-splitting electrolysis, water is
decomposed into hydrogen and oxygenwith the aid of electricity. There exist electrol-
ysis processes of three types such as Alkaline Electrolysis (AEL), Proton Exchange
Membrane (PEM) electrolysis, and SolidOxide Electrolysis (SOEL). SOEL is still in
the progressive phase and yet to be developed. In theAEL two electrodes are dipped in
the solution of 5–40% solution of sodium hydroxide (NaOH) or potassium hydroxide
(KOH). External DC source is applied between electrodes. The water molecules are
reduced to hydrogen gas (H2) and hydroxide ion (OH−) in the cathode. This OH- ion
is directed towards the anode and produce oxygen gas (O2) after giving up electrons
to the anode (Burton 2021). In the case of PEM electrolysis, instead of electrolysis,
a sulfonated polystyrene membrane is used. Here, hydrogen gives up electrons to
produce O2 and hydrogen ions (H+) in the anode. This electron flows through the
external circuit. The H+ is directed towards the cathode and reduced to form H2
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(Burton 2021). 4% of world total hydrogen is produced using electrolysis (Burton
2021).

Another form of water splitting sub type is thermolysis. In thermolysis the
water molecule is divided into H2 and O2. The following reaction takes place in
a thermolysis process:

H2O → OH− + H (6.6)

OH− → H+ + O (6.7)

2H → H2 (6.8)

2O → O2 (6.9)

The temperature range for electrolysis can be of two types- low-temperature elec-
trolysis (LTE) having a temperature range of 343–363 K and high-temperature elec-
trolysis (HTE) having a temperature range of 973–1273 K. Among these two types,
HTE is not industrially acceptable (Safari and Dincer 2020). Another form of water
splitting type of hydrogen production is photolysis. In photolysis, sunlight is used
to produce hydrogen. Sunlight is absorbed by the semiconducting material and an
electron–hole pair is generated when the photon energy of sunlight is more than the
bandgap energy of the semiconducting material. This electron–hole pair split the
water into a hydrogen ion (H+) and O2 at the anode terminal. The H+ is directed
to the cathode through the electrolyte and O2 is returned to the water. Electron is
directed towards the cathode terminal by external circuit where they react with H+

and produce H2 (Nikolaidis and Poullikkas 2017). The following reaction takes place
in a photolysis process:

Anode reaction:

2p+ + H2O → 0.5O2 + 2H+ (6.10)

Cathode reaction:

2e− + 2H+ → H2 (6.11)

Overall reaction:

H2O → H2 + 0.5O2 (6.12)

In the photolysis process, the hydrogen production cost is 10.26$/kg (Nikolaidis
and Poullikkas 2017). Hydrogen production from biomass can play a vital role in
worldwide carbon dioxide (CO2) reduction. Bio pyrolysis, Dark fermentation, and
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Photo fermentation are three types of biological processes to produce hydrogen
from biomass sources. Pyrolysis is the process of biomass decomposition thermally
without the presence of oxygen. The pyrolysis process gives rise to the fuel gas
and bio-oil called pyrolytic oil, Pyrolytic oil has an energy density of ten times that
biomass and it can be converted into bio-diesel and hydrogen (Soria et al. 2019). This
pyrolytic oil is converted into syngas (mixture of carbon mono oxide and hydrogen)
which is further converted to produce H2 using water gas shift reaction.

CnHmOk + (n − k) H2O → nCO + (n + m/2 − k) H2 (6.13)

CO + H2O → CO2 + H2 (6.14)

Hydrogen production from the rice was found to be 24.9% using pyrolysis from
rice husk (bio mass) (Fu et al. 2020). Dark fermentation or heterotrophic fermen-
tation is anaerobic fermentation where hydrogen is produced in anerobic condition
without the presence of light and certain coenzyme. There are twoways of producing
hydrogen in dark fermentation process.One is formic acid decomposition and another
is reoxidation of nicotinamide adenine dinucleotide (NADH) with the presence of
hydrogenase enzyme (Show et al. 2019). The reaction for the later one is:

NADH + H+ + 2Fd2+ → 2H+ + NAD+ + 2Fd+ (6.15)

2Fd2+ + 2H+ → 2Fd+ + H2 (6.16)

In the dark fermentation process hydrogen is found below 70% (<70%) and other
components found areCO2, other gases such asH2S,CH4,water vapor, and ammonia.
Thus, the hydrogen used as fuel needs to be purified before using in any engine. The
storage, purification, and transportation of hydrogen need to be considered before
using the dark fermentation process (Show et al. 2019). Another form of the fermen-
tation process is photo fermentation where the light source is needed to provide
external energy to conduct a reaction and ultimately producing hydrogen gas (Argun
and Kargi 2011). Production of hydrogen from acetic acid using photo fermentation
is shown in Eq. (6.16).

CH3COOH + 2 H2O → 4H2 + 2 CO2 �Go = +104 KJ (6.17)

A certain environmental condition such as pH ranges from 6.8 to 7.5 and temper-
ature ranges from 341 to 348 K is needed for photo fermentation (optimal condition)
(Argun and Kargi 2011). Photo fermentation produces more H2 compared to the dark
fermentation process. From photo fermentation, H2 yield is 80% (Argun and Kargi
2011).
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6.3 Economically Feasible Hydrogen Production Processes

Hydrogen (H2) gas is a significant future fuel that can be utilized as an alternative
to conventional fuel. The resources for conventional fuels (natural gas, coal, oil) are
decreasing while energy demand is rising (Das et al. 2021; Hoque et al. 2021). On
the other hand, hydrogen (H2) gas is the easiest, simpler, and abundant fuel source
available globally. Hydrogen (H2) gas is possible to easily combine with different
other elements. They are usually available with different other substances including
alcohol, water, and so on. Additionally, they are even available in plants, biomass,
and animals. Hence, this source of energy can be utilized to replace conventional
fuels although it is usually assumed as a carrier of energy rather than a source of
energy (Kalamaras and Efstathiou 2013b). However, in hydrogen fuelled engines, it
is required to use natural gas to power them because hydrogen is very flammable than
natural gas and even hard to carry than conventional fuel and natural gas. Therefore,
hydrogen fuelled engines are powered using natural gas to make the system more
safe and reliable.

Hydrogen (H2) gas is generally produced fromdifferent sources including nuclear,
biomass, natural gas, renewable sources, coal, and so on. However, using fossil or
conventional fuel, hydrogen can be generated and this method is one of the main
options of hydrogen production. The other options for hydrogen generation are elec-
trical, biochemical, thermal, and photonic. In the generation of hydrogen, plasma
technology is used which is sensitive in nature, hence, a lower level of impacts on
the environment is amajor issue and so emissions generated during hydrogen produc-
tion are processed to reduce the level of environmental pollutions (El-Shafie et al.
2019).

The normalized associated costs of different hydrogen generation processes such
as electrolysis, plasma arc decomposition, splitting water thermally, and biomass
gasification are 7.34, 9.18, 8.06, and 8.26 respectively. On the other hand, the normal-
ized energy efficiency for these processes are 5.30 (electrolysis), 7.00 (plasma arc
decomposition), 4.20 (splitting water thermally), and 6.50 (biomass gasification)
(Kayfeci et al. 2019).

6.3.1 Hydrogen Generation Through Electrolysis

The water electrolysis process for hydrogen generation is the fundamental method
for the generation of hydrogen (H2) gas. In this process, electrons are transferred to
generate hydrogen (H2) gas in an external electrical circuit. Among different avail-
able technologies for hydrogen (H2) generation, polymer membrane, alkaline, solid
oxide electrolyzers are the most notable. The required cell temperatures for alka-
line and polymer membrane process for hydrogen generation are lower usually than
353 K. While, the solid oxide electrolyzers method maintains a higher temperature
for the generation of hydrogen (H2) gas. The rate of hydrogen generation is usually
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faster in the case of alkaline electrolyzers (<760 Nm3/h) when compared to polymer
membrane (<30 Nm3/h) (Dincer and Acar 2015). The purity of hydrogen generated
from alkaline electrolyzers was over 99.8% and in plasma membrane process, the
purity was found 99.999% (Dincer and Acar 2015).The efficiency of each of the
three hydrogen generation processes is dependent on the exact exergies required
for driving the necessary reactions. However, the electrical efficiency of hydrogen
generation through electrolysis is about 70–80%.

In the water electrolysis process, catalysts are usually used to raise the density of
current and the reaction rate of electrolysis. Heterogeneous type material (Platinum)
is usually used as one of the common catalysts in electrodes of the electrical circuits
duringhydrogengeneration.Although the associated costs of homogeneousmaterials
are low than heterogeneous materials (Karunadasa et al. 2010). Polymer membrane
electrolyzers show a high level of sensitivity that is used for water purification and
desalination purposes where brine solution is provided to at the electrolyzer.

In the alkaline electrolyzer process, a solution of alkaline is divided into two
different types of electrolytes including Potassium hydroxide (KOH) and Sodium
chloride (NaCl) with Sodium hydroxide (NaOH). In this process, hydroxide and
hydrogen are produced in the cathode, and after that hydroxide is transferred to the
anode to generate oxygen through the following two equations (Turner et al. 2008).

Anode: 4OH− → O2 + 2H2O (6.18)

Cathode: 2H2O + 2e− → H2 + 2OH− (6.19)

The overall anode and cathode reactions can be expressed through the Eq. (6.20).

H2O → H2 + 1

2
O2 �H = −288kJ/mol (6.20)

The associated costs of the alkaline process are low but the key challenge is
the problems of corrosion. To overcome these challenges a proton exchange type
membrane electrolyzer process is used although the production costs of hydrogen
are much higher than alkaline electrolyzer.

6.3.2 Hydrogen Generation Through Plasma Arc
Decomposition

Plasma is a state of ionization of material that includes exciting electrons and atoms.
This method has the capacity to generate hydrogen (H2) by releasing medium to a
high level of voltage and current. The reason for these high levels of voltages and
currents is the presence of particles that are electrically excited.
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By using plasma activity thermally, natural gas (CH4) is dissociated to hydrogen
(H2) as well as black soot or carbon (C). In this process, the generated carbon or soot
particles are solid in phase while hydrogen is obtained in the gaseous phase. In this
reaction, an average of 74.6 MJ/kmol of heat is evolved as shown in the Eq. (6.21)
(Fulcheri et al. 2002).

CH4 → C + 2H2 �H = −74.6MJ/kmol (6.21)

In this mechanism, gas of plasma is provided from 2 to 3 electrodes and natural
gas (CH4) is supplied from the top of the system reactor. The main advantage of this
method is the ability to generate pure hydrogen (H2) gas with less environmental
emissions including carbon-dioxide (CO2), carbon-monoxide (CO), and so on. The
costs of production of hydrogen (H2) gas are at least 5% lower in the plasma arc
decomposition method than methane (CH4) reforming process (Gaudernack and
Lynum 1998).

6.3.3 Hydrogen Generation Through Splitting Water
Thermally

This method is economically viable as no catalysis is needed to operate or run chem-
ical reactions. Additionally, all required materials for hydrogen generation through
this process are recyclable exceptwater (H2). In thismethod, no additionalmembrane
separation for hydrogen–oxygen is needed and the full process can be performedwith
a reasonable level of temperatures in the range of 600–1200 K. The overall required
amount of energy is zero that eventually decreases the overall costs of production.

Initially aqueous Sulphuric acid (H2SO4) was heated up to a temperature of 773 K
to generatewaterwith SO3 in gaseous form.After that gaseous SO3 is subdivided into
Sulphur-di-oxide (SO2) to make an exothermic reaction with iodine (I2) to produce
hydrogen (H2) gas through the following equations (Balta et al. 2009).

H2SO4(aq)
300−500 ◦C−−−−−−→ H2O(g) + SO3(g) (6.22)

SO3 (g)
800−900 ◦C−−−−−−→ 1

2
O2 (g) + SO2 (g) (6.23)

SO2(g) + I2(g) + 2H2O → 2HI(g) + H2SO4(g) (6.24)

Finally, hydrogen iodide (HI) is decomposed to hydrogen (H2) gas at a temperature
of 698–723 K by using Eq. (6.25).

2HI(g) → H2(g) + I2(g) (6.25)
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The full process of hydrogen generation through this mechanism is simple and
straightforward. Also, there are no other side reactions required that helps to recycle
all materials except water (H2O).

However, to reduce the overall hydrogen generation costs, solar, biomass and
nuclear energy sources are used as possible thermal resources. These sources are
considered renewable options that drastically reduce hydrogen generation costs.

6.3.4 Hydrogen Generation Through Biomass Gasification

The gasification process is another economical process of hydrogen generation. This
process is mainly incorporated for coal as well as biomass gasification method. The
process is performed in absence of oxygen or partial supply of oxygen and mainly a
partial process of oxidation. The product materials are natural gas (CH4), hydrogen
(H2), and carbon monoxide (CO) (Demirbas 2006).

In this process, moisture is generated that needs to be vaporized to increase the
overall efficiency. This mechanism can be performed without or with the use of cata-
lysts in different types of reactors including fluidized, fixed bed type reactors where
the performance and overall efficiency of the initial one are high when compared to
the later one (Asadullah et al. 2002).

There are pyrolysis, partial oxidation, and steam reforming processes in the
gasification method where hydrogen (H2) gas is produced through the following
fundamental equations.

Pyrolysis process:

C6H10O5 → 5CO + 5H2 + C (6.26)

C6H10O5 → 5CO + 3H2 + CH4 (6.27)

Partial oxidation process:

C6H10O5 + 1

2
→ 6CO + 5H2 (6.28)

C6H10O5 + O2 → 5CO + 5H2 + CO2 (6.29)

C6H10O5 + 2O2 → 3CO + 5H2 + 3CO2 (6.30)

Steam reforming process:

C6H10O5 + H2O → 6CO + 6H2 (6.31)
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C6H10O5 + 3H2O → 4CO + 2CO2 + 8H2 (6.32)

C6H10O5 + 7H2O → 6CO2 + 12H2 (6.33)

The advantages of hydrogen gas generation from biomass gasification process are
lower level of carbon-dioxide emissions, low cost of production, and reduction of cost
of wastes, and increase usage of residues of crops of agriculture. The shortcomings
of these processes are the generation of tars in higher quantities and corrosion.

6.4 Hydrogen as an Alternative Fuel

Hydrogen is a non-poisonous and non-toxic fuel. Hydrogen is 57 times the weight of
gasoline and 14 times the weight of air. As a result, it will often increase and spread
quickly. This is a secure benefit in a public setting. Hydrogen, on the other hand,
has a large energy content by weight rather than volume. It’s compressed and kept
under extreme pressure. As a result, it may appear tough to store at first glance. The
pressure relief mechanisms in hydrogen tanks, on the other hand, keep the pressure
in the tanks from rising. In terms of accessibility, hydrogen is readily available, and
there are various ways to obtain it in its purest form, which may then be utilized as
a fuel. In terms of vehicle ignition temperature, hydrogen is hotter than other fuels,
and its flammability range in the air is 4–75%, which is quite high when compared
to other fuels. Hydrogen takes less energy to ignite than air under ideal combustion
conditions (29% hydrogen to air volume ratio) (https://h2tools.org/bestpractices/hyd
rogen-compared-other-fuels).

6.4.1 In Terms of Availability

The need for natural gas is increasing more than any other fossil fuel alternatives
available (Ogola 2012). The usable natural gas left up to 3rd July is 1.088 × 1012 in
BOE (billions of Oil Equivalent). (Muffler 1978). According to the Global Energy
Review 2021 (Ogola 2012), the demand for natural gas in 2021 has risen by 3.2%
due to the incremental demand rise in the Middle East, Asia, and Russia which is
visioned to be more than 1% global demand in 2019 (Ogola 2012). Most of the
hydrogen is generated using natural gas involving different technologies. More than
50% of hydrogen is found using steam reforming of natural gas (Kaiwen et al.
2017). Figure 6.3 shows the total hydrogen fueling station in European Union that
considers the hydrogen fueling station up to 2014. Referring to Fig. 6.3, it is seen
that most numbers of the hydrogen fueling stations resides in Germany. The United
Kingdom (UK) has 4 stations, Norway, Italy, Denmark and France have 3 stations
each, Sweden, Belgium, Netherlands, Portugal, Austria, and Greece have 2 stations

https://h2tools.org/bestpractices/hydrogen-compared-other-fuels
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Fig. 6.3 Hydrogen fueling
station in European Union
countries (Alazemi and
Andrews 2015)
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each, and Greece, Iceland, Czech Republic, Luxemburg, and Spain have 1 station
each.

Figure 6.4 shows the hydrogen fueling stations in Asian countries up to 2014.
Referring to Fig. 6.4, it is seen that Japan constitutes major numbers of hydrogen
fueling stations while South Korea being the second-highest and Taiwan has only one
fueling station. Comparing European andAsian overview, EuropeanUnion countries
cover more hydrogen fueling stations than in Asia. With the environmental concern
and headache of reducing emissions of the greenhouse, the application of hydrogen
as fuel is increasing day by day. Figure 6.5 shows the incremental condition of the
hydrogen fueling station as stated by Apostolou and Xydis in 2018 (Apostolou and
Xydis 2019).

Fig. 6.4 Hydrogen fueling
station in Asian countries
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Fig. 6.5 Increased hydrogen
fueling station (Apostolou
and Xydis 2019) 680
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6.4.2 In Terms of Characteristics (Octane Number, Density,
Auto Ignition Temperature)

For an internal combustion (I.C) engine, octane number is an ideal characteristic to
measure the compression capability of the fuel. A fuel containing a higher octane
number has higher compression capability prior to detonation. Octane number is
applied to indicate the knock property of any particular fuel. To measure the knock
property, Cooperative Fuel Research (CFR) engine is used which makes the compar-
ison between the testing fuel with the blend of normal iso-octane and normal heptane
to determine its knocking resistance (Faizal et al. 2019). There are many ways of
determining the knock properties of any fuel. Research Octane Number (RON) and
Motor Octane Number (MON) are the two major standard procedures to detect the
knocking properties of any fuel. In the case of values for the diesel oil, RON can be
varied as RON is smaller than 88 to RON = 130, and in the case of lean mixture for
the diesel engine RON varies as RON > 130 (Faizal et al. 2019). However, for the
case of MON, it varies as 115 < MON < 130 (Faizal et al. 2019).

In terms of density, hydrogen contains lesser density than gasoline (0.0899 kg/m3

< 0.760 kg/m3) (Masuk et al. 2021a). As a result, it contains more energy compared
to other fuels and 1 kg of hydrogen carries the identical energy as 2.8 kg of gaso-
line (Lund 1997). Apart from it, due to lower density hydrogen is used mostly in
its compressed form (Lund 1997). There is density variation when hydrogen is in
compressed form compared to the liquid form. The hydrogen density is 26 gL−1

in compressed form as well as 70.8 kg m−3 when it is chilled to 20 K and it is the
temperature at which hydrogen must be preserved when cooled (Hoecke et al. 2021).

In terms of auto ignition temperature, hydrogen contains greater auto ignition
temperature compared to other fuels. Figure 6.6 shows the auto ignition temperature
of different fuels along with hydrogen. From the figure, it is clear that hydrogen has
higher auto ignition temperature than LNG, Formic acid, Methanol and Diesel.

Because of high auto-ignition temperature, proper combustion of hydrogen is
hampered when compared to hydrocarbon fuels such as formic acid, methanol, or
diesel as shown in Fig. 6.6. As a result, it is used in the dual-fuel mode for efficient
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Fig. 6.6 Auto ignition temperature of different fuels (Van Hoecke et al. 2021)

combustion in CI (Compression Ignition) engine. For the SI (Spark Ignition) engine,
it is used as amono-fuel modewhere a high ignition temperature of the fuel is desired
at the end of the compression stroke.

6.4.3 In Terms of Engine Performance

The application of hydrogen as a fuel additive has captivated the scientific commu-
nity’s curiosity, even though this is not a novel application, due to hydrogen’s abun-
dance (Dinga 1988). Several researchers have claimed that when hydrogen is used as
an alternative fuel in an internal combustion engine, the engine’s efficiency increases
and toxic gas emissions diminish (Masuk et al. 2021b;Hacohen andSher 1989).Also,
the rate of combustion of a fuel that is enrichedwith hydrogen is higher than the rate of
combustion of pure fuel, so higher thermal efficiency is found. However, by utilizing
hydrogen as a fuel, degradation in the heat efficiency of engine is observed; however,
this does happen at the same time as increase in the consumption of energy. In the
thermal efficiency of engine, it is raised by around 5% in Hoang and Pham (2020).
This indicates that the energy efficiency of engines using a mixture of hydrogen with
diesel fuel is substantially higher compared to pure diesel fuel. The results will be
demonstrated in this section where the impacts of hydrogen as an alternative fuel
in both CI and SI engines are investigated by employing measuring standards and
design parameters.

Maximum engines are designed on the same principles, but only a few are simple
in nature and require known and constant variables. Among internal combustion
engine design parameters, compression ratio, swept length, power output, basic fuel
consumption, effective pressure, and effective brakemean temperature, Brake power,
specific fuel consumption, torque each are commonplace, but there is more variety
in design.
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The brake power (abbreviated as B.P.) of an internal combustion engine is the
amount of power available at the crankshaft. Typically, an I.C. engine’s brake power
is determined using a brakemechanism. The ratio of an engine’s braking power BP to
the rate at which chemical energy is delivered to it in the form of fuel is referred to as
brake thermal efficiency (BTE). The mean effective pressure (BMEP) is a quantity
associated with the functioning of a reciprocating engine. It is a useful indicator
of an engine’s ability to perform work independently of its displacement (https://
www.wikiwand.com/en/Mean_effective_pressure) and maximum braking torque is
achieved by optimizing ignition time in order tomaximize the power and efficiency of
an internal combustion engine (https://www.wikiwand.com/en/Maximum_brake_t
orque). The brake thermal efficiency (BTE) ratio is the relationship between the
brake power received from the engine and the fuel energy that was provided to the
engine. The BTE is going to determine how effectively the heat is transformed into
work. Again brake-specific fuel consumption (BSFC), which quantifies efficiency of
fuel of a prime mover which inflames fuel and generates rotational, or shaft power. It
is typically applied in situations where an internal combustion engine’s performance
needs to be compared to a shaft output. Here the alternative fuel is reviewed by these
common parameters in SI and CI engine.

6.4.3.1 In SI Engine

Figure 6.7 illustrates different performance measuring standards in a SI engine for
using hydrogen as an alternative fuel. The difference is created by brake power (BP),
brake mean effective pressure (BMEP), brake thermal efficiency (BTE), and brake
torque (BT). Power available in the crankshaft is called the BP of an IC engine. In
Fig. 6.7, it can be seen that by increasing speed, BP is increased using hydrogen.
On the other hand, brake power is gradually decreased by increasing engine speed
in case of gasoline. Figure 6.7 hows the representation of the experiment results for
Brake power in KW and speed in rpm (Kahraman et al. 2007a).

Brake Power

Brake power assessment in the first one has shown between the two fuel options
(hydrogen and gasoline) in Fig. 6.7a. From (Kahraman et al. 2007b), hydrogen can
be defined as having a less specific amount of energy per unit volume, so it has lower
power productivity than a higher starting speed compared to gasoline-fueled engines,
but maximum BP can be seen here at approximately 3189 rpm. It can be seen that, at
lower speeds, the output power of a hydrogen fuel engine appears to be less than that
of a gasoline engine. However, as the load increases, the converse occurs. The brake
power of a hydrogen-powered engine increased as the load increased, whereas the
brake power of a gasoline-powered engine declined. For gasoline when the engine
speed was approximately 3110 rpm then the BP was 6.81 kilowatts. But increasing
the value to nearly 3700 the BP decreased to 4.13 kW. As long as the speed of the

https://www.wikiwand.com/en/Mean_effective_pressure
https://www.wikiwand.com/en/Maximum_brake_torque
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Fig. 6.7 Variation of a BP, b BTE, c BMEP, d BT with respect to engine speed in a SI engine
(Kahraman et al. 2007a; Masuk et al. 2021; Ayad et al. 2020)

engine increases the BP for gasoline fuel decreases proportionately. But a different
phenomenon can be found for using hydrogen fuel. From Fig. 6.7a, the BP was seen
to increase up to 3190 rpm for hydrogen and the value was nearly 7 kW at this speed.
After reaching this, the value tends to decrease by a certain limit and then increases
again. The highest brake power for gasoline fuel is was observed at nearly a value
of 7.96 kW at 2611 rpm (approximately). In case of hydrogen, maximum BP is seen
nearly a value of 7 kW at approximately 3189 rpm. Thus, it can be concluded from
these findings that gasoline has a higher BP at smaller engine loads and a lower BP
at greater engine loads, while hydrogen BP began at approximately 2692 rpm but
has a higher BP at higher engine loads.

Brake Thermal Efficiency

BTE is regarded as the thermal output of BP. This second graph (Fig. 6.7b) is an
expanded graph of the BTE for the different fuel types (Hydrogen fuel and Gasoline
fuel). With regard to fuel economy, a good efficiency is that it should be useful for
supporting smaller loads while also enabling higher thermal efficiency. There is no
problem with using higher engine speeds and fewer loads of hydrogen fuel at the
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same time and in order to give the fuel additional efficiency. In case of gasoline,
as the speed of engine increases, the BTE decreases. When it is examined closely,
it can be found that BTE increase by 31% for the hydrogen-fueled engines than a
gasoline-fueled engine (Masuk, et al. 2021). It is illustrated that as the speed of the
engine increases, the BTE results in a decrease in the level of gasoline but the result is
an increase in the amount of hydrogen. In case of gasoline BTE was found on nearby
2106 rpm and by increasing engine speed it went down gradually. At 3886 rpm,
the BTE for gasoline was 5.54% while in case of hydrogen it was 27.28%. The
maximum BTE achieved by hydrogen fuel is 30.22% in approximately 3201 rpm.
So it can be said that, obtaining high engine speed increases BTE for hydrogen fuel
and for gasoline it is opposite.

In order to improve theBTEof gasoline, the enginewill produce a lot of toxic parti-
cles that are bad for the environment. However, while using hydrogen in this manner
does not pollute the environment but it is quite expensive. This is because when
gasoline is consumed, it converts into gaseous hydrocarbon particles that pollute
the environment and the ozone layer. As a result of displacing polluting fuels by
hydrogen will contribute to a cleaner environment.

Brake Mean Effective Pressure

Another engine performance parameter is shown in the third graph which is brake
mean effective pressure (BMEP). It can be seen from the graph that hydrogen shows a
certain improvement after 3100 rpm engine speed relative to gasoline. But to achieve
this higher BMEP for hydrogen, it needs higher engine speed. It can be seen clearly
that, no BMEP was achieved for hydrogen in lower engine loads (Kahraman et al.
2007a). BMEP for hydrogen fuel starts at 2692 rpm and gradually increased by
3871 rpm. While in gasoline BMEP was achieved at lower engine load which is
2088 rpm and the respective BMEP was 358 kPa. While in hydrogen first BMEP
achieved was 181.15 kPa and gradually it ended up in 171.25 kPa by increasing
engine speed.

Brake Torque

The variation of Brake Torque (BT) vs engine speed is also shown in Fig. 6.7. It shows
almost the same result as BMEP. It can be seen that in lower engine load there is no
BT for hydrogen fuel. On the other hand, for gasoline highest BT can be achieved in
lower engine load. The highest BT for gasoline was 33.72 Nm in 2094 rpm engine
speed. By increasing to 3884 rpm gradually its BT decreases to 6.39 Nm. While in
the case of hydrogen the highest BT was seen 20.48 Nm in 3192 rpm engine speed
value. It is obvious to show comparatively better results at higher engine loads as
hydrogen has fast burning characteristics.
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6.4.3.2 In CI Engine

Hydrogen can also be utilized as a substitution fuel in CI engines (Talibi et al. 2018;
Boretti 2030). Figure 6.8 presents different performance characteristics for mixing
hydrogen in diesel fuel. A set of measurements were recorded during the experiment.
Brake specific energetic consumption (BSEC), brake energy consumption (BEC),
brake efficiency (BE) can be shown for a CI engine in Fig. 6.8.

Brake Specific Energetic Consumption (BSEC)

The difference inBrake Specific Energetic Consumption (BSEC) versus xc substitute
ratios at various engine loads is shown in Fig. 6.8a. The real energy consumption
of each engine load decreased as xc increased, owing to an improved hydrogen-air
mixing process and improved combustion. The BSEC fell by 8.16% and 4.16%,
respectively, at partial loads of 40% and 55% correspondingly. For higher loads

Fig. 6.8 a BSEC versus substitute ratio (xc). b BMEP variation. c Variation of BEC. d Brake
efficiency versus engine load variation at various engine loads 2000 min−1 speed and different
substitute ratios (Cernat et al. 2020; Juknelevičius et al. 2019)
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(85%), the BSEC gradually increased as the quantity of inlet air decreased. The
highest BSEC is seen in engine load 40% and the lowest is seen in 85%.

Figure 6.8b also shows the BSEC difference versus engine load for 2000 min−1

and different replacement ratios (Fig. 6.8). As hydrogen fuel with flows is proved
to be sufficient to maintain engine power at the same load and speed, substantial
diesel fuel savings are achieved and energy consumption are reduced. The BSEC of
diesel fuel is higher than the mixed fuels relatively. After mixing hydrogen in the
fuel, BSEC decreased gradually. By mixing 5%, 10%, 15%, 20% hydrogen, BSEC
is decreased respectively. The lowest BSEC is seen in the largest portion mixture of
hydrogen with diesel fuel that is only 20%.

Brake Energy Consumption (BEC)

Figure 6.8c shows the results for BEC vs engine load at 2000 min−1. At an engine
capacity of Pe = 18 kW, diesel fuel consumed 1.32 kg of fuel per hour. Thus, it had
an engine efficiency of 5.3% efficiency was achieved (Cernat et al. 2020). It can be
seen that the BEC is decreasing by increasing the hydrogen percentage in the fuel.
Hydrogen portion is added by 5, 10, 15, and 20% gradually in the percentage of
diesel. By increasing the percentage, the BEC graph can be seen to downward and
the highest BEC is seen in pure diesel fuel.

Brake Thermal Efficiency (BTE)

BE results are illustrated in Fig. 6.8d It is observed that the BE graph shows the
opposite results of BEC. Here, increasing the percentage of hydrogen in pure diesel
fuel makes the line higher. Again, decreasing the percentage of hydrogen makes the
line much lower. Pure diesel is seen in the lower line. 5, 10, 15, and 20% of the
hydrogen is being added to the mixture as the process progresses to the solution with
the incremental addition of the hydrogen.

6.4.4 In Terms of Emission

6.4.4.1 In Terms of NOx

Compression ignition engines are dominated in the automotive sector by higher
torques and better fuel efficiency than spark ignition drivers. Nonetheless, nitrous
oxides and particulate matter are the primary CI engine emissions. Hydrogen is
utilized as an alternative fuel because of its high diffusion, high flame speed, and
broad flammability (Syed and Renganathan 2019). But the main issue with using
hydrogen as a fuel is the increased levels of nitric oxide emissions. It is possible to
reduce NOx emissions through lean premixed combustion. When hydrogen is mixed
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with inlet air, it reduces exhaust smoke, resulting in noxious emissions. Mohon Roy
et al. (2011) mentioned that if the injection timing can be increased, then sometimes
smoke and NOx emissions can come to zero. On the other hand, Lambe et al. (1993)
claimed that by design optimization of diesel fuel engines, it is possible to reduce
NOx emissions by 70%. Again, the amount of NOx increases and decreases with
hydrogen content per ratio and equivalent ratio. When this aspect is examined, Roy
et al. (2011) discover that the NOx level rises as the equivalent ratio rises. The NOx
level increases a lot to the equivalent of 0.25–0.30 range.

Based on an equivalent ratio, Fig. 6.9 depicts NOx emissions for various fuels
at various injection timings. With injection timings at a constant equivalence ratio,
the NOx accelerated. As the injection timing progressed, the peak cylinder pres-
sure increased, resulting in higher peak burning gas temperatures and, as a result,
more NOx. With a 0.85 equivalence ratio, the 13.7% H2 gas level of NOx gradually
increased to a maximum of 1255 ppm. The NOx level is lower (less than 50%) at the
equivalent ratio of 0.95 than at the equivalent ratio of 0.85. With the 20% H2-content
gas, the level of NOx gradually increased to an equivalence ratio of 0.76. However,
due to the low cylinder temperature, the maximum NOx emission can be found at an
equivalent ratio of 0.99. For pure H2 as a fuel, the situation is completely different.
With neat H2 operation, NOx levels can be reduced by about 85–90%, indicating a
significant reduction from other fuels due to very lean operation.

Figure 6.10 explains the emissions of nitrogen oxides with the engine that is
hydrogen operated. These diagrams reveal variations in NOx levels of exhaust at
different compression ratios with fuel–air equivalency. As can be seen from these
figures, the maximum value for NOx emissions is around 0.8, where NOx concen-
tration is negligibly small in the lower equivalence range. In addition to the fuel
economy, lean mixtures in the hydrogen-driven SI engine open up the possibility of
controlling the engine power supply by improving the fuel flow while maintaining
unthrottled flow (Mathur and Khajuria 1984).

6.4.4.2 In Terms of CO2 and CO Emissions

Emission of CO exhaust means the chemical energy lost because of incomplete
combustion. Emission of CO2 leads by exact combustion and accurate combustion
generates only water vapor and CO2 (Sandalcı and Karagöz 2014). Emissions of CO
exhaust increase according to fuel and engine loads. Koten (2018) mentioned that at
a low engine load, this condition leads to lower CO emissions. As well, proved that
in mixture formations, the addition of hydrogen to the diesel engine produces better
results in CO exhaust emissions which is illustrated in Fig. 6.11. In comparison to
a single combustion diesel fuel, hydrogen mixture cases also resulted in lower CO2

emissions. In general, CO2 emissions increase in proportion to the engine load as
the combustion chamber injects higher fuel as well as higher temperature with exact
combustion. The addition of hydrogen at 100% engine load contributed to a rise in
CO emissions over other engine loads. CO emissions for 0.20, 0.40, 0.60, and 0.80
lpm H2 addition decreased by 7.4, 12.7, 12.09, and 11.87% for all engine loads,
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Fig. 6.9 NOx emission level
for different fuels based on
equivalent ratio, adapted
from Roy et al. (2011)
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Fig. 6.10 NOx emissions as a function of equivalence ratio for SI engine (Mathur and Khajuria
1984)

Fig. 6.11 CO and CO2 emission related to engine load with different amount of H2 addition

respectively, when compared to single diesel fuel. Besides, CO2 for the enrichment
of 0.80 lpm H2 is 9.22% by volume compared to 10.18% by volume with 100%
load for diesel. CO2 emissions have decreased in comparison with the single diesel
fuel respectively by 6, 7.8, 11.45 and 10.78% for the addition of 0.20, 0.40, 0.60,
and 0.80 lpm H2 respectively. Hydrogen addition in fuel mixture at intake port is
not a disadvantage it can be a better solution to reduce the emission of CO and CO2

and can provide better thermal efficiency. Further, Fig. 6.12 (SI engine) shows that,
as the air/fuel ratio increases, the latter offers more significant decreases as CO2

emissions fall and eventually lead to a reduction in specific CO2 emissions. Navarro
et al. (2013) claimed that the gradually reducing carbon content can be attributed to
a decrease in specific CO2 emissions with increasing H2 content of the fuel mixture.
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Fig. 6.12 CO2 emissions as
a function of the relative
air/fuel ratio for SI engine
(Navarro et al. 2013)

6.4.4.3 In Terms of Unburnt Hydro-Carbon (UHC)

Hydrocarbons (HCs) are incomplete combustion products that may occur when
internal combustion engines are used (Wallington et al. 2008). Unburned combus-
tion affects both fuel consumption and engine performance (Rezai et al. 2014).
However, for various operating conditions, UHC (Unburned Hydro Carbone) emis-
sions have been shown in Fig. 6.13. An increase in hydrogen addition in the intake
port of the engine causes a better result and decreases the emission proportionally
which is mentioned by Shirneshan (Shirneshan 2013). Moreover, the addition of
hydrogen to intake air produced mixing homogeneity and improved emissions of
UHC (Laskowski et al. 2018). Also, it is clear from Fig. 6.13 that with an increase of

Fig. 6.13 UHC emission
related to engine load with
different amount of H2
addition
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engine load, the UHC emission decreases. On average the UHC emissions decreased
by 9.23, 17.6, 25.13, and 39.25% compared to single-diesel for all engine loads at
0.20, 0.40, 0.60, and 0.80 lpm H2 respectively.

6.5 Advantages and Disadvantages

6.5.1 Advantages of Hydrogen as Fuel

Though the processes of hydrogenproductionmight look simple, it is a costly process.
At present, the steam methane reforming process is widely used for producing
hydrogen as a large amount of hydrogen can be extracted. But this process emits
a large amount of carbon-di-oxide and carbon monoxide. However, the advantages
of using hydrogen as a fuel are huge. The major advantages are stated below:

1. Hydrogen is considered a renewable energy source. It’s a very rich source of
energy which is all around us. At present, photo electrocatalytic and photoelec-
trochemical water-splitting methods are considered quite effectual methods for
the scalable production of hydrogen.

2. The burning of hydrogen produces zero harmful byproducts. However, the
combustion of hydrogen may produce very small amounts of nitrogen oxides,
along with the water vapor. Further, once it is used as fuel later it can be used
for water production for astronauts.

3. Unlike nuclear and natural gas it does not cause damage to human and animal
health.Moreover, Food andDrugAdministration (FDA) has approved hydrogen
water as safe (GRAS), meaning that the organization has approved the water
for human consumption and not known to cause harm.

4. Hydrogen can provide a huge amount of power because of being very dense.
Research suggests that it is three times more powerful than most fossil-based
fuels. In comparisonwith all other fuels hydrogen has awideflammability range.
As a result, a wide range of fuel–air mixtures of hydrogen can be combusted in
an internal combustion engine. A noteworthy benefit of hydrogen is that it can
run on a lean mixture.

6.5.2 Disadvantages of Hydrogen as Fuel

Besides these advantages, hydrogen fuel also has some disadvantages. Those are
stated as follows:

1. As a result of its high energy content, hydrogen gas is an exceptionally
combustible and unpredictable substance which makes it a hazardous fuel to
work with Both steam-methane transforming and electrolysis are costly cycles
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that keep a ton of nations from resolving to large scale manufacturing. Explo-
ration and preliminaries are in interaction to attempt to find amodest and feasible
approach to deliver sufficient hydrogen without offering more carbon into the
air.

2. Hydrogen is a lot lighter gas than gasoline which makes it hard to store and
move. To have the option to store it we need to pack it’s anything but fluid and
store it’s anything but a low temperature. There is likewise no smell to hydrogen
so sensors are needed to recognize spills. Further, when H2 and 02 mixes they
produce dihydrogen monoxide, which can kill a people instantly if they inhale
one or two spoons in the liquid form.

3. Moreover, because of havingvery lowmolecularweight, the density of hydrogen
is less than natural gas at atmospheric pressure and temperature of 273 K (Since
we know density, p= (weight/volume)). In terms of storage facility, compressed
hydrogen is the distinguished/suitable option due to its low boiling point. Due to
the fact of confined vehicle space, implementation/accomplishment of hydrogen
ICE in on-road vehicle is a vital challenge. Increment of hydrogen density
and volumetric energy content require increment of hydrogen pressure. For
example, increment of hydrogen density to 31 kg/m3 or 3700 MJ/m3 increment
of volumetric energy content require hydrogen pressure of 350 bar (existent
standard supply pressure for hydrogen refueling) (Yip 2019).

4. Hydrogen exhibits smaller quenching distance compared to traditional hydro-
carbon fuels. As a result, increased temperature gradient close to the walls
of combustion chamber can be anticipated which lead to incremental heat
losses due to combustion. In case of using hydrogen in the applications of
Port Fuel Injection (PFI) engine, elevated laminar flame speed along with short
quenching distance impose a elevated tendency to flame backfiring into intake
manifold. This problem can be neutralized by including modified engine geom-
etry, reducing the crevice volume and returning of engine operating conditions
and a complete removal of abnormal discharge and residual electric energy
in the ignition system (Kondo 1997; Lee 2001). To avoid backfiring and pre-
ignition in SI engine a non-platinum cold-rated spark plug should be utilized as
well (Huyskens et al. 2011). This is due to the capability of platinum material
of making undesired catalytic response with air and hydrogen. Engine knock
and abnormal combustion which may be caused by hydrogen exposure to hot
spots can be minimized using cold-facilitate quick heat transfer. This is the case
where hydrogen DI exhibits a significant advantage since the backfiring can be
totally neutralized the injection after the intake valve closing.

However, design of highly efficient ICE can be facilitated by the unique physical
and thermo-chemical properties of hydrogen. For example, diffusion of hydrogen is
four times faster thanCNGwhich can be deduced by assimilating their diffusion coef-
ficients for air. This phenomenon can enhance air and in-line cylinder fuel mixture in
ICEs. The volume of fraction stoichiometric hydrogen is 29.53 vol%. Nevertheless,
the comprehensive flammability limit ranging from 4 to 76 vol% hydrogen existing
in air, along with high flame speed exhibits that hydrogen ICE can run with notably
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lean while flourishing thermal efficiency (Yip 2019). NOx formation is promoted by
relatively high adiabatic flame temperature of hydrogen at stoichiometry. However,
lean operations or high level exhaust gas recirculation (EGR) can be utilized to lessen
NOx emissions because of broaden/extensive flammability limits.

6.6 Prospective Challenges

Renewable energy sources are used as an alternative to traditional fuels. These
sources solely depend on environmental and weather conditions. While hydrogen
is one of the prospective options for future fuels that can be generated from different
processes that are not solely dependent on environmental conditions. However,
several kinds of challenges encounter to set hydrogen resources of energy in different
practical applications including cooking, operating automobiles, and so on. Among
these different challenges economic, policy, and regulatory-related challenges, envi-
ronmental, technological, informational, and availability challenges are the most
important.

• Policy and regulatory challenges include the problems associated to set the produc-
tion methods for hydrogen generation as well as supply required raw materials. It
mainly includes the construction of infrastructure,management to provide support
to hydrogen production agents and make the hydrogen generation policy user-
defined so that management for hydrogen generation can use these resources of
energy. Themanagerial systemand the agentswho are engaged in hydrogen gener-
ation need to be supported and encouraged to focus on the hydrogen generation
sources to generate hydrogen and make them available.

• Challenges of economics are the major concern for the setup of these resources of
energy. As the associated cost with hydrogen generation methods is not negligible
for a few cases such as hydrogen generated from biomass, fossil fuels, and thermal
electrolysis sources. Usually, hydrogen generation sources of energy quantity
are comparable with the value of traditional energy sources. While the cost of
hydrogen generation sources of energy is compared with renewable sources of
energy as well.

• Environmental challenge is an important challenge for hydrogen gas generation.
Although hydrogen energy is considered a clean technology for future energy.
However, generated tars during biomass gasification for hydrogen gas genera-
tion are a major issue. Proper environmental pollution management needs to be
implemented before establishing hydrogen generation methods.

• Difficulties associated with technology are another shortcoming for the setup of
processes for hydrogen gas generation. There are a number of technical diffi-
culties including a mechanism for plasma arc decomposition, and splitting of
water thermally for hydrogen generation. It is necessary to implement user-defined
techniques to easily set those sources of energy.
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• Technological support is one of themajor requirements to implement the setup for
hydrogen generation.Due to the lack of information on hydrogen generation, these
sources are still not available globally. Additionally, lack of proper management
for equipment and component suppliers, less availability of resources, and gap of
information implements these sources difficult.

• Lack of available raw materials, a mechanism for biomass gasification, splitting
water thermally are other drawback factors that affect the generation of hydrogen
that will be suitable for future energy.

• The sustainability of materials must be checked before using hydrogen. Engine
materials should be considered based on their sustainability to hydrogen and
its burning. Hydrogen embrittlement susceptibility testing (e.g., ISO 11114-4)
should be done in case of any doubt the material can be subjected. According to
report presented in ISO/TR 15,916:2004, most of the materials show sensitivity
to hydrogen embrittlement to some extent. However, brass and most of the copper
alloys or aluminum and its alloys can be used without any specific precautions.
On the opposite side, nickel and its alloys show high sensitivity to hydrogen
embrittlement. Nevertheless, for steel, the sensitivity depends on many factors
such as impurities,mechanical strength, heat treatment and so on. Someguidelines
regarding the suitability of hydrogen can also be found in ISO/TR 15,916:2004.

6.7 European Union (EU) Hydrogen Strategy

The demand of hydrogen is growing rapidly due to its diverse applications in different
fields. It can be used as an energy carrier or fuel, feedstock and storage and has many
others applications including transport, industry, power and building sectors and so
on. In terms of carbon di oxide (CO2) emission and air pollution, hydrogen provides
the best possible solution. It does not eject any CO2 and its air pollution tendency is
very low. As a result, hydrogen is the best option in economic sectors and industrial
processes where limitation of carbon emission is a vital issue and is difficult to
accomplish (COMMISSION E 2020).

EU declared its hydrogen strategy in 2020 which is “A hydrogen strategy for
a climate-neutral Europe”. The aim of their strategy is to increase the use of the
hydrogen by 2050. European Commission has set the following goals focusing this
strategy:

1. The goal of a carbon–neutral EU is to decarbonize sectors that are not directly
electrifiable.

2. Improved wind and solar power integration with hydrogen as a storage medium.
3. Overcoming the economic damage caused by the Covid-19 lockout, in partic-

ular by allocating considerable EU Recovery Deal subsidies to the hydrogen
economy.

4. In the hydrogen economy, new employment is being created.
5. Combating migration’s causes by establishing supply networks with nations

outside the EU as part of the EU’s external energy strategy.
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The EU hydrogen plan is divided into three parts and is part of the European
Green Deal:

1. Green hydrogen generation is expected to reach one million tons per year by
2024.

2. Green hydrogen generation is expected to reach 10 million tons per year by
2030.

3. Green hydrogen is expected to be produced on a systemically relevant scale
between 2030 and 2050.

By way of comparison, the EU now produces over 10 million tons of hydrogen
per year from and with fossil fuels. The Netherlands, for example, which is looking
for alternative uses for its existing natural gas infrastructure as a result of the end
of natural gas production from the Groningen gas field, and Germany, which has
already presented its national hydrogen strategy in June 2020, are both supporters of
the EU hydrogen strategy (Röhm-Malcotti 2021).

6.8 Future Recommendation

It has been established that hydrogen has the potential to be a very eco-friendly fuel.
On aweight-per-weight basis, hazardous emissions are nearly nil. Hydrogen is one of
the most abundant elements in the universe. Extraction expenses are limiting efforts
because of the energy density of the product and the high energy requirements. It
looks intriguing, however it provides limited travel for a low cost. Hydrogen must
have the same running costs, fill times, and range as gasoline to be considered a mass
fuel. For the time being, gasoline will remain the primary fuel market. Hydrogen is
certain to replace gasoline and traditional fossil fuels in the future. For this, important
aspects of requirements need to be discerned and perfectly evaluated.

Most technologically sophisticated nations of the globe have focused on hydrogen
storage for decades. Credence has been granted to the movement. Hydrogen is an
effective energy storage method and it holds up global climate change (Sahaym and
Norton 2008; Jia et al. 2015; Sakintuna et al. 2007; Ruse et al. 2018). All types of
storage have their particular requirements and obstacles.

Stationary applications don’t have as much serious weight and volume as mobile
applications. The hydrogen storage system is stationary, functions at high tempera-
tures, and has spare capacity to counteract sluggish kinetics.However, limited storage
tank materials (Prabhukhot Prachi et al. 2016) hold the development of stationary
hydrogen systems back. In comparison, the mobile application requirements for
hydrogen storage are greatly extensive (Prabhukhot Prachi et al. 2016; Janot et al.
2005).

When storage becomes too heavy, the vehicle’s range is reduced (Abe et al. 2019),
and when storage becomes too voluminous, it reduces the amount of luggage space
available (Durbin and Malardier-Jugroot 2013). In other words, it is necessary to
maintain an effective equilibrium. The kinetics of hydrogen uptake and release are
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extremely quick (Zhang et al. 2015). Low heat creation in order to reduce the amount
of energy required for hydrogen release During the exothermic hydride formation,
there is little heat dissipation (Ozturk and Demirbas 2007). Hydrogen charges and
discharges with only a minimal loss in energy. Reversibility of hydrogen uptake and
release throughout a number of cycles (Abe et al. 2019). For long cycle life, it is
important to have strong stability against oxygen and moisture (Jia et al. 2015). The
low cost of recycling and the availability of charging infrastructures should be taken
into consideration (Mazzolai 2012). It is necessary to maintain high levels of safety
under operational conditions, as well as public acceptance.

6.8.1 Performance

The type of fuel used has a direct impact on the performance and emission char-
acteristics of the engine. These characteristics include, for example, power, torque,
brake mean effective pressure, brake specific fuel consumption, brake power, and
other similar properties.

Due to the fact that the self-ignition temperature of the hydrogen–air mixture is
higher than that of the other fuels, amodest amount of hydrogen addition results in the
production of a fuel with an antiknock characteristic (Al-Baghdadi 2003). Hydrogen
has the highest energy-mass coefficient of the chemical fuel and the highest in terms
of mass-energy consumption (Al-Baghdadi 2003). This confirms that supplementary
hydrogen can improve engine efficiency and minimize specific fuel consumption
(Petkov et al. 1989). Fuel coupled with a little amount of hydrogen and oxygen
yields forms a flammablemixture thatmay be burned in a conventional spark-ignition
engine at an equivalence ratio (Al-Baghdadi 2003).

The resulting ultra-lean combustion gives rise to better engine efficiency and lower
emissions of CO and NOx. The hydrogen-air mixture ignites and burns about six
times faster than a gasoline-air mixture. The indication diagram becomes closer to
the ideal as the burning velocity rises bywhich a better thermodynamic efficiency can
be conceivable (Al-Baghdadi 2003).When compared to the diesel fuel situations, the
hydrogen mixture in the CI engine produced excellent results in all circumstances.
With the addition of different nanoparticles to the fuel, the outcomes can be enhanced
(Koten 2018).

6.8.2 Emissions

Because of growing environmental concerns, the world has seen an increase in the
number of people concerned about emissions, which has resulted in stricter emis-
sion rules being implemented year after year. Vehicle emissions include hydrocar-
bons (HC), carbon monoxide, nitrogen oxides, particulate matter, volatile organic
compounds, Sulphur oxides, and carbon dioxide. The understanding of these vehicle
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emissions is important in conferences about air pollution issues and climate change
challenges.

Alternate fuels, such as hydrogen are utilized in place of gasoline in SI engines if
they are environmentally friendly and do not produce harmful compounds when the
fuel is burned. By lowering the aromatic component of the fuel, each individual emis-
sion can be lessened (Al-Baghdadi 2004). The compression ratio and equivalence
ratio of an engine has a considerable impact on both its performance and its emis-
sion characteristics, and they must be properly designed in order to get the highest
engine performance characteristics possible (Masuk et al. 2021b). However, even
though hydrogen is zero-carbon-emission energy at the point of use, the cleanness
of the production pathway and the energy required to make it are dependent on the
clean energy index (cleanness) of that pathway and the energy required to produce
it (Dawood et al. 2020).

6.8.3 Production

Hydrogen can be generated using renewable resources or fossil fuels. It can be also
produced through steam reforming, partial oxidation, auto thermal oxidation, and
gasification. Biomass gasification and water splitting by solar energy (Abdalla et al.
2018). The continual advancements in techniques and procedures of H2 production,
storage, and distribution are also challenged by some major issues. A significant
improvement is required in the development of new technology, such as electrolysis
and thermochemical biomass conversion, in order to be able to compete with the
commonly used hydrogen generation techniques, such as steam methane reforming.
In spite of a plentiful supply of feedstock materials, technological constraints during
themanufacturing process result in higher production costs overall which need atten-
tion. The production of hydrogen is mostly fueled by nonrenewable resources, which
contributes to an increase in the concentration of CO2 in the atmosphere, which
demands effort.

6.9 Conclusion

It is proved beyond doubt that hydrogen holds significant potential in terms of
ensuring a clean energy solution in transportation and industrial application. Atten-
tions are also being given for incorporating its increased utilization with sustain-
able production. The suitable properties for both steady and unsteady combustion
processes make hydrogen more attractive in the automobile sector as a fuel. Addi-
tionally, hydrogen can be stored both in the gas and liquid phase for which it could
be a favorable energy career for a wide range of applications and heat supply. The
production of hydrogen from biomass is environmentally friendly and cost-efficient
also. It is expected that hydrogen productionwill be accelerated after using renewable
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sources for its production. It can also be stored easily with the help of some compos-
ites materials and compound metals which have moderate adsorption or desorption
kinetics. By using Sabatier process CO2 can also be recycled with the help of storing
the hydrogen as methane. Owing to this cleaner production potential and good prop-
erties as a fuel, hydrogen will play a significant role in energy security, stabling
the foreign exchanges, climate-changing, and mitigating the socioeconomic issues
remaining in the rural areas over the world. However, current policies working on
using the energy more efficiently along with encouraging cleaner and sustainable
production to reduce environmental issues like air pollution, global warming, green-
house gases, and climate changes. Special policies should provide to encourage and
support hydrogen production and utilization. Most importantly, public awareness
should be raised to enhance the hydrogen utilization and safety issues related to this.
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Chapter 7
Effectiveness of Hydrogen
and Nanoparticles Addition
in Eucalyptus Biofuel for Improving
the Performance and Reduction
of Emission in CI Engine

P. V. Elumalai , N. S. Senthur , M. Parthasarathy , S. K. Dash ,
Olusegun D. Samuel , M. Sreenivasa Reddy , M. Murugan ,
PritamKumar Das , A. S. S. M. Sitaramamurty , S. Anjanidevi ,
and Selçuk Sarıkoç

Abstract Eucalyptus biodiesel (EB) powered CI engine was characterized by low
brake thermal efficiency (BTE) and more smoke emission. The inherent oxygen
content of nanoparticles could be added with EB leading to improve the oxidation
of hydrocarbon that results in low smoke emission. The present study was initially
carried out on a compression ignition engine powered by EB considered as reference
fuel. Further, this experiment was assessed with the same modified CI engine fuelled
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with hydrogen enrichment in EB blends. The high energy density of hydrogen may
results better combustion efficiency and drastically reduce global emissions. The
hydrogen flow rate was fixed at 5 lpm throughout engine operation for enrichment
of air. In this experiment, the different combination of fuel blends were used such
as Eucalyptus biodiesel 15% + diesel 85% (EB15), neat Eucalyptus biodiesel 100%
(EB100), Eucalyptus biodiesel 15% + diesel 85% + Alumina nanoparticle 50 ppm
(EB15-A), Eucalyptus biodiesel 15%+ diesel 85%+Alumina nanoparticle (Al2O3)
50 ppm + hydrogen enrichment (EB15-A-H), neat Eucalyptus biodiesel 100% +
Al2O3 50 ppm (EB100-A), neat Eucalyptus biodiesel 100% + Al2O3 50 ppm +
hydrogen enrichment (EB100-A-H). The results indicated that EB15-A-H showed
6.6% increase in the thermal efficiency whereas it was 2.5% lower fuel consumption
as compared to diesel operation. EB100 powered CI engine indicated 17% lower
combustion efficiency as compared to diesel in CI mode. The results also showed
that the emission value of CO, HC, and smoke for fuel EB15-A-Hwere 9.5%, 12.6%,
and 15.9% lower when compared to neat diesel in CI mode operation. However, the
emission of NOx was slightly higher for the fuel EB15-A-H than other blends.
Overall, it was concluded that EB15-A-H as a potential alternative fuel for CI engine
application.

Keywords Eucalyptus biofuel · Aluminium oxide · Hydrogen · CI engine ·
Emission

Abbreviations

BTE Brake Thermal Efficiency
CN Cetane Number
CO Carbon monoxide
DI Direct Ignition
E15 85% Diesel + 15% of Biodieesl
E100 100% Of Biodiesel
E100-A 100% Of Biodiesel + 50 ppm of nannoparticle
E100-A-H 100% Of Biodiesel + 50 ppm of nanoparticle + 5 lpm H2

E15-A 85% Diesel + 15% of Biodieesl + 50 ppm of nannoparticle
E15-A-H 85% Diesel + 15% of Biodieesl + 50 ppm of nanoparticle + 5 lpm H2

HC Hydrocarbon
ID Ignition Delay
NOx Oxides of Nitrogen
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7.1 Introduction

Sustainable energy source and clean energy technologies are the major researched
area in this century. Due to the ever-increasing need for energy, which is mostly
reliant on the imperilled and dwindling fossil fuel stocks, the demand for renew-
able energy or fuel sources is expanding. To address this major problem of pollu-
tion and fuel scarcity, it is critical to establish alternative renewable energy sources
that can be used as a clean fuel. The internal combustion engine run by petrol and
diesel find huge application in the entire world (Dash et al. 2020). However, the
primary fuel for IC engine is changed to more sustainable and cleaner fuel biodiesel.
From the last couple of decades, many improvements have been made by various
researchers regarding engine modification technology, fuel modification technology,
fuel blending by mixing various fuels and additives and dual fuel engine technology
incorporating gaseous fuel for better performance and lower exhaust pollution.
Biodiesel is produced by chemically reacting oils and fats with suitable alcohol (Dash
et al. 2018). It has been established that biodiesel is far from superior compared to
conventional diesel in terms of physicochemical properties (Dash and Lingfa 2018).
Nanoparticles have become increasingly important because of the advancement of
nanotechnology. Many researchers reported that the use of nanoparticles as an addi-
tive in the engine cylinder reduces pollutions by greater margin (Elumalai 2021).
The main advantage of nano additive in liquid fuel is that it reduces hazardous pollu-
tants and imparts more heat transfer area for better distributions of flame front in the
combustion chamber (Manigandan 2020). Another sought out advantage is micro
explosion which supports better combustion. An excellent comprehensive review
has been carried out by Yusof et al. (2020) on the nanoparticle as fuel performance
enhancer for internal combustion engine. Various types of nanoparticles have been
explored such as CeO2, TiO2, Al2O3, ZnO, Carbon nanotubes, ZrO2 etc. (Soudagar
2020).

In addition to Nano additives, supplement of hydrogenas a clean burning combus-
tion engine fuel has attracted the attention of scientific community. Hydrogen has
long been recognised as a fuel with several distinct and desired characteristics for
use in engines (Akar et al. 2018). It is the only fuel that can be made totally from
the abundant renewable resource water, but at a high cost in terms of energy input
(Karim 2003). The impact of additives on the key physicochemical characteristics
and performance test in aDI diesel enginewere investigated by Javed et al. (2016). At
100 ppm, zinc oxide (ZnO) nanoparticleswith sizes of 20 and 40nm in JMEbiodiesel.
Nanoparticles in the fuel blends helped to minimise NOx emissions. Hydrocarbon
(HC) emissions reduced as the H2 flow rate increased for nanoparticles with a diam-
eter of 20 nm. (Kanth et al. 2020) studied the performance of a diesel engine powered
by hydrogen enriched honge biodiesel diesel blend. The engine running on honge
biodiesel blend improved the thermodynamic efficiency. In comparison to diesel,
the BTE increased by 2.2%, while the H2 enriched blend consumed 6% less fuel.
Further, the emission of exhaust gases such as CO and HC is reduced by 21% and
24%, respectively. (Tosun and Özcanlı 2021) studied on the use of diesel-soybean
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biodiesel-hydrogen fuels and aluminium oxide (Al2O3) nanoparticle additives were
used in a diesel engine. Engine tests were conducted at full load at 400 rpm intervals
between 1200 and 2800 rpm engine speeds. Unfortunately, when compared to diesel
fuel, all test fuels produce greater NOx. When compared to diesel fuel, H-B20-A
performed well with a 6.64% increase in power and a 2.72% reduction in BSFC.
H-B100-A achieved the greatest reduction in CO (15.91%). In terms of NOx emis-
sions, all fuels released higher than diesel. In comparison to diesel fuel, the smallest
increase was seen with B20, at 6.73%. It was observed that the studies related to nano
additive blended biodiesel enrichedwith hydrogen have been scantily reported. Thus,
it is imperative more investigations are necessary in this area of research. From above
literature survey it was clearly found using biodiesel as fuel in engine to increase
the emission characteristics and reduced the performance characteristics. To adding
the aluminium nanoparticles to reduce the emission characteristics except oxides of
nitrogen. To overcomes this problem, some amount of hydrogen induced into the
fuel to reduce the oxides of nitrogen. After adding the nanoparticles and hydrogen to
get the better performance and emission characterises. Table 7.1 show that different
nanoparticles mixed with biodiesel.

Table 7.1 Show that different nanoparticles mixed with biodiesel

Fuels used Nanoparticle Performance Emissions References

BTE BSFC HC CO C02 NOX PM

E20 CeO2 and
CNT

↑ NA ↓ ↑ NA NA – (Selvan et al.
2014)

Biodiesel Al2O3
CNT

↑ NA ↓ ↓ ↓ ↓ ↓ (Basha and
Anand 2013)

DB-10
DB10E4
DB10E4NP

AI-C ↑ ↓ ↑ ↓ NA ↓ NA (Wu et al.
2018)

Biodiesel AIO (OH) ↑ NA ↓ ↓ NA ↓ NA (Srinivasa
and Anand
2016)

BD-5
BD-10

CNT ↑ ↓ ↓ ↓ NA ↑ NA (Hosseini
et al. 2017)

MOME TiO2 NA NA ↓ ↓ NA ↓ NA (Yuvarajan
et al. 2018)

DBE
n butanol
(C4H9O H)

TiO2 ↑ ↓ ↓ ↓ ↑ ↑ NA (Örs et al.
2018)

Diesel TiO2 ↑ ↓ ↓ ↓ NA NA NA (D’Silva
et al. 2015)

JME Graphene
oxide (GO)

↑ ↓ ↓ ↓ NA ↓ NA (El-Seesy
et al. 2018a)

B20 Grapene
oxide (GO)

↑ ↓ ↓ ↓ NA ↓ NA (El-Seesy
et al. 2018b)
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Fig. 7.1 Transesterification Process

7.2 Materials and Methods

7.2.1 Biodiesel Production

Sodium hydroxide (NaOH) as catalyst and methanol as alcohol (CH3OH) were
chosen for the transesterification reaction.. To make a homogeneous mixture for
neat biofuel and alcohol, NaOH was dissolved in the mixture. In a flask, neat biofuel
was heated to 80 °Cwith the presence of alcohol-catalyst mixture. Amagnetic stirrer
was used to mix the blend continually for about 2 h at a temperature of 60–80 °C.
Biodiesel was left in a separation funnel for 8 h at the end of the reaction to collect
glycerine from the bottom of the funnel using phase difference principle. Finally,
Eucalyptus biodiesel was derived through transesterification operation. Biodiesel
properties were observed to be superior than neat biofuel. Figure 7.1 show that
transesterification process.

Table 7.2 shows the properties of test fuel.

7.2.2 Test Fuel Preparation and Determination
of Physicochemical Properties

The diesel fuel was chosen as reference fuel. A commercial firm provided Al2O3

as an additive in powder form. To investigate the effects on engine performance, a
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Table 7.2 Properties of test fuel

Fuel used Cetane number Density
(kg/m3)

Heating value
(MJ/kg)

Viscosity
(mm2/s)

Flash point
(oC)

Diesel 54.2 836 44.7 2.68 66

EB-15 48 847 41.9 3.16 80

EB-100 45.3 887 40.1 4.28 162

EB-15-A 49 849 42.6 3.2 78

Hydrogen – 0.0836 119.86 – –

EB-100-A 46.2 889 40.2 4.38 179

50-ppm dose of Al2O3 nanoparticle was added to base fuel and biodiesel. To achieve
homogeneous dispersion of nanoparticles in fuels, ultrasonic processor was used. In
regards, at a flow rate of 6 L/min, blends were enhanced with hydrogen supplement.
Furthermore, determining fuel characteristics is critical for both fuel usability and
the interpretation of performance and emission results. The various fuel properties
such as cetane number, calorific value, density, viscosity and flash point have been
evaluated by using different types of instruments. Figure 7.2 shows the flow chart
for fuel preparation.

Fig. 7.2 Flow chart for fuel
preparation
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7.3 Experimental Test Rig and Procedure

Experimentation have been carried out with the help of a hydraulic dynamometer and
a normally aspirated, four-stroke, four-cylinder direct injection diesel engine. Before
each experiment, the test engine was run for 15 min to ensure stable operation and to
clear any residual fuel from the end of the experiment from the fuel system. Engine
testing were conducted three times for each fuel, with the average of the results
recorded under identical conditions. At full load condition, test fuels were run at
400 rpm intervals between 1200 and 2800 rpm engine loads. Multi-gas analyzer
with the AVL-444 type that can measure CO, HC, CO2, O2, and NOx concentra-
tions in exhaust. The AVL-437 model smoke metre (with a measuring range of 0 to
100 percent, a resolution of 0.1%, and an uncertainty of 1.2) is used to determine
smoke opacity. For cylinder pressure and combustion temperature, the uncertainty
analysis is 1.2 and 64.78 K, respectively. Using numerous sensors, a computerised
data acquisition system is employed to gather, store, and evaluate data during the
experiment. Before each emission test, the gas analyser was calibrated to verify the
accuracy of the measurements. Figure 7.3 shows the experimental setup diagram.
Table 7.3 shows the specification of the engine.

7.3.1 Uncertainty Analysis

Depending upon the manufacturing of the instruments, the degrees of reliability
may be varied. The prediction of an uncertainty analysis has been performed with

Fig. 7.3 Experimental setup
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Table 7.3 Specification of
engine

Engine model 4D34-2A

Bore (mm) 104

Stroke (mm) 115

Compression ratio 17:1

Maximum torque 295 Nm

Maximum power 89 kW

Displacement 7.5 L

Connecting rod 150 mm

Injection pressure 200 bar

Injection timing 23 deg bTDC

the estimated measurements and measured values during this study to ensure the
precision level of the data obtained from the devices (Tüccar and Uludamar 2018).
Errors and uncertainties in a product cause several environmental variables that focus
on the system being tested, calibrated, operational state, and reliability. The analyses
have been carried out in five cycles, and the moderate values were used to quantify
uncertainty in this study (Gumus et al. 2016; Soudagar et al. 2020). During the
investigation, the researchers and scientists have used multifactorial approach to
perform an uncertainty analysis, which would have been a popular as shown in Table
7.4.

Table 7.4 Uncertainty
analysis

S. No. Parameters Systematic Errors (±)

1 Load indicator ± 0.2

2 Speed sensor ± 1.0

3 Temperature sensor ± 0.15

4 Pressure sensor ± 0.5

5 Crank angle encoder ± 0.2

6 Smoke meter ± 1.0

7 Eddy current dynamometer ± 0.15

8 Fuel burette ± 1.0

9 Manometer ± 1.0

10 Load indicator ± 0.2

11 Smoke, HSU ± 3

12 CO2 ± 1

13 NOx ± 0.4

14 CO ± 0.2

15 HC ± 1.0
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7.4 Results and Discussions

7.4.1 Power

Figure 7.4 depicts power variations with respect to various engine speed for different
test fuel. The performance parameter of B100 were inferior than other test fuel
at standard operating condition. Poor spray characteristics caused by biodiesel’s
increased viscosity and lower energy content could be resulted in poor efficiency. A
Low energy rating of biodiesels could be another possible explanation for inferior
engine performance (Uludamar 2018). The above reason could be responsible for
power reductions when engine operated with EB15 and EB100 instead of diesel
fuel. Experiment shows that adopting nanoparticles into the fuel would boost the
power output because of the catalytic activity on chemical reaction. The usage of
hydrogen-enriched fuels resulted in a significant increase in power due to enriched
the heating value of mixture. Due to increase in oxidation rate and the catalytic
action of nanoparticles, power output could be improved for EB15-A-H (Serin and
Yıldızhan 2018; Ozcanli et al. 2017). Results was seen that combustion efficiency
was exhibited reasonable improvement for fuel EB15-A-Howing to hydrogen energy
contribution and faster flame speed which enhance combustion (Rocha et al. 2017)
In terms of power output, both EB15-A and EB15-A-H was found close to similar
performance at all speed condition.

Fig. 7.4 Power versus speed
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7.4.2 BSFC

Figure 7.5 depicts BSFC fluctuations as a function of engine speed. The quantity
of fuel consumed by an engine to produce unit power is known as the BSFC. The
nominal amount of fuel consumed by engine to generate the same power output is
called as fuel economy. EB100 and EB15 raised the BSFC when compared to diesel
fuel owing to the low CV of biodiesel (Keskin et al. 2015). BSFC could be reduced
by using nanoparticles with blend and futher it dropped for hydrogen enriched with
air. BSFC value of nano additive and hydrogen enriched blends EB15 and EB100
operated engine showed slighlt lower than without fuel modification. EB15-A and
EB15-A-H have found lower BSFC values at rated power output condition. On
the other hand, BSFC of EB100-A and EB100-A-H fuels was outperformed at all
speed condition. The use of nanoparticles with biodiesel could have reduced the
BSFC value due to slightly increase in the calorific value of biodiesel. The inherent
oxygen of biodiesel and combustion-catalysing actions of nanoparticles leads to
achieve the high temperatures and pressures in the chamber which exhibits lower fuel
consumption rate (Shahir et al. 2015). Hydrogen was added because it has superior
properties such as a high heating value (HHV), a fast flame speed (FFS), a short
quenching distance (SQD), and a larger flammability range (LFR) which contribute
more fuels burns completely during combustion (Ozcanli et al. 2017). The high
heating value of hydrogen raises the cylinder gases temperature which speeds up the

Fig. 7.5 Speed versus BSFC
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combustion process therefore resulting in higher mean indicated pressure and lower
BSFC (Channappagoudra 2019).

7.4.3 CO

Figure 7.6 represent CO variation with different speed condition for various test
fuel.. A significant reason for CO formation is incomplete combustion of fuel. When
inhaled CO causes series injurious to human health. Because of its colourless and
odourless features, it is crucial to find its existence in the environment (Jhang et al.
2016). The EB100 and blend EB15 was noticed reduction in CO emissions when
compared with base fuel. It was because of biodiesel contains inbuilt oxygen in the
structurewhichhelps odxidation forCOemission (Seraç et al. 2020).Whencompared
to diesel fuel, EB15-A, EB15-A-H, EB100-A, and EB100-A-H was emitted lesser
CO at all speed condition. As previously stated, the presence of O2 in the biodiesel
blend and sufficient temperature are the primary reason for lower CO formation. The
addition of nanoparticles with strong catalytic activity and high surface/volume ratio
leads to increase combustion efficiency that turn in higher CO2 formation (Vellaiyan
et al. 2018). Due to hydrogen enrichment, it encourages more homogeneous mixture

Fig. 7.6 Speed versus CO
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preparation and shorter combustion time that results inmore CO into CO2 conversion
(Manigandan et al. 2020).

7.4.4 CO2

Figure 7.7 illustrates the difference in CO2 emision with various speed condition
for hydrogen and nanoadditive blend biodiesel. CO2 is one of the most common
greenhouse gas compounds, and it has a detrimental impact on climate change.
In contrast to CO emission, CO2 production often increases when biodiesel was
used (Baltacioglu et al. 2016). EB15 and EB100 produced more CO2 than diesel
resulting in greater combustion afforded by the higher oxygen component in their
structure (Pattanaik et al. 2013). To adding the nanoparticles in EB15-A and EB100-
A has enhanced CO2 levels owing to the presence of nanoparticles leads to improved
combustion process that results in increased CO2 generation. However, hydrogen
utilization may somewhat compensate for this increament of CO emission (Sezer
2020). EB15-A-H and EB100-A-H was shown reasonable reduction in CO2 emision
than EB15-A and EB100-A. Lower CO2 levels achieved as a result of higher
hydrogen/carbon ratio, shorter combustion duration, and improved combustion effi-
ciency (Pattanaik et al. 2013). In other words, utilization of hydrogen could be

Fig. 7.7 Speed versus CO2
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increased the cylinder temperature that helps to CO conversion rate. Using biodiesel
in CI engine, it was found to be more CO2 emissions during combustion. Moreover,
during photosynthesis, its closed carbon life cycle shows that net CO2 emissions are
reduced (Sezer 2020).

7.4.5 NOx

Figure 7.8 portrays the NOx formation with a respect to different engine speed.
CI engines emits more NOx which is one of the combustion-related emissions. It
has severe negative consequences for both human health and the environment. The
temperature of combustion, high pressure in the cylinder, air/fuel ratio, the period
of combustion, moisture, and the oxygen concentration of the fuel have influnce on
NOx emissions formation (Sezer 2020). The blend EB15 and EB100 was exhibited
in an increase in NOx when compared with base fuel. Based on the previous study
(Baltacioglu et al. 2016), addition of oxygen in the biodiesel structure promotes more
nitrogen oxidation along with greater cylinder temperatures. In comparison to diesel
fuel, adoption of nanoparticle and hydrogen was increased the NOx generation for
EB15-A, EB15-A-H, EB100-A, and EB100-A-H fuels. This result was reasonable
for higher hydrogenflammable temperatures in the combustion chamber and catalytic

Fig. 7.8 Speed versus NOx



186 P. V. Elumalai et al.

Fig. 7.9 Speed versus HC

properties of nanoparticles, which generate higher peak cylinder temperatures that
result in an increased NOx (Hamdan et al. 2015).

Figure 7.9 exhibits that variations of engine speed and HC emission for adoption
of hydrogen and nanoparticle with biodiesel. The formation of HC engine in diesel
engine is mainly depends on the unburnt fuel and fuel quenching during the process
of combustion. Normally, conventional CI engine emitted lower HC when compared
with the SI engines. The HC emission of blend E100 emitted at higher 2.7% when
correlated with neat fuel. Because of the poor secondary stage of combustion of
the fuel which results in lower combustion temperature that results in more unburnt
hydrocarbon. When addition of the hydrogen and nanoparticle in the fuel there is
drastically reduced HC emission in the conventional fuel (Perumal et al. 2021). the
HC emission of the blends EB-15, EB15-A, EB15 A-H, EB 100-A, EB 100-A-H
was decreased by 5.5%, 9.7%, 45%, 16.12% and 27.7% respectively when compared
with the diesel fuel. The HC emission of blend EB15-A-H was decreased by 45%
when correlated with base fuel, because of the addition of hydrogen into fuel and
proper atomization takes place during the combustion.

Figure 7.10 shows that variations of smoke emission with respect to engine speed
for different test fuel. Formation of smoke opacity is mainly depending up on the fuel
droplet size and improper atomization of fuel (Shurpali et al. 2019) In the graph, it
was clearly showed that highest smoke opacity emission was achieved for diesel due
to high C/H ratio of diesel and lack of O2 in chamber which leads to partial burn the
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Fig. 7.10 Speed versus smoke opacity

diesel that results in higher CO formation. When addition of the nanoparticles and
hydrogen into the fuels, it was exhibited drastic decreament in the smoke emission.
The smoke emission of the blends EB-15, EB15-A, EB15 A-H, EB 100-A, EB 100-
AH was decreased by 5.4%, 16.36%, 30.90%, 46.12% and 23.7% respectively when
compared with the diesel fuel. The EB15 A-H was achieved lower smoke opacity
emission when compared with other fuel blends. It could be attributed to the enough
oxygen in the fuel and air mixture and elevated energy value which enhance the
combustion process. The smoke opacity was decreased for the blend EB15-A-H by
28.90% when compared with neat biodiesel. This was mainly due to the hydrogen
induced into the fuels that promote the volatility of mixture therefore produce lesser
soot particles (Shukla et al. 2018; Murugesan et al. 2021; Elumalai et al. 2021).

7.5 Conclusions

Based on the experimental study, EB15-A-H has been showed 6.64% increase in
power as well as 2.72% decrease in BSFC. Unfavourable engine operation occurred
on utilizing EB100 exhibited 17% decrease in power as well as 11.8% increase in
BSFC as related to diesel. Apart from that, EB100-A-H showed high reduction in
global emissions (HC and CO). In contrast to neat biodiesel, it has resultedinferior
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performance characteristics. Minimum CO2 release was observed by diesel fuel at
standard condition. Moreover, EB100-A emitted 34.92% more CO2 contrasting to
diesel. Diesel fuel indicated nominal NOx emission when compared to other test
fuels. Other side, EB100-A-H indicated slightly increase NOx whereas the same fuel
without modification of hydrogen and nanoparticle adoption was 37.68% higher than
diesel. Hydrogen addition showed high power output but it could be emitted more
NOx emission owing to high flame speed and propagation period which enhanced
the cylinder temperature. Utilization of neat eucalyptus biodiesel in CI engine was
not suitable for long term operation due to lower calorific value and higher viscosity.
This could be resolved by induction of hydrogen with atmospheric air. Furthermore,
doping of nanoparticle with biodiesel blends noticed improvement in performance
characteristics and reasonable reduction in emission. The result of CO was more for
diesel fuel but it was contrast to biodiesel. Dosage of nanoparticles with biodiesel
showed lower CO emission than conventional fuel. This might be lower C/H ratio of
fuel and inherent O2 in both biodiesel and nanoparticle which promote the oxidation
of CO. The HC emission of EB15-A-H was 45% lesser than diesel owing to addition
hydrogen and catalytic effect of nanoparticles that helps in complete combustion.
The result of smoke opacity for EB15-A-H was 28.9% lower than B100 because
of hydrogen enrichment and proper atomization take place during the combustion
process. On the whole, it was concluded that EB15-A-H was chosen as a potential
alternative energy sources for CI engine application.
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cial interests or personal relationships that could have appeared to influence the work reported in
this paper.
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Chapter 8
The Roles of Hydrogen and Natural Gas
as Biofuel Fuel-Additives Towards
Attaining Low Carbon Fuel-Systems
and High Performing ICEs

Samuel Eshorame Sanni and Babalola Aisosa Oni

Abstract The continuous depletion of the earth’s natural reserves has spurred recent
research towards searching for alternative fuels. In addition, it is common knowledge
that the conventional gasoline from fossils is associated with high gaseous emissions
owing to its hydrocarbon content and high flammability when in contact with air
in automobile engines. In recent times, fuels sourced from other sources/biomass
such as hydrogen and natural gas have also gained considerable attention as alter-
native fuels. This has also led to the era of electro/e-fuels which are an emerging
class of carbon neutral replacement fuels that have the ability to store electrical
energy from renewable sources in inherent chemical bonds of liquid/gaseous fuels.
However, the major problem associated with their being commercialized for use
in their unblended forms is that of high relative volatilities, very low viscosities,
high oxidative instabilities, low engine compatibilities etc. hence, the reason they
are adopted as additives in gasoline, also it is important to note that biofuels are
currently being exploited for use in diesel engines whereas, their use in spark igni-
tion engines is still currently being exploited due to the fact that they also lack some
basic properties listed for hydrogen and natural gas but have higher viscosities and
give low carbon emissions. This then implies that the world can begin to look towards
adopting biofuels in modified forms by blending them with gasoline/natural gas and
hydrogen as done for diesel engines so as to further reduce the carbon emissions,
as well as improve the ignition potentials, oxidative stability, viscosities etc. of the
fuels towards improving the tendencies for their application in compression ignition
engines (ICEs). Inmodern-day research, the role of hydrogen and compressed natural
gas in biofuel cannot be over emphasized owing to the high degree of atomization,
improved break thermal efficiency, heat release rate, low carbon emissions as well
as moderate peak pressures induced in the fuels. Hence, this chapter will focus on
the role of hydrogen and natural gas in biofuels, the blending techniques adopted in
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mixingNG andH2 with biofuels, their measures of compatibility/property-variations
as well as their spray characteristics, and how they related to the carbon contents of
these fuel-blends when used in ICEs.

Keywords Alternative fuels · Natural gas · Hydrogen · Internal combustion
engine · Biofuel

8.1 Introduction

Fossil fuels provide the majority of the global energy supplies. The combustion of
fossil fuels produces waste materials, primarily emissions to the atmosphere in the
form of combustion fuel gases/dust, as well as some ash and/or clinker (Weaver
1989). These waste materials have hazardous environmental effects, some of which
are localized, while others have amorewidespread or even global impact. Alternative
fuels such as CH4, H2, and mixtures of H2 and CH4 are being considered to reduce
these pollutions. Natural gas (NG) is amixture of various gases (Arat et al. 2013). The
concentration of these gases can vary from one source to the next. CH4 is one of the
components of NG, accounting for up to 99% of the total volume. The composition
of NG is never constant. Non-methane hydrocarbons (NMHCs) such as C2H6, C3H8,
and C4H10, as well as traces of higher hydrocarbons and inert gases such as nitrogen,
He, CO2, H2S, and H2O, may also be present. As a fuel, NG performs admirably. It
is the cleanest fossil fuel, with reserves of up to 5288.5 trillion cubic feet, which is
larger than that of crude oil (Park et al. 2012a). It is readily available, is convenient
to transport, store, produce and is less expensive relative to gasoline and diesel. It
is inexpensive and widely available in most parts of the world with a high-octane
number, and is thus suitable for engines with high compression ratios, with the
potential to enhance both engine power output and efficiency (Yusuf 1993). NG has
comparative properties with hydrogen, hence the reason both gases are considered
as additives in ICEs (Table 8.1).

Hydrogen has long been considered as a fuel additive owing to its distinctive and
extremely valuable properties it offers when used in engines. H2 is now used in a
variety of applications. H2 has a number of characteristics that make it an appealing
alternative (Ogden et al. 1995). Hydrogen has been used as a fuel in ICEs and fuel
cells as well as an additive to conventional fuels like CH4 or gasoline. Compared to
HC fuels, H2 has a higher diffusivity which improves its mixing potential, turbulence
and charge homogeneity (Oni et al. 2021). The lower ignition energy requirement
ensures prompt ignition and reduces cold starts. The quenching distance is the largest
passage through which a flame can be extinguished and since hydrogen has a smaller
quenching distance than gasoline, its flame can travel closer to the cylinder wall
and deeper into crevices, which results in more complete combustion (Malogorzata
2014).

The use of H2 as an additive to HC fuels is one method of introducing H2 into
the energy sector. The addition of H2 to natural gas heralds the dawn of the age
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Table 8.1 Properties of hydrogen and natural gas

Property Hydrogen Methane

Heat of combustion (low) MJ/m3 10.8 39.7

Gas density (kg/m3) 0.084 0.65

Heat of combustion (high) MJ/m3 12.8 35.8

Flammability range (limits) in air % 4.1–75 5.2–15

Stochiometric composition in air % 29.5 9.5

Minimum ignition energy (mJ) 0.02 0.3

Burning velocity cm/s 237 42

Energy of explosion of gaseous fuel (MJ/m3) 9.9 32.3

Deniability range in air (%) 18–59 6.3–13.5

Adiabatic flame temperature in air (K) 2318 2158

Minimum self-ignition temperature (K) 858 813

Adapted from Hoekstra et al. (1994)

of hydrogen as an energy carrier. Another application for hydrogen as an additive
could be in fuels for internal combustion engines (Adamson and Pearson 2000). The
addition of H2 to natural gas engines has been shown to improve combustion proper-
ties and reduce emissions, particularly for lean-burn operations. Automobiles fueled
with this mixture are expected to emit significantly less NOx, CO and HCs (Carlucci
et al. 2008). A transportation system based on natural gas containing H2 would be
an efficient way of addressing urban environmental issues while also introducing
H2 into energy supply infrastructures (Ghazal 2013).

Adt and Swain (1974) investigated the emissions and efficiency levels of a multi-
cylinder automobile engine running onH2 andmethanol at part load. They discovered
that the BTE of the hydrogen-fueled enginewas higher than that of amethanol-fueled
engine, and that the NOx emissions of the hydrogen-fueled engine were lower than
those of the methanol-fueled engine. Bauer and Forest (2001) studied the use of
H2 with methanol to support fuel in a SI engine and to enhance its combustion char-
acteristics. Theydiscovered that adding a small amount of hydrogen to amethanol–air
mixture increased the flame propagation rate, decreased the ignition delay period,
reduced combustion time loss, and improved the engine’s performance.

In thework of Ihracska et al. (2013), it wasmentioned that the absence of carbon in
hydrogen makes it a reliable candidate for future energy carriers and use as transport
fuel. H2-/dual fueled engine are fast becoming viable alternatives to pure hydro-
carbon fueled engines but, there is need for some modifications in the design of
current/existing engines. In their study, they investigated the properties of premixed
propagated H2-flame in a single-cylinder four-stroke optically accessible spark igni-
tion engine. They adopted the concept of ellipse-fitting on flame contours during the
test as a way of determining the flame speed and centre of motion. Engine speeds in
the range of 1000–2000 rpm were adopted with a lean mixture equivalent of 0.67.
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Based on their findings, fine temporal resolutions gave room for timed measure-
ments which showed the periodic effects of the parameters that influenced the spark
governed kernel formation. Figure 8.1 is an illustration of the variation of engine
speed with time for the operation.

Despite all the giant strides and achievements in researches conducted on the
use of H2 and NG as additives in natural gas, only a very few concerted efforts are
channeled towards the consideration of these additives as blends for biofuels for use in
gasoline engineswhereas, the bulk volume of literature has only been dedicated to the
use of NG/H2 or their combinations as additives for use in gasoline/spark ignition
engines. This then goes further to imply that this chapter is aimed at discussing
the previous and recent advances made in the use of H2 and NG as additives in
gasoline fueled engines and the prospects that underly their considerations for use as
biofuel additives in spark ignition engines/ICEs; this is one of the basic objectives
this chapter intends to project. This chapter unveils some of the prospects that underly
this area of consideration although it may require some engine modifications as well
as apt techniques for producing synthetic fuels (biofuel + H2/NG mixtures) that are

Fig. 8.1 Instantaneous flame speed variation with time and engine speed. Adopted from Ihracska
et al. (2013) with preprint permission obtained from Elsevier
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compatible with ICEs or better still, slight engine modifications might be feasible as
highlighted in some studies in later sections.

Based on literature, improved fuel economy inSI-engines can be achieved byoper-
ating these engineswith dilutemixtures by adding extra air or via exhaust gas recircu-
lation (EGR) owing to low combustion temperature, and lower heat transfer/pumping
losses at part loads. This led to the advent of DI-SI engines which have significantly
reduced the inherent pumping/heat transfer losses and fuel consumption associated
with such engines. Similarly, Homogenous charge compression ignition (HCCI)
gasoline engines fueled with dilute mixtures of NG and biofuels can also improve
the fuel economy of these engines when the apt stoichiometric amounts of the fuel
mix are ignited with air. The use of NG is one promising alternative fuel due to its
inherent properties such as high H/C ratio and RON which is about 130. The beauty
of NG when used as fuel is the ability to tweak its H/C in different ratios ranging
from 1.8 to 3.7 to 4.0. Other important properties of NG include its wide flammability
limits, low peak temperature of combustion and lean conditions relative to its stoi-
chiometric conditions (King 1992) which reduces the tendency for engine knocks of
NG-engines thus resulting in higher power at constant engine displacement caused
by a pressure-boost (Borges et al. 1996). Wang et al. (2017) studied the effect of
hydrogen injection parameters on the properties of H2-air mixture formation for a
port fuel injector (PFI) hydrogen-fueled internal combustion engine.

8.2 EU Policy Considerations for Environmental Protection

Owing to the ratification of the Paris agreement in 2016, there is the imposition of
a mandate to maintain the average global temperature surge at less than 2 °C with
consistent efforts to limit its increase to 1.5 °C above preindustrial level (Rogelj
et al. 2016), which will in turn reduce the emission of GHGs. Compared to the
Kyoto Protocol of 1997, this agreement only regulated the climate of 37 advanced
countries, whereas, the Paris Agreement is more expansive and binds on about 195
countries. Thus, as a way of responding to the change in global policy, considerations
for alternative fuels have led to the need to look into renewable energy as a possible
way to remedy the situation.

The use of biogas as alternative fuel for power generation will help to mitigate
global warming by reducing the consumption of fossil fuels and rather encourage the
use of bio-CH4 as fuel since it is also regarded as a greenhouse gas pollutant. Biogas
is the product of anaerobic digestion of biomasses which are largely distributed (Lim
et al. 2015). It comprises mainly of 50–70 vol% CH4, 25–50 vol% CO2, 1–5 vol%
H2, 0.3– 3 vol% N2 and other minor impurities such as H2S (Bari 1996). Biogas
mixes easily with air to give a uniform air-fuel mix. Well-modified biogas fueled
IC-engines may be the future prospect of the future generation as a way of ensuring
high engine compatibilities for improved engine performance since biofuel-based
fuels still experience compatibility issues when it comes to them being applied in
ICEs (Bora et al. 2014), hence adequate power can be generated. Some studies that
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have also encouraged the use of biogas powered IC engines have been documented
(Ahmed et al. 2013; Arroyo et al. 2013; Barik and Murugan 2014; Byun and Park
2015; Cardozo and Cifuentes 2009; Lee et al. 2014; Mustafi et al. 2006; Park et al.
2011, 2012b; Porpatham et al. 2012; Singh 2016; Subramanian et al. 2013). In China,
based onWorld Bank statistics, the yearly economic loss resulting from air pollution
is about 1.2% of her GDP (Zheng et al. 2015). This informs the need to give the
production and consumption of energy from clean sources high priority towards
ensuring a safe environment with improved quality of life for her citizens. Hence,
the need to begin to look towards the development of biofuel-based spark ignition
engines for transport.

8.3 Biofuels, Hydrogen and Natural Gas: Their Origins,
Sources, Compositions and Their Synthetic Pathways

8.3.1 Synthetic Pathways for Biofuels/Methane/Ethanol

Themost widely used gas/alcohol for SI engines is biomethane/bioethanol which can
be sourced from fossils of biomass. CH4 can be found in coal mines, petroleum reser-
voirs and canbeproducedvia gasificationof biomass.Whereas ethanol is obtainedvia
fermentation or transesterification of reducing sugars produced from lignocellulosic
biomass.

8.3.2 Synthetic Pathways for H2

According to Sanni et al. (2021) hydrogen can be synthesized via various path-
ways including formic acid, steam reforming reactions of alkanes, electrolysis of
water, thermochemical conversion of biomass, fermentation and photolysis of water
molecules by Scenedesmus/green algae;Cyanobacteria- Spirulina species split water
molecules into H2 and O2.

H2 can be obtained fromdifferent variety ofmaterials, such as biomass and fossils.
The price of manufacturing H2 is still high in lieu of the technically associated
problems yet to be resolved i.e., an engine that solely uses H2 as fuel is not yet on
the road. Usage of H2 from well to wheel, is a very important issue. The hydrogen—
carbon ratio of natural gas is about 3.7 to 4.0, which is very high when compared
to those of gasoline and diesel (Demirbas 2002). H2 is the main supplement to
compressed natural gas as a result of its properties. Most researches have shown that
natural gas and hydrogen mixtures have several advantages, such as high-calorific
values, rapid flame speeds, renewability, large flammability limits, and less CH4

emissions, etc. (Dulger 1991).
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8.4 The Use of Natural Gas–Hydrogen Mixture in Internal
Combustion Engines

The origin of combustion engines started decades ago. Natural gas and H2 are well-
known as clean energy; since they are abundant and easy to collect. CNG production
is accomplished by compressing the natural gas (majorly CH4) at high pressure and
are distributed in a vessel of cylindrical shape under a pressure of 210 –250 bars
(2900–3600 psi) (Das 1996). There are about 23.305 million natural gas vehicles
(NGVs) running in about 85 nations where China, Pakistan, Argentina, India, Brazil,
and Iran are the leading countries amongst the 85 nations (Das 2002). Research has
shown that H2 is a promising alternative fuel for ICEs.

It has beenprovenby researchers thatHCNG is an ecofriendly global fuel for ICEs,
and the potential for HCNG-ICE’s is promising if there are available infrastructures
for the production of H2 at low costs such that the supply system is as easy as that
available for fossil-based fuel/gasoline (Ghazal 2013). This lays emphasis on the
technical aspects of the HCNG-ICE’s, as to what are the turnouts of HCNG fuel
on an engine’s overall performance. The method of producing hydrogen is a key
factor that determines the properties of hydrogen. Hydrogen can be produced from
renewable energy sources, with great concern for its delivery and storage systems. A
comparative experimental research studyof literature onHCNGfuels for adopting the
optimal parameters of various types of operating conditions of ICE is also considered
(Heffel 2003b).

Conservatively, to improveCNGperformance under lean burn condition, there is a
need to explore what improves its slow flame burning velocity. There is a remarkable
way to admix compressed natural gas (CNG) with the fuel that has a fast burning
velocity (Huang et al. 2006). H2 is a best selection for compressed natural gas as
per its broad range of flammability limits in air and high flame velocity (Jian et al.
2010). The blends are expected to improve the lean burn properties and low tail
pipe emissions (Konoplev et al. 2018a). All the characteristics of H2, gasoline, and
compressed natural gas are based on the normal temperature and pressure or standard
temperature and pressure conditions. Based on reports, it has been noticed that H2

and CNG have almost the same combustion properties (Lather and Das 2019).
Hydrogen-fueled SI engines deliver noticeable improvements in their overall

engine performance. The self-ignition temperature of H2—air mixture is very high
when compared with those of other fuels (Luo et al. 2019). Therefore, combining H2

with other fuels improves the antiknock property of fuels with resultant lower flame
luminosity.

In terms of combustion quality, H2 gives no emission as compared to gasoline and
diesel fuels (Mehra et al. 2017). The laminar burning velocity of the hydrogen-air
mix is about 6 times higher than that of gasoline-air mixtures (Nwafor 2003).

H2-addition to NG reduces CO2, CO, and total hydrocarbon (HC) emissions
caused by NG combustion. In fact, H2 addition to natural gas produces exhaust
emissions which contain very little amount of HC, CO2, CO and NOx. The combi-
nation of hydrogen and natural gas is known as hythane. Natural gas and H2 engines
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have been investigated in terms of their mixtures and percentages. The majority of
these studies can be found in literature (Bauer and Forest 2001; Das 2002). Das
(1996) tested a SI engine with CNG and an 18% HCNG blend for a three-wheeler
application. It was equipped with an oxygen catalytic convertor and an EGR system.
The engine was put through its paces using the Indian driving cycle. CNG fuel
consumption increased by 18% when 18% HCNG fuel was used without adjusting
the ignition timing. It decreased slightly with the addition of EGR and improved with
HCNG when used with a catalytic converter. HCNG significantly lowers CH4 and
HC emissions slightly, while engine modifications, helps to reduce them (i.e., with
maximum EGR and catalytic converter). EGR was found to reduce NOx emissions.
It was also discovered that CNG emits a high level of formaldehydes which were
reduced after enhancement with H2 (Boretti 2020).

Konoplev et al. (2018b) tested anAVL enginewith 100/0, 80/20, 50/50, 0/100, and
CNG/H2 mixtures in a SI engine. They discovered that the maximum engine output
was lost by about 23%when usingH2 while themaximumpercentage reduction in the
thermal efficiency was about 12%. Power loss can be compensated for by increasing
the size of the H2 engine for stationary applications. For H2 mixtures, optimal spark
timing decreased by up to 20 BTDC, thus indicating increased flame speed. Due
to the higher combustion temperature, NOx emissions for pureH2 also increased. The
direct displacement of a carbon-based fuel with H2 reduced the unburnedHC and CO
emissions. For 0.8–0.9 equivalence ratios of H2 supplementation, the performance
of a H2-supplemented natural gas engine was found to be in between natural gas and
H2 engine performances (Aslan et al. 1991).

Yusuf (1993) tested a mixture of CH4 and H2 in a SI engine with a Toyota 2TC
type 4-cylinder engine with a maximum HP of 88 and 6000 rpm and a CR of 9.0:1.
The engine was modified to use a single cylinder rather than four cylinders. The
measured HC, CO and NOx concentrations, as well as the spark advance and thermal
increased efficiencies while varying the equivalence ratio. The engine was run at
1000 rpm with the best efficiency spark advance and a light load. When compared
to pure CH4 operation at the same equivalence ratio, the CH4–H2 mixture increased
the BTE and NOx emissions while decreasing the best efficiency spark advantage,
unburned HCs, and CO. Furthermore, the lean limit of natural gas combustion was
reduced from 0.61–0.54.

Ovsyannikov et al. (2016) adopted natural gas and 15% H2 by volume in a 4-
stroke cycle, water cooled, 3:135 l, and CR of 8.8:1 SI Chevrolet Lumina with 6-
cylinder engine. In this study, BSFC for both CNG and CNG-H2 mixtures decreased
compared to that obtained for pure gasoline fuel, while the spark timing (BTDC)
values increased. CNG had a higher HC than the fuel mixture. However, the NOx

emissions of the CNG/H2 mixture were higher than those of CNG.
Hoekstra et al. (1995) tested different ERs on different fuels: 100/0, 89/11, 80/20,

72/28, and 64/36 CH4/H2% mixtures in a SI engine running at 1700 rpm. They
took NOx/HC readings and discovered that as the ER increased, the NOx emissions
increased while the HC emissions decreased.

Jorach et al. (1997) evaluated the knock properties in CH4–H2 proportions of
100/0, 90/10, 70/30, 50/50, 30/70, and 0/100. They ran simulations and compared
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their findings with those of previous works on knock characteristics. They stated that
when the intake temperature ofH2 andmethane is high, the knocking regions obtained
from simulations corresponded to the experimental results. However, because of the
high energy release, the theoretical H2 deviates significantly from experimental data
at low intake temperatures. Karim (2003) studied the knock limits in mixtures with
varying percentages of H2 and CH4, ERs and intake temperatures. According to
Karim, when hydrogen and methane are blended in relatively small amounts, the
excellent knock resistance properties of methane are not compromised. Konoplev
et al. (2018a) investigated CH4-H2 proportions of 100/0, 90/10, 80/20, 70/30, 60/40,
50/50, 40/60, 30/70, and 20/80 at varying ERs. They investigated the average power
output difference, average indicated output efficiency, average ignition lag, average
combustion duration (CA), averagemaximum cylinder pressure, knocking regions in
different percentages of H2 and CH4, different ER, and different BTDC (10, 20, 30).
With increasing concentrations of H2 for 10° BTDC and 20° BTDC in the engine,
there was an increase in the power output, however, the power output decreased at
30° BTDC. At 20° BTDC, the maximum power output was obtained. At this point,
when H2 was added to CH4 as fuel in the spark ignition engine, there was drastic
increase in the engine’s performance characteristics (Kahraman et al. 2009).

Konoplev et al. (2018a) studied the efficiency and emissions of a turbocharged
lean natural gas and H2 admix in a SI engine. The turbocharged 6-cylinder, 4-stoke
SI engine was used to compare the efficiency and emissions of the 85-/-15 CNG-H2

admix fuel by volume to those of pure methane at different loads, speeds and ERs
for HC, CO, NOx and CO2, engine performance and exhaust gas temperatures. The
results clearly confirmed that H2 and CH4 mixtures can reduce the concentrations
of the exhaust gases and also increase the performance/efficiency of spark ignition
engines.The emissions of primary concern in a lean-fueled enginewere hydrocarbons
andNOx. Subsequently, the discovery that lower levels of NOx andHC emissions can
be attained with CH4 and H2 mixture-fueling had important implications (Sierens
and Rosseel 2000).

Steinberg and Cheng (1989) studied several compositions including 100–0, 70–
30 and 0–100% methane-hydrogen mixtures. They conducted computational and
experimental studies using a 3-D computational fluid dynamic (CFD) code. Their
objective was to compare the BTE, ER, NOx, and BTDC in the different proportions
of Hydrogen and methane mixtures. The results showed high efficiency and zero
equivalent emissions for the auxiliary powered unit of the hybrid vehicles fueled by
pure H2 or 30% H2 /70% natural gas blends.

Shrestha and Karim (1999) investigated the effects of the occurrence of some
gaseous fuels and pre-ignition reaction products with H2 in spark ignition engines
with 100–0, 90–10, 80–20, 70–30, 20–80 and 10–90%methane-hydrogen in varying
compression rates by changing the ERs. They reported that H2-CH4 addition in the
SI engine improved the engine’s performance at low ERs. The optimal concentration
of H2 in the mixture for avoiding knock was about 20–25% vol.

Sierens and Rosseel (2001) examined a 100–0, 90–10 and 80–20 compressed
natural gas-hydrogen mixtures. They studied a V-8 Crusader T 7600 SI engine oper-
ating at a speed of 3800 rpm and a compression ratio 8.5:1. They considered a
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fuel-supply system and applied a device that delivers H2–CH4 mixture in different
proportions to the engine. The composition of this mixture can be set independently
of the engine’s operation. According to their report, CH4–H2 mixture with low H2

content (about 20%), a low advancement in emissions could be achieved due to the
conflicting requirements for low NOx and HCs. To reduce HC emissions, compres-
sion ratio must be less than 1.3, while for low NOx, it must be less than 1.5 (Montoya
et al. 2016).

Das et al. (2000) studied the BTE and BSFC of H2 and CNG as fuels in an ICE.
They noticed that the BSFC was low with improved BTE in the H2 operated engine
compared to CNG’s. The brake thermal efficiency was as high as 31.82% for H2

operation compared to that of 27.97% for compressed natural gas (CNG) (Konoplev
et al. 2018a).

In Brazil, the cumulative of all motorized trips informs that over 60% is based
on public mode, with buses (comprising of CI-engines) conveying about 94% of
that number. However, the country has a high biofuel production potential owing
to her vast landfills as well as hydroelectric plants; the country has an extensive
biogas/hydrogen production history that can be used as fuel in Spark Ignition (SI)
engines in lieu of the fact that SI engines experience lower efficiencies compared to
CI engines. Partial loading of SI engines is achieved conventionally by means of a
throttle device which helps to regulate the airflow/air–fuel mix which transits into
the engine. This results in exergy losses that in turn decrease the performance/engine
efficiency. The study by Nadaleti et al. (2018) examined the pollutants/emissions
and conversion efficiency of fuel chemical energy for different fuel-blends of H2,
biogas (BIO60) and methane (BIO95) as fuel in a SI engine operated on part load.
The inclusion of H2 was aimed at increasing the efficiency via cutting down on
the pumping work via throttling thus increasing the lambda value. During the test,
several ignition angles and air–fuel ratios were tried. Their findings revealed that
the adjustment of the ignition advance angle helped to maximize the engine’s break
thermal efficiency (BTE). Also, H2-addition extended the combustion limits over the
usual range with significant reduction in the resulting CO and NOx emissions.

8.5 Hydrogen and Natural Gas as Additives
in Low-Carbon Biofuels Used in ICEs

Natural gas is a fossil fuel found in nature’s reserves which can either be associated
or not associated with crude oil. Natural gas contains approximately 90% CH4, 3%
C2H6, 3% nitrogen, 2% C3H8 and other gases. Since it has a high hydrogen/carbon
ratio, natural gas is one of the cleanest fuels (Orhan et al. 2004). Furthermore, city
buses run with natural gas engines in most countries. Consequently, most countries
encourage the use of natural gas as a substitute for gasoline and diesel fuel in vehicles.
Since natural gas blends perfectly with air, it can be easily ignitable, thus providing
a clean combustion and with high heat. Natural gas’ engine thermal efficiency is
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higher than that of gasoline engines due to their relative compression ratios (Oni
et al. 2021; Montoya et al. 2016; Moore and Raman 1996).

Unlike diesel engines and gasoline, natural gas-powered ICEs do not involve fuel
enrichment in cold-starts, and they are not affected by exhaust emissions at low
temperatures. Natural gas vehicles (NGV) produce lower emissions than those of the
EURO-6 standard based on vehicles using fossil fuel (Boretti 2020; Liu and Karim
1995).

Based on NGV worlds report, the number of fuel filling stations (Fig. 8.2) and
NGVs in the world is growing speedily (Fig. 8.3). China is the first country in the
NGV Park with about 6,090,000 automobiles and 8500 service stations, according
to the data generated in 2018. Pakistan, Iran, and India are countries that follow after
China. The overall total of NGVs is about 26,130,000 as of July 2018 (Konoplev
et al. 2018a; Luo et al. 2019; Global 2019). One of the disadvantages of the NGV
transportation sector arises from the storage of natural gas. Natural gas is lighter than
air with a density of about 0.71 kg/m3. As natural gas is a light gas, the energy density
per unit volume is low and in order to ensure a reasonable driving distance, the storage
volume should be large. Luckily, technology has developed and the natural gas can
be stored in steel or carbon-tubes at 200 bars with high pressure compressors. Storing
NGV in an enclosed space is unsafe for safety reasons. Today, cars with natural gas
engines have a range greater than 300 miles with a single filling (Oni et al. 2021;
MacLean and Lave 2003; Papagiannakis et al. 2010).

Hydrogen is an alternative fuel for ICEs. Hydrogen has some problems associated
with liquid fuels, such as cold wall quenching, inadequate vaporization, vapor lock,
and lean mixing. Hydrogen burns clean in nature. As hydrogen is burned, its product
is majorly water. When H2 combusts, its products are nontoxic (water) or harmful

Fig. 8.2 Number of natural gas fueling stations worldwide by years. Source NGV Global (2019)
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Fig. 8.3 Number of natural gas vehicles (NGV) worldwide by years. Source NGV Global (2019)

(HCs, CO and CO2) (Yousufuddin 2017; Wallace and Cattelan 1994). Furthermore,
H2 has a wide flammability range than diesel, natural gas and gasoline fuels (Renny
and Janardan 2008). Hydrogen has high self-ignition temperature and flame speed
(Shrestha and Karim 1999). Also, hydrogen can easily burn in ultra-lean mixtures.
The energy needed to ignite H2 in air is just 0.02MJ (Oni et al. 2021). Also, H2 can be
used at wide compression rates in ICEs because the self-ignition temperature of H2

is too high (Raman et al. 1994). As a result of these, most studies have been carried
out on the potential use of H2 as fuel in ICEs (Ji and Wang 2009; Konoplev 2008).
One disadvantage of hydrogen is its low energy density (Akansu et al. 2007; Karim
and Wierzba 1992). Furthermore, NOx formations from hydrogen are increased by
H2 combustion as a result of high flame temperature (Orhan et al. 2004).

Since H2 has some negative impacts on ICEs, it is often blended with other fuels.
The most common is with CNG. The mixture can be formed by the blending of
natural gas (Blarigan and Keller 1998). HCNG is considered as an alternative fuel
for ICE engines, it is blended with hydrogen to form a superior property of hythane
(Renny and Janardan 2008). Researches are ongoing on the use of HCNG as an
alternative fuel (Tiashen et al. 1985; Tangoz et al. 2015). As observed, the addition
of H2 causes an increase in thermal efficiency which results in an expansion of
the flammability limits. Hydrogen addition increases combustion stability and brake
power and decreases the specific fuel consumption of an ICE (Shioji et al. 2001).
Figure 8.4 shows the torque measured at different mass air flow rates, fixed mass
fuel flow (1.97 kg/h) and equivalence ratios in an ICE.
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Fig. 8.4 The torque measured at different mass air flow rates, fixed mass fuel flow (1.97 kg/h) and
equivalence ratios in an ICE. Adopted from Heffel (2003b) with reprint permission obtained from
Elsevier

8.5.1 The Mechanisms of the Performance of Hydrogen
and Natural Gas as Additives for Low Carbon Biofuels
Used in Diesel Engines/ICEs

H2 + CH4 −→ Hythane/CNG for ICE

The combination of hydrogen and natural gas gives hythane or compressed natural
gas which is a suitable mixture or fuel for ICEs. The process conditions under which
this can occur can be at a pressure of about 0.1–1.4 MPa, injection duration of 4.2–
10 ms, poppet valve diameter of 6 mm and temperature of 288 K (near ambient
condition) in consonance with the study by Choi et al. (2016).

8.5.2 Recent Works on Hydrogen and Natural Gas
Additives/their Hybrids in Fuels/Biofuels for Improved
Engine Performance

When HCNG is used in an internal combustion engine, the addition of small amount
of hydrogen to NG (5–30% by volume) can offer several advantages, owing to the
alteration in the physicochemical properties of the mix (Bysveen 2007). Park et al.
(2012b) adopted a premixed HCNG fuel-system which was blended with the desired
amount of hydrogen in CNG. According to Dalton’s law, the partial pressure of H2

in the mix is determined by the nature of the individual partial pressures of the two
components in theHCNG fuel-tank. Onemajor parameter for ascertaining the impact
on engine behavior by gas composition is theWobbe index (Dhyani and Subramanian
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2019). At constant Wobbe index, any change in gas composition does affect the air–
fuel ratio and combustion rate. The properties ofHCNG lie in its inherent constituents
i.e., between hydrogen and the CNG. There are a myriad of distinct features that are
associated with HCNGwhich in turn renders the fuel remarkably suitable for engine
applications (Ceper et al. 2009).

Morones et al. (2014) adopted a Kiloskars AV1 engine in their investigation in
which the CR was 10:1 at an engine speed of 2000 rpm, where fuels of different
proportions (100% CNG, 90% CNG+ 10%H2, 80% CNG+ 20%H2, 70% CNG+
30% H2) or blends were tested. The engine was operated at full and 65% load condi-
tions at varying λ. They asserted that mixing H2 with CH4 significantly improved
the engine’s BTE.

Hydrogen mixed with NG brings about improved combustion stability with
reduced hydrocarbon emissions, however, there are higher NOx emissions. The
effects of several CNG-hydrogen or blends on the combustion traits of a direct
injection SI engine have also been investigated by Wang et al. (2007) and Wang
et al. (2010). Based on the results obtained, the authors proposed optimum hydrogen
volumetric fractions and CNG-hydrogen blends that resulted in a balanced compro-
mise as regards the resulting emissions and engine performance. The burning of NG
with hydrogen improves the lean-burn traits with resultant reductions in the engine
emissions, particularly CO, HC, and CO2, however, the main concern is the probable
rise in NOx emissions (Ma et al. 2008; Navarro et al. 2013). The added hydrogen
influences/speeds up the combustion processwith the added possibility of developing
engines with lower environmental impacts and high performances.

Since the year 2000, NG, C3H8, and CH3OH have been used as alternative fuels
in vehicles. Also, hydrogen, NG and mixtures of both are currently being considered
as alternative fuels in recent years as possible options for reducing emissions from
vehicles. The addition of H2 to NG increases the H/C ratio of their mixed fuel. A
higher H/C ratio gives rise to less CO2 emissions per unit of energy produced which
also translates to reduced greenhouse gas emissions. NG has low flame speed which
is about one-eight that of hydrogen. Therefore, when the excess air–fuel ratio is much
higher than the stoichiometric air–fuel requirement, the combustion of NG becomes
less stable relative to HCNG (Patil et al. 2009). The problem usually associated
with using NG only as fuel is that the engine will experience incomplete combus-
tion/misfire which is also complemented by sufficient NOx reduction. Thus, adding
hydrogen to NG extends the amount of charge dilution that is achievable while still
maintaining efficient combustion (Sorrell et al. 2010; Xu et al. 2015).

Blends of HCNG in the range of 15–30% extend the lean operating limits while
ensuring complete combustion which in turn reduces the resulting HC and CO emis-
sions. The laminar burning speed of hydrogen is about eight times that of NG, hence
the presence of hydrogen in the fuel has the potential to increase the burning velocity
of the mixture, thus giving rise to shorter combustion durations, high measures of
constant volume combustion rates as well as improved thermal efficiencies (Sorrell
et al. 2010). Ouellette and Hill (2000) investigated the turbulent transient injection
of CH4 and air into a constant volume chamber. The effects of the geometry of the
subsonic/sonic jets emanating from the single-injection nozzle were also studied.
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The work of Choi et al. (2016) involves modelling the gaseous fuel injection
process in a CNG-DI engine. The simulations were done using KIVA-3 V Release
2 code by modifying the liquid fuel injection system to mimic a gaseous fuel injec-
tion system. Gaseous spheres were injected as liquid molecules evaporated together
without considerations for their latent heat of evaporation. Experiments involving
the gas-jet visualization were carried out using planar laser induced fluorescence
(PLIF) method. However, compressed N2 was used to simulate the behaviour of
CNG. Other engine experiments were performed using a single cylinder CNG DI
engine. The results showed comparative in-cylinder pressures for the fuel injection
and combustion processes which were simulated by considering a 3D engine-mesh
with 4 valves from intake to exhaust (i.e., from intake valve open—IVO to exhaust
valve open- EVO).

The work of Park et al. (2010) bothers on the evaluation and visualization of
the stratified ultra-lean combustion features exhibited by the spray-guided gaseous
fuel mix in a DI-gasoline engine. A similar investigation was also conducted by
Choi et al. (2015) where the combustion characteristics and performance of a CNG
fueled DI-engine was considered. Chitzas et al. (2013) carried out an experimental
and numerical study on the characteristics/properties of the fuel-jets released from a
gaseous-direct injector into a spark ignition engine.

Kwon et al. (2017) investigated the performance of biogas-fueled ICE of less than
5 kW power rating by monitoring the effect of compression ratio on the engine’s
characteristics. A decrease in the volume of the combustion chamber from 19.3 to
16.6 cc, and compression ratio from 8.01:1 to 9.22:1 was done to improve the brake
power output from 2.2 to 2.68 kW, the engine BTE from 22.0 to 29.8% and the brake
specific fuel consumption (BSFC) from 290.6 to 218.6 ghps. Also, they examined the
effect of the biogas composition on the engine’s performance by adopting varying
CO2-dilution ratios in the range of 0–50%. However, it was observed that the best
engine performance was obtained at the lowest CO2-diluted fuel.

8.5.3 Some Advantages of HCNG and Challenges Associated
with their Use in ICEs

8.5.3.1 Advantages

• It is compatible with the existing CNG infrastructure and requires only small
hydrogen in storage and a column for blending hydrogen with NG (Bielaczyc
et al. 2014).

• It has similar safety properties with CNG.HCNG is safer to handle than hydrogen,
because of lower risk due to very low energy content from hydrogen (only up to
30 vol.%) (Verma et al. 2016).

• It extends the lean misfire limit of CNG (Thipse et al. 2009).
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• Minor modifications are required for engines fueled with HCNG owing to the
moderate concentration of hydrogen in the fuel mix; also, the excellent anti-knock
properties of CNG are not undermined (Arat et al. 2013).

• Hydrogen embrittlement does not occur with respect to the engine’s components;
hence, no major change is anticipated in the fuel system/engine components
(Helmut et al. 2009).

• Hydrogen addition to NG can decrease the engine’s unburnt HCs and NOx emis-
sions owing to the existence of lean burn rates which may in turn speed up the
combustion process (Helmut et al. 2009).

• It improves the engine efficiency and lowers fuel consumption (Arat et al. 2013).

8.5.3.2 Challenges of HCNG

• HCNG storage and supply infrastructures are not readily available (Sorrell et al.
2010).

• Efforts have been channeled on responding aptly to the fuel’s system performance
and material compatibility. Emission of NOx gases is usually high for higher than
moderate amounts of hydrogen in HCNG blends (Belchior et al. 2001).

• Continuous availability of HCNG needs be assured before embarking on its major
use in IC engines (Kavathekar et al. 2007).

• Continuous engine performance/routine checks, emissions and durability tests
in engine of different types and sizes need be conducted in order to increase
consumer and manufacturer confidence (Chugh et al. 2016).

• The need to develop less expensive quality tests for the blends.
• Theoccurrenceof three dimensional compressible turbulent reactingflows in ICEs

is also a complex problem to resolve especially for situations of direct injection
of the fuels.

• There is the tendency for backfiring in the engine owing to the presence of
hydrogen.

• Formationof the apt fuelmixturewith good combustionproperties ismore difficult
and critical for natural gas entrained fuels due to its lower density compared to
liquid fuels. Hence, very high injection velocities give low fuel penetration, which
then result in poor mixing of the fuel. This can be resolved by improving on the
in-cylinder charge motion of the fuel in the gasoline engines (Chiodi et al. 2006).
To enhance NG penetration in the cylinder, fuel rail pressures as high as 200 bar
can be adopted; this brings about sonic flow at the nozzle exit with the occurrence
of a complex shock pattern of expansion waves downstream from the nozzle exit
(Li et al. 2004)).
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8.5.4 Effects of HCNG on the Emissions from a SI Engine

8.5.4.1 Hydrocarbon Emissions (HC)

Unburned HC can be produced as a result of incomplete combustion. CH4 is the
source of total hydrocarbon content (THC) emission for the HCNG engine due to a
large valve overlap angle. Furthermore, hydrocarbon emissions can result from both
misfire and abnormal combustion. The main sources of HC emission for combustion
procedures are the wall quenching influence and incomplete combustion (Belyi and
Teregulov 2016). The addition of H2 reduces unburned HC emissions, indicating
enhanced combustion efficiency. The decrease in heat transfer caused by the fast burn
speed can be eliminated by increasing the in-cylinder temperature, which, together
with the shorter quenching distance caused by adding H2, may be the causes of this
phenomenon (Akansu et al. 2007). Karim (1996) did a comparison between CNG
and HCNG 30 with two compression ratios to test the emissions of THC and CH4.
The study from Arat et al. (2013), indicated that the emission of HC with HCNG
30 and a CR of 11.5 is reduced when compared to 10.5 CR and HCNG 30 in a
lean combustion condition. The high efficiency combustion reduces THC emissions
with a high temperature of combustion. According to Carlucci et al. (2008), the
compression ratio (CR) in the CNG case had no effect on the HC emission. Basye
et al. (1997), demonstrated that increasing the CR at the same air ratio reduces
CH4 emissions while HCNG-30, and CNG exhibit the same trend. Nonetheless, the
reduction in CH4 emissions was greater than the reduction in HC emissions, with
11.5 CR. Sagar et al. (2018) discovered a similar result in lean premixed CH4–H2-air
flames at higher pressures and temperatures.

8.5.4.2 Carbon Monoxide Emissions (CO)

CO is produced as a result of the incomplete combustion of the fuel in the engine.
Incomplete combustion occurs when the combustion cannot be completed due to
a lack of oxygen. According to the Moore and Raman (1996), decreasing the ER
reduces CO emission, which then begins to rapidly increase after a minimum value
as a result of amisfire in the large leanmixture. The presence of H2 had no substantial
effect on the formation of CO prior to the misfiring limitation for pure CNG (0.6);
however, after this, introducing H2 resulted in a greater decrease in CO, andmisfiring
was delayed based on estimated outcomes. By increasing the percentage of hydrogen,
the engine’s operating range could be extended to that of a leaner mixture while
having no effect on CO concentration. Ji et al. (2009) investigated the differences
in CO emissions from engines at various engine speeds and fuel mixtures. Even
though there is enough air in the cylinder for complete combustion, the engine cannot
burn the entire amount of fuel. The hydrogen-powered engine was expected to emit
no CO2. A trace of CO may still be found in the results. This was caused by the
combustion of the lubricating oil film inside the engine cylinder (Shrestha and Karim
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1999). The amount of CO emitted decreases as engine speed increases. When the
excess air ratio is nearly the stoichiometric requirement, the addition of H2 increases
CO emission; however, it decreases when H2 is added under lean conditions. The
increased in-cylinder temperature after the addition of H2 promotes the oxidation
of CO into CO2. CO is emitted as a result of incomplete combustion of the fuel
within the combustion chamber. The incomplete combustion is highly dependent on
the combustion temperature of the blend. According to Allenby et al. (2001), the
CO emissions produced by 30% and 50% hydrogen fractions were insignificant in
comparison to that of pure natural gas fuel combustion.

8.5.4.3 Nitrogen Oxide Emissions (NOx)

The combustion of coal produces nitrogen oxides (NOx), which are essentially (NO2)
or (NO) and are commonly referred to as NOx. NOx is produced by ignition and is
composed primarily of NO (90–95%) and a trace amount of NO2 (5–10%). The
arrangement of nitric oxide in the burning zone is determined by two factors: the
prompt system (Fenimore system) and the thermal system (Tanoue et al. 2000). High-
temperature ignition, i.e., when the burning temperature exceeds 1400K, initiates the
formation of thermal NO. The development rate of the NO increases rapidly as the
burning temperature rises, and as the burning temperature falls, the development rate
of this component decreases (Banapurmath and Tewari 2009). The rapid formation
of NO occurs in the rich, low-temperature burning zones where sufficient amount of
dynamic radicals can be accessed (Verhelst 2014). Because of the dominant influence
of temperature, fuel-richmixtures (with low values ofλ) favor the formation ofNOx).
Moreover, by controlling the spark advance temperature, the combustion tempera-
ture that is reached within the cylinders can be altered. Banapurmath and Tewari
(2009) investigated the effect of ignition timing on the lean combustion limit when
natural/hydrogen gas is used as a fuel. Chintala and Subramanian (2017) conducted
a study to investigate the spark advance and mole fraction of CH4 (η) in the HCNG
mixture as a function of specific NOx emissions at full load, λ of 1.6 and speed
of 3400 rpm. Spark advance increases particulate NOx emissions, whereas methane
content significantly reduces them due to a decrease in combustion temperature.
This is one advantage of adding CH4 to H2 fuel. When the spark advance is optimal,
only the air/fuel ratio governs the specific emission which is not affected by fuel
composition at a specific value of λ in the limits set by their study. At the required
stoichiometric conditions (λ = 1), only the fuel mixture that has the maximum CH4

content (η = 0.20) can be combusted. However, pure H2, displayed a tendency to
knock which disallowed the use of a λ value less than 1.6.
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8.5.4.4 Effects of Combustion

In an effort to convert a 4-cylinder gasoline multi-point port fuel injection (PFI)
engine to a CNG direct injection engine, Yadollahi and Boroommand (2013) devel-
oped a numerical model to investigate the effects of the fuel combustion chamber
geometry in such engines. Two phases were considered, in the first phase, the inves-
tigation of fuel mixing properties and flow field was done via multi-dimensional
numerical modelling of the transient gas injection. In all cases, the experimental and
numerical results were found to be in agreement. In the other phase, a moving mesh
was adopted to include the direct injection ofCH4 in aDI engine-cylinder for different
combustion chamber geometries. 5 piston heads of different geometries with two
different injectors (a single hole and multi hole type which were centrally mounted)
were considered. The effects of injection parameters/type, cylinder head/shape and
the combustion chamber geometry were studied on the mixing of air and fuel inside
the cylinder. Based on the results, a stratified in-cylinder charge and a narrow bowl
configuration gave better engine performance due to higher mixture distribution near
the ignition timing. Also, the multi hole injector produced richer fuel composition
with slightly improved flame properties relative to that obtained for the single hole
injector. Figure 8.5 is an illustration of the variation of mass fraction with crank angle
as obtained for the fuel mixture.

Fig. 8.5 Mass fraction of fuel-mixture variation with crank angle. Adopted from Yadollahi et al.
(2013)
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8.6 The Future of ICEs Fueled with Hydrogen and Natural
Gas as Additives

HCNG is a well-known technology that originated from the widespread use of CNG
in engines and its existing manufacturing facilities. The benefits of HCNG that make
it a viable alternative fuel for the future have been discussed (Wimmer et al. 2005).
Before it is consumed by hydrogen fuel cells for use in hydrogen fuel infrastruc-
tures, HCNG technology explores the hydrogen market. As the H2 concentration
in HCNG increases, so does the fuel storage density, allowing for greater onboard
energy storage density (Tinaut et al. 2011). In comparison to hydrogen fuel cells,
this advantage broadens the HCNG on-board energy storage applications for IC
engine vehicles and small fueling infrastructures such as local transportation facil-
ities. Conversely, at larger scales, such as airport shuttles and local delivery trucks,
HCNG storage has limitations for fuel cell powertrains and short-range IC power-
trains (Tinaut et al. 2011). The second advantage is the overall cost effectiveness of
HCNG. The optimal H2 value to deploy for maximum usage in terms of both range
and emissions is 30% H2.

Using this value, the CH4 combustion will be nearly complete, implying that the
after-combustion exhaust emissions will be close to zero (Jian et al. 2010). This not
only reduces the costs of after-treatment exhaust equipment, but it also reduces space
and design complexity, as well as weight considerations. Because of the lower H2

content, the H2 energy content is equal to 11percent, making it easier for renewable
sources to meet the emerging HCNG market demands. As the applications of fuel
cell vehicles expand and the price of H2 falls, the benefits of HCNG improve (Zareei
et al. 2014; Åhman 2010).

A number of issues can be raised in relation to the difficulties that HCNG is
experiencing. In terms of greenhouse gas emissions, another H2 alternative could
be biogas. It is possible that adding locally derived biogas to CNG will improve its
performance to the point where it will be considered a better treatment than adding
H2 (Yousufuddin 2017). As for the engine’s compatibility, the engine should be
designed in such a way as to operate on both HCNG and CNG as per the expected
necessity in the case of HCNG fueling system breakdown. HCNG-fueling stations
are much more expensive than CNG or H2 fueling stations, developing an HCNG
flex-fuel system is more affordable based on current prices and availability, as it will
allow the combustion of any mixture of any of the named gases, even on a random
basis (Shudo et al. 2000). Such flexi-fuel equipment will therefore make it possible
to utilize hydrogen from all sources, thus expanding the hydrogen market. From the
other side, any expansion of HCNG relies on the expansion of current international
standards for receptacle and nozzle design for more HCNG blends. The standards
would consist of different mixing ratios of HCNG blends such as 20% and 30% or
any other percent. Promoting such standards will motivate manufacturers to produce
dispensing products to match the requirements of HCNG engines (Yusuf 1993; Oni
et al. 2021; Lather and Das 2019). Yadollahi and Boroommand (2013) proposed the
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connection of a 4-cylinder gasoline multi-point port fuel injection (PFI) engine to a
CNG direct injection engine for improved fuel combustion.

Despite the role of hydrogen in ICEs, engines fueled with NG exhibit lean burn
and stoichiometric conditions which also influences their combustion and emission
characteristics. The study by Cho and He (2007) bothers on the maximization and
importance of maintaining a good fuel economy, the operating envelope, low emis-
sions, cycle-to-cycle variations and the need to attain mean effective pressures and
strategic approaches that can help achieve stable combustion in lean burning NG fuel
in NG-engines. The relevance of stoichiometric air-NG ratio in NG-fueled engines
was mentioned as a way of improving the output power and torque relative to their
gasoline or diesel counterparts. Hence, for GN-biofuel mixtures, high boost in pres-
sure should be maintained. Furthermore, highly reactive catalysts/a 3-way catalyst
for CH4-oxidation and lean deNOx systems or three-way with precise air–fuel ratios
are good control strategies for meeting stringent emission standards.

Concluding Remarks

The potential of hydrogen and natural gas as additives in fuels for high engine perfor-
mance is quite achievable by ensuring that the required proportions of hydrogen and
natural gas are mixed in order to ensure lower carbon emissions at moderate engine
speeds. Based on related studies, it is clear that using the separate fuels in ICEs is not
only expensive but renders the service-life of the engine at stake. No doubt hydrogen
is the fuel of the future however, owing to issues associated with its low density, its
backfiring tendency and storage, it is rather used with natural gas in compressed form
(CNG) for improved fuel economy, performance, and ignition. Biofuels are prospec-
tive renewable energy sources that exhibit enormous potentials that can be tapped for
the transportation industry which when maximized by adopting equilibrium concen-
trations alongside the compatible additive compositions, will render the environment
and humans safe owing to their lower potential emissions relative to fossils. The use
of PFI and DIs in ICEs are indicative of ways by which spark ignition engines can
be modified to suit the different stoichiometric air to fuel measurements required for
efficientmixing of the fuels so as to achieve the desired ignition potential for complete
combustion. Although, the issue of 3D compressible turbulent reacting flows in ICEs
is also a complex problem to resolve especially for situations of direct injection of
the fuels, efficient throttling and cylinder pressure adjustments can moderate these
effects. Since the formation of apt fuel mixtures with good combustible properties
is somewhat herculean and critical for natural gas entrained fuels owing to their low
density compared to liquid fuels, very high injection velocities give rise to low fuel
penetration and poor mixing of the fuel. However, this can be resolved by improving
on the in-cylinder chargemotion of the fuel in the ICE. To enhance NG penetration in
the cylinder, fuel rail pressures as high as 200 bar can be adopted which then brings
about sonic flow at the nozzle exit with the occurrence of a complex shock pattern
of expansion waves downstream from the nozzle exit. Furthermore, the world can
begin to think biofuel-HCNG fueled SI-engines with the proposed modification as
one of the very fast measures of abating the current situation bedeviling the trans-
port industry, especially with regards to the use of gasoline or fossil-based fuels as
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transport fuels. The viability of the proposed hybrid mix is its propensity to induce
low carbonization in ICEs when used as fuel.
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Dimethyl-Ether (DME) as an E-Fuel



Chapter 9
Prospects of Dual-Fuel Injection System
in Compression Ignition (CI) Engines
Using Di-Methyl Ether (DME)

Ayush Tripathi , Suhan Park , Sungwook Park,
and Avinash Kumar Agarwal

Abstract Governments worldwide have imposed strict emission regulations to
control GHG emissions from the road transport sector. The industry is under stress to
find alternative fuels and technologies to cope with these stringent emission regula-
tions. E-Fuels are the kind of alternative fuels whose production aim towards storing
electrical energy from renewable energy sources in the form of chemical bonds of
fuels. Soot and NOx emissions are the main problems in diesel-fuelled compression
ignition (CI) engines. Using alternative fuels alone can solve the issues related to
conventional Fuel, but it has its challenges. Optimization of fuel injection strategies
along with the use of alternative fuels has been explored as a solution. The dual-fuel
mode has shown superior control over the combustion and simultaneous reduction of
soot-NOx in several studies. DME is one of the most promising ultra-clean, alternate
CI engine fuels. DME is considered as an e-fuel if production occurs from renewable
energy sources. Its superior atomization characteristics result in the homogeneous
fuel–air mixture formation. Its higher cetane number (CN) and oxygenated nature
help to achieve efficient in-cylinder combustion. This results in lower PM, soot,
hydrocarbons (HC), and carbon monoxide (CO) emissions than baseline diesel.
However, nitrogen oxides (NOx) and unregulated emissions are higher in DME
direct injection (DI) engines. The operating range of DME homogeneous charge
compression ignition (HCCI) engines is limited due to knock intensity; however, it
can be widened using the dual-fuel mode. DME has ultra-low viscosity, high vapour
pressure, and negligible self-lubrication characteristics, which create difficulties in
the conventional fuel injection systems to handle the DME. These challenges can be
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overcome by using high octane number (ON) fuel as an ignition suppressor to reduce
the chances of knocking and coefficient of variance (COV) of engine performance
parameters with DME used in CI engines. This chapter explores different injec-
tion strategies and fuels in dual-fuel mode by considering DME as an E-Fuel. The
combustion and emission characteristics of the DME dual-fuel engine are discussed.

Keywords Alternative fuels · DME · Dual-fuel · CI engines · HCCI · PCCI

9.1 Introduction

Rapid depletion of fossil fuel reserves due to increased energy demand has emerged
as a significant global challenge in the twenty-first century. These reserves are limited
and are expected to exhaust in the next 45 years at the current consumption rate (World
Oil Reserve 2021). A higher consumption rate also causes alarm because fossil fuels
emit GHG emissions. GHG emissions are the main contributors to global warming.
According to National Oceanic and Atmospheric Administration (NOAA), this has
led to an ~0.8 °C rise in the earth’s average temperature over the past 100 years.
According to the Environmental Protection Agency (EPA), there has been a ~20-cm
rise in the sea level since 1870 (Effects of Global Warming 2021). Many weather
forecast models predicted a 2 °C rise in the average earth temperature and ~3 feet
rise in the sea level by the end of this century at the current rate of GHG emissions,
which would lead to rapid melting of polar ice (Effects of Global Warming 2021;
Climate Change Over the Next 100 Years 2021). This can completely wash off major
coastal cities and island nations such as the Maldives and submerge vast swaths of
land globally. The temperature rise would lead to extreme weather events such as
hurricanes, droughts, and flooding (Effects of Global Warming 2021). The timely
globalization of carbon–neutral fuels and sustainable approaches could help bring
down the temperature rise by 0.5 °C (What is carbon neutrality, and how it can be
achieved 2021). Therefore, the production of carbon–neutral alternative fuels should
also be carbon–neutral for sustainable development.

Today, the world is in the middle of a crucial energy transition since the industrial
revolution. Many governments are making policies to become carbon neutral before
2050. Many European countries like Norway and the UK plan to ban all fossil fuel-
powered cars by 2035 (European countries banning fossil fuel cars and switching
to electric cars 2021). There is a drive to cut net GHG emissions to at least 55%
by 2030 to reach the goal of carbon-neutrality before 2050 (Proposal for a “Regu-
lation of the European parliament and of the council” 2021). One solution to attain
these goals is to use cleaner alternative fuels, resulting in lesser GHG emissions than
conventional fuels. The transport sector constitutes a large amount of GHG emis-
sions (Fig. 9.1). Worldwide, many governments are imposing stringent emission
regulations to control GHG emissions from the road transport sector. Europe has
imposed EURO emission regulations on IC engine-powered vehicles to cut down
GHG emissions. New vehicles have to follow EURO-VI emission regulations in
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Fig. 9.1 Share of the transport sector in global GHG emissions (Adapted from Global Greenhouse
Gas Emissions Data 2021)

Europe (Proposal for a “Regulation of the European parliament and of the council”
2021). India also imposed Bharat stage-VI emission regulations to control emissions
from the IC engine-powered vehicles. The transport industry needs to explore novel
alternative fuels, advanced combustion, and injection strategies to survive with the
rejuvenation of the electric mobility industry. The dual-fuel injection strategy is one
of the fuel injection strategies to introduce alternative fuels into the IC engines to
improve their performance and reduce harmful emissions.

Dual-Fuel Injection Strategies: Fuel properties of directly injected and premixed
fuels tend to affect the emissions and the performance characteristics of dual-fuel
engines (Cha et al. 2012). The fuel reactivity plays a vital role in advanced low-
temperature combustion (LTC) control. Using two different fuels with substantially
different cetane numbers (CN) helps control ignition timing and combustion stability
in dual-fuel mode. A greater reduction inNOx and soot can be achieved by increasing
the premixed ratio of the low cetane fuels (Cha et al. 2012). Combustion phasing can
be retarded by injecting low CN fuels such as liquefied petroleum gas (LPG) with
cleaner diesel alternatives such as DME (Jamsran and Lim 2016). At higher loads,
higher brake thermal efficiency (BTE), lower engine knock, lesser combustion noise,
and lower NOx emissions can be achieved by dual-fuel RCCI mode over the other
LTC modes (e.g., HCCI, PCCI) (Singh et al. 2020a, b). Despite the advantages of
RCCI combustion technology, no study has been carried out to use this technology in
DME fueled dual-fuel engines. These dual-fuel strategies combine DI and PFI fuel
injection strategies and use HCCI, PCCI combustion technology. In the DI method,
a heterogeneous mixture forms inside the combustion chamber (CC). In-cylinder
temperature reduction occurs because directly injected fuel vaporizes and absorbs
the surrounding heat equivalent to its latent heat of vaporization.Auto-ignition timing
can be retarded by direct fuel injection because of the heterogeneous mixture and
reduced temperatures (Jang et al. 2009).
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9.2 Di-Methyl Ether (DME)

Alternative fuelled vehicles have shown promising performance and emission char-
acteristics than the vehicle powered by conventional fuels. Production of alternative
fuels from renewable sources, their compatibilitywith engine components, economic
viability, lesser overall carbon footprint, and higher H/C ratio than conventional fuels
are essential parameters for sustainable alternative fuels (Valera and Agarwal 2019).
Other properties such as fuel-bound oxygen, absence of a C–C bond make them
more attractive. DME is one such fuel, the simplest of all ethers, having fuel-bound
oxygen and absence of C–C bond (Fig. 9.2).

DME Properties: Among all alternative fuels, DME is gaining interest among
researchers as an ultra-clean, renewable CI engine fuel. DME has superior atom-
ization characteristics at relatively lower fuel injection pressure (FIP). It has higher
CN, oxygen content, high latent heat (LH), and lower self-ignition temperature than
baseline diesel. There is no direct C–C bond in the molecular structure of DME
(Fig. 9.2); hence the possibility of C≡C bond formation is negligible. C≡C bond is
the leading cause for forming polycyclic aromatic hydrocarbons (PAHs) and, ulti-
mately, the soot. DME is a non-toxic fuel, which easily degrades in the troposphere
upon accidental release. DME contains the C-O bonds, and due to the smaller bond
energy of the C-O bond than the C-H bond, the C–O bond breaks much easier than
the C–H bond. Therefore, the pyrolysis mechanism can start the chain reactions at
relatively low temperatures, resulting in a lower auto-ignition temperature for DME
(Park and Lee 2014; Arcoumanis et al. 2007; Agarwal et al. 2017). Existing infras-
tructure for storage and transportation of propane can be used for the DME, with
slight modifications (Morsy et al. 2006).

There are several drawbacks of DME for the utilization of fuel in engines. Ultra-
low viscosity, negligible self-lubrication characteristics, high vapour pressure, and
low critical point pose challenges for conventional fuel injection systems handling
DME (Agarwal et al. 2017). DME has a lower heating value and bulk modulus
(one-third of mineral diesel) (Agarwal et al. 2017). The diesel fuel injection system
requires special sealing materials while using DME due to its ultra-low viscosity and
corrosive nature. Inferior self-lubrication characteristics lead to corrosion of many
Fuel Injection Equipments (FIE) components. Therefore, the same sealing materials
cannot be used for DME as conventional diesel fuel injection systems. DME has
a compatibility issue with polymeric compounds (Kumar and Agarwal 2021). For
fuel blends having 25% DME, the viscosity remains below the American Society
for Testing and Materials (ASTM) diesel fuel specifications (Fig. 9.3). This can,
however, be overcome by adding viscosity improvers and lubricity additives to the

Fig. 9.2 Molecular structure
of DME
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Fig. 9.3 Effect of blending
ratio of DME on viscosity of
DME-diesel blend (Adapted
from Chapman et al. (2003))

DME/ blends. Additives alone cannot increase the DME viscosity to the level of
conventional fuels. Studies have shown that none of the additives developed so far
has resolved lubricity issues faced by higher blends (50% or higher DME) (Chapman
et al. 2003). DME does not form a hydrodynamic fluid layer due to its low viscosity
and ensures metal-to-metal contact, which ultimately causes wear. This problem can
be resolved by designing a dedicated DME fuel injection system rather than adding
different additives to DME to make it compatible with conventional diesel FIE (Pal
et al. 2021). DME has a lower modulus of elasticity, therefore, has five times higher
compressibility than baseline diesel. This leads to higher compression work by the
fuel pump for DME (Park and Lee 2014; Arcoumanis et al. 2007). DME has lower
combustion enthalpy than diesel as well.

There are several renewable and non-renewable methods for the production of
DME (Kumar and Agarwal 2021). DME can be produced from fossil sources such
as coal and natural gas using suitable catalysts (Jang et al. 2009). Moreover, DME
can be produced from renewable energy sources such as biomass (via methanol
route), solar, and wind. That’s why DME is a renewable energy storage medium
(http://www.oilgasportal.com/dimethyl-ether-dme-production-2). Table 9.1 shows a
comparison of physical- and chemical properties of commonly used fuels and DME
(Valera and Agarwal 2019; Agarwal et al. 2017; Kalwar et al. 2020; Temwutthikun
et al. 2018; Zhao et al. 2014; Theinnoi et al. 2017; Yao et al. 2006; Lee and Lim
2016; Oh et al. 2010; Engineering Toolbox 2021; Mahla et al. 2010).

http://www.oilgasportal.com/dimethyl-ether-dme-production-2
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9.3 DME Dual-Fuel Engines

DME can be used with conventional hydrocarbon fuels as well as alternative fuels
in dual-fuel mode. Several studies have reported emission benefits by pairing DME
with conventional fuels. However, low-carbon alternative fuels are superior options
for further reduction in emissions. Methanol has several desirable properties: higher
latent heat of vaporization, oxygen content, and high autoignition temperature. It has
been possible to achieve simultaneous soot-NOx reduction with methanol (Valera
and Agarwal 2019; Kalwar et al. 2020; Yao et al. 2006). However, low reactivity and
lubricity restrictmethanol usage in theCI engines. High reactivity fuels such as diesel
and DME can be used with methanol to improve their combustion characteristics.
Complex hydrocarbons in diesel may reduce the benefit of soot emissions associated
with methanol. Therefore, a low sooting fuel such as DME can be a good option for
methanol adaption in CI engines in dual-fuel mode (Lee and Lim 2016; Kozole and
Wallace 1988).

LPG is widely considered a cleaner fuel due to its low sulfur content and sootless
combustion (Oh et al. 2010). The low carbon content of LPG helps to reduce CO2

emissions from conventional engines. LPGhas a lower flame speed than conventional
hydrocarbon fuels. LPG-diesel dual-fuel engines have been successfully operating
on the roads for several decades now. Their emissions can be further minimized by
replacing diesel with DME.

Natural gas (NG) is another alternative gaseous fuel for dual-fuel DME engines.
Themain constituent ofNG ismethane (CH4).A small proportion of ethane, propane,
nitrogen is also present in natural gas. Natural gas can be stored in both gaseous and
liquified forms. The advantage of using NG in diesel engines is its ability to better
mix with air than diesel. The main disadvantage of NG is its ultra-low CN.

9.4 Dual-Fuel Injection Strategies

There are different strategies to inject two different fuels in the dual-fuel mode
(Fig. 9.4). These strategies will be discussed in this section, along with their advan-
tages and drawbacks. Dual-Fuel injection strategies with premixed fuel in the port,
premixed chamber, and torch injection chamber show lower particulate matter,
nitrogen oxide emissions, and improved brake thermal efficiency (Lim et al. 2010;
Wang et al. 2019). Research shows that using two fuels in IC engines is one of the
most feasible approaches to controlling ignition timing over a wide range of engine
loads (Wang et al. 2019). Higher CN fuels such as DME also accelerate the combus-
tion (Yeom and Bae 2009). Among conventional HCCI engines, low-temperature
combustion, dual-fuel combustion, and dual-fuel strategy are gaining interest from
developers in the automotive industry because of their superior fuel economy and
lower CO2 emissions (Cha et al. 2012). DME can be used as an ignition improver
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Fig. 9.4 Overview of different dual-fuel injection strategies

for the low CN fuels used in CI engines and injected using different fuel injection
strategies, as discussed below.

DI of Diesel and PFI of DME: In this method, DME is injected into the intake
port and mixed with the intake air to form a homogeneous mixture before being
inducted by the engine. Diesel is directly injected into the combustion chamber, as
shown in Fig. 9.5. Port injection of DME leads to an advanced start of combustion
than diesel-fueling alone, resulting in efficient combustion and lesser PM emissions
(Sittichompoo et al. 2016). NOx and smoke emissions get significantly reduced with
30% port-injected DME. Diesel consumption was reduced by 22%, leading to an
increase in BTE (Theinnoi et al. 2017). Port injection quantity of DME needs to
be optimized. Increasing DME quantity leads to higher CO and HC emissions than
baseline diesel engines (Theinnoi et al. 2017). Direct injection of DME is also an
option. However, the PFI method requires fewer modifications in the fuel injection
equipment (FIE) (Sittichompoo et al. 2016). PFI mode resolves the issue of fuel
lubricity because of the gaseous injection of DME (Sittichompoo et al. 2016).

DI of Methanol and PFI of DME: Methanol alleviates the cold starting issue
of CI engines due to low reactivity and high evaporative cooling effect (Yao et al.
2006). DME can be used as the ignition improver in methanol-fueled CI engines.
Combustion and emission characteristics of methanol-fueled CI engines improve
with the introduction of DME than the conventional glow plug heatingmethod (Chen
et al. 2009). The combustion is initiated by the premixed DME fraction, which
increases the in-cylinder temperature to the level required for auto-ignition of directly
injected methanol. The injection timing of methanol has a significant impact on the
heat release rate (HRR) of the dual-fuel mode operation (Green et al. 1990).
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Fig. 9.5 Schematic of DME-Diesel dual-fuel operated CI engine

HCCI of Methanol and DME mixture: In this method, both fuels are introduced
into the intake port of the CI engine (Yao et al. 2006). The knock-limited load range
is one of themajor hurdles in HCCI commercialization.Methanol premixing fraction
can be optimized to control the overall mixture reactivity and temperature. Therefore,
the rate of pressure rise (ROPR) and knocking can be controlled at higher loads
(Zheng et al. 2004). Higher ON and higher latent heat of vaporization of methanol
inhibits too advanced ignition of DME, and the operation range is also enlarged
(Zheng et al. 2004).

DI ofMethanol and TIC of DME: In this method, a torch ignition chamber (TIC)
is used to inject DME during an intake stroke, as shown in Fig. 9.6 (Murayama et al.
1992). The torch ignition chamber is placed inside the hole made for the pressure
transducer. DME is introduced into this chamber for premixing. PFI of DME emits
large amounts of unburned hydrocarbons, formaldehyde, unburned DME, especially
at low loads, even for smooth engine operations delivering high BTE. A large amount
of PFI of DME is required to sustain the ignition. The torch ignitionmethod is used to
inject DME to overcome these difficulties with the PFI. TIC controls DME diffusion
during the compression stroke in this method, resulting in lower HC emissions and
a lower DME injection rate. TIC method consumes nearly 30% lesser DME with a
10% increase in thermal efficiency than the PFI at a given load range (Murayama
et al. 1992). Although, NOx emissions are slightly higher in the case of the TIC
method. Emission characteristics and fuel economy can be further increased with
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Fig. 9.6 Schematic of TIC injected DME and DI of methanol operated CI engine (Adapted from
Murayama et al. (1992))

the TIC method by optimizing the DME quantity, location, and geometry of the TIC.
The TIC acts as a premixing chamber in this fuel injection strategy.

Dual-fuel HCCI using LPG and DME: LPG is a suitable alternative fuel to
displace gasoline in SI engines. However, it has been investigated as a potential fuel
for HCCI engines as well. HCCI is a hybrid technology of CI and SI (Yeom and Bae
2009, 2007a). It can be usedwithDME as a lowCN fuel to control combustion. There
is no direct control over the ignition timings in conventional single fuel HCCI engines
operated using highCN fuel. In dual-fuelmode, one can inject a lowCN fuel due to its
properties of self-ignition suppression and the resulting delay in the ignition timings
(Oh et al. 2010). DME and LPG are gaseous fuels under ambient conditions, and it
is convenient to inject the gaseous fuels through the PFI method. High compression
ratio and residual gases from the previous combustion event provide sufficient heat
to ignite LPG with low CN in the HCCI mode. This leads to the rapid pressure
rise in the combustion chamber, high engine noise, and possible damage to the
engine components (Oh et al. 2010; Yeom and Bae 2009). Researchers use many
fuel injection strategies for the introduction of LPG and DME.

Yeom and Bae (2009), Oh et al. (2010), and Jang et al. (2009) used PFI of LPG
and direct injection of DME to achieve HCCI combustion. Jamsran and Lim (2016)
used PFI of LPG and DME for realizing HCCI combustion. Autoignition timing of
charge retarded and combustion duration increased with increased quantity of PFI
of LPG. Autoignition generally occurred when the directly injected DME mixed
with the LPG-air mixture. A large quantity of low CN fuel (i.e., LPG) suppressed
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the autoignition of DME (Jang et al. 2009). Researchers have explored several other
injection strategies to achieve desired control over the combustion phasing (Jamsran
andLim2016; Jang et al. 2009;Oh et al. 2010). Low-temperature reactions decreased
after the increased LPG injection quantity because radicals from the cool flames of
DME were released and transferred to ignite LPG.

PFI of LPG and Gasoline with DI of DME: In this method, LPG and gasoline
are introduced into the intake port and DI of DME in HCCI mode. PFI of one fuel
occurs at any time, but the arrangement is given at the port to introduce both fuels at
different locations. In a study by Yeom and Bae (2009), gasoline and LPG injectors
were placed 10 cm and 30 cm upstream from the intake valve, respectively. The LPG-
DMEHCCI engines improved the operating range compared to gasoline-DMEHCCI
engines because of the higher octane number and higher latent heat of vaporization
of LPG compared to gasoline. The knocking intensity of LPG-DME dual-fuel mode
was lower than gasoline-DME due to lower self-ignition characteristics and higher
latent heat of vaporization of the LPG-DME dual-fuel pair.

DI of DME and Premixed Chamber Injection of Gasoline: In a study, gasoline
was injected into a premixed chamber at 3 MPa pressure (Fig. 9.7).

DME was directly injected into the combustion chamber at 50 MPa pressure to
control the combustion phasing, which was done through variations in the DME
injection timings from −20° to +2° crank angle (Cha et al. 2012). Higher volatility
and shorter ignition delay are the essential properties of directly injected fuel to
control combustion phasing. The split injection strategy promoted a more homoge-
neous fuel–air mixture and showed further reduction in exhaust emissions. In this

Fig. 9.7 Schematic of DME-gasoline dual-fuel HCCI engine
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strategy, the total injectedmass ofDMEwas split between two consecutive injections.
Secondary injection of DME improved the late-cycle combustion, which increased
the combustion efficiency.

PFI of Gasoline and DI of DME in HCCI Mode: Knocking is a big challenge in
the HCCI engines. Hence, various intake valve opening timings and fuel quantities
must be tested to identify the knock limits of the HCCI dual-fuel engine to eliminate
knocking (Yeom and Bae 2007b). HCCI mode cannot operate at every load and
cause noise/knocking in the engine. Therefore, the peak combustion pressure, rate of
combustion pressure rise, and IMEPmust be correlatedwith the knocking probability
and knock intensity to characterize the high load operation limit of the engine (Yeom
and Bae 2007b).

PFI of NG and DME in HCCI Combustion: Simultaneous reduction in NOx and
soot emissions is challenging in the CI engines (Mahla et al. 2010). NOx emissions
can be reduced to nearly zero, and thermal efficiency improves in theNG-air operated
CI engines. However, NG alone is not good for CI engines due to its high autoignition
temperature and low CN. A small amount of port injected DME can trigger the
ignition of theNG-airmixture and control the ignition timing. The addition, optimum
DME quantity also leads to an increase in the operating load range of the engine
(Fig. 9.8).

Chen et al. (2000) observed the effect of DME injection quantity on the NG-DME
fueled CI engine by changing the excess air ratio of NG, DME, and total fuel.

λNG = Gair/(GNG ∗ AFNG th.)

λDME = Gair/(GDME ∗ AFDME th)

λtotal = Gair/(Gtotal ∗ AFtotal th)

where λ = excess air ratio, G = flow rate, AFfuel th = theoretical air–fuel ratio.

Fig. 9.8 Effect of (a)DMEproportion and (b)DMEexcess air ratio on operating range ofDME-NG
dual-fuel engine (Adapted from Chen et al. (2000))
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The results suggested that the requirement of the minimum DME quantity to
ignite the NG-air mixture is dependent only on the equivalence ratio of DME and not
a function of the total equivalence ratio. The engine’s operating range widens with
increasing DME proportion and narrowswith increasing NG proportion in DME-NG
dual-fuel engine (Chen et al. 2000).

9.5 Effect of Dual-Fuel Strategies on Engine Combustion
and Performance Characteristics

9.5.1 Combustion Characteristics

In-cylinder Pressure and Temperature: In-cylinder pressure and temperature are
highly sensitive to the premixing fraction of DME (Zhao et al. 2014). The shorter
ignition delay of DME leads to the advanced combustion and higher pressure peak
(Figs. 9.9 and 9.10) (Zhao et al. 2021). The onset of the maximum pressure and
temperature also moved closer to the TDC. The combustion of the premixed DME
fraction improved the in-cylinder ambient, which helped in a higher mixing rate of
the DI diesel. Therefore, diesel’s combustion efficiency improved, leading to higher
peak pressure and temperature (Wang et al. 2014). H2O andCO2 present in the cooled
EGR improved the heat capacity of the in-cylinder charge, leading to lower Pmax and
Tmax (Zhao et al. 2014).

In the PFI of methanol and DME strategy, with increased port-injected methanol,
the in-cylinder temperature reduced due to its higher latent heat of vaporization and
adverse effects on the low-temperature reactions (LTR) (Zheng et al. 2004).

Jamsran and Lim (2016) showed that both in-cylinder pressure and temperature
reduced dramatically with a reduction in DME quantity in the PFI of LPG-DME
HCCI mode. Peak combustion pressure decreased with retarded inlet valve open

Fig. 9.9 Variations in the in-cylinder pressure at constant loadwith different DMEpremixing ratios
in DME-diesel dual-fuel engine (Zhao et al. 2021)
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Fig. 9.10 Variations in the in-cylinder temperature at constant load under various DME premixing
ratios in DME-diesel dual-fuel engine (Zhao et al. 2021)

(IVO) timings due to reductions in volumetric efficiency and hot residual gases
(Yeom andBae 2007a). Volumetric efficiencywas reduced due to a reduction in valve
overlap and late intake valve closing, so the combustion starting point was retarded.
This reduced overall combustion temperature, resulting in a large unburned fuel due
to the weaker fuel oxidation reactions.

Chen et al. (2000) reported decreased in-cylinder pressure and mean temperature
at reduced DME supply in the DME-NG dual-fuel engine.

Heat Release Rate (HRR): Large part of the heat release is concentrated around
CA50 timing (Lee and Lim 2016). At lower DME premixing ratio and low load
operation, DME Low-Temperature Reactions (LTR) and diffusion combustion of
diesel are responsible for two peaks in the HRR curve for DI of diesel and PFI
of DME strategy. At low DME premixing ratios, the high-temperature reactions
(HTR) phase reactivity is less due to a relatively lean mixture (Wang et al. 2014).
Thus, at higher DME premixing ratios, DME LTR, DME HTR, and diesel diffusion
combustion are responsible for three peaks in the HRR curve (Figs. 9.11 and 9.12)
(Zhao et al. 2014). HCCI LTR and HTR of DME are chemical kinetics controlled
combustion, and diesel mainly burns in the diffusion combustion (Yeom and Bae
2007b). The peak of the HRR curve increased for HCCI (LTR and HTR) combustion
and decreased for the diesel diffusion combustion stage for higher DME premixed
ratios. HRR for diffusion combustion stage reduces because of the increased quantity
of port injectedDMEand reduced quantity of diesel, leading to deterioratedmixing of
diesel and air (Wang et al. 2014). CAD formaximumHRR inHCCIHTR combustion
and diesel diffusion combustion advanced by increasing DME premixed ratios due to
shortening of the ignition delay. Maximum HRR decreased, and the corresponding
CAD retardedwith the introduction of EGR and an increased EGR rate. This happens
because the dilution effect and higher specific heat capacity of inert exhaust gases
inhibited the HRR.
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Fig. 9.11 Variations in HRR under various DME premixing ratios in DME-diesel operated engines
(Zhao et al. 2021)

Fig. 9.12 Variations in HRR under different EGR rates and DME premixing ratios in DME-diesel
operated engines (Zhao et al. 2014)

Zheng et al. (2004) reported thatHRRofLTR reducedwith increased port-injected
methanol quantity with the amount of port injected DMEmaintained constant.More-
over, the HRR of LTR is completely inhibited at a large methanol quantity. There
were two main reasons for this trend. First is the higher latent heat of vaporization
of methanol, which led to a reduction in the in-cylinder temperature inhibiting the
LTR of DME. The second is the formation of OH radicals during LTR of DME and
their consumption during their reactions with methanol.

Jang et al. (2009) showed that the peak of LTR decreased with increasing port
injection of LPG in DME-DI and LPG-PFI mode. At a higher LPG fraction, the
radicals formed during the LTR of DME were consumed by the LPG combustion.
The peak of HTR also decreased due to an increased ignition delay and reduced heat
release of the LTR (Oh et al. 2010). HRR is delayed with an increasing proportion
of propane in the LPG due to better antiknock quality and higher ON of propane
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than butane (Oh et al. 2010). The peak of HTR was advanced, and the peak of HRR
increasedwith increasingDMEquantity in thismode. Cha et al. (2012) demonstrated
that the HRRmax in premixed gasoline dual-fuel engines was comparatively higher
than DME fuelled engines even if the combustion duration was shorter because
DME elevated the ignition of the gasoline-air mixture, hence promoted localized
combustion. The peak ofHRRdecreased significantly by decreasing the port-injected
DME in DME-NG dual-fuel engines (Chen et al. 2000).

Combustion Duration and Combustion Phasing: Combustion duration can be
defined as the CAD between 10% (SOC) and 90% (EOC) accumulated heat release
(Zhao et al. 2014, 2021). The start of combustion (SOC) and combustion duration
widenedwith an increased premixedDMEquantity becauseDMEHCCI combustion
occurred before the direct injection of diesel.

Shorter ignition delay, higher CN of DME led to the observed trend in Fig. 9.13
(Zhao et al. 2014, 2021). Using a PCCI strategy, exhaust gas recirculation (EGR)
prolongs the combustion duration of a DME-diesel dual-fuel engine.

Combustion duration prolonged with increasing LPG quantity in DME-DI and
LPG-PFImode (Jang et al. 2009). The increased quantity of directly injectedLPGhad
an insignificant effect on the combustion phasing in LPG-DI and DME-PFI mode.
This was because DME injection took place before the LPG injection in the CC
formed a homogeneous DME-air mixture, which was auto-ignited. But in this mode,
the combustion phasing advanced upon increasing the DME quantity. Combustion
efficiency decreased with an increasing proportion of LPG in the DME-LPG dual-
fuel mode. Jamsran and Lim (2016) reported that combustion phasing retarded and

Fig. 9.13 Variation in the combustion duration at different EGR rates and DME premixed ratio in
DME-diesel operated engines (Zhao et al. 2014)
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combustion duration reducedwith an increasing the port-injectedLPGquantity inPFI
of LPG and DME HCCI combustion mode because the energy density of LPG was
higher thanDME. InLPG-DMEdual-fuelHCCI combustionmode, the SOC retarded
with a reduction in λtotal. Yeom and Bae (2007b) reported that the start of combustion
is not dependent on the quantity of premixed gasoline. The higher reactivity of DME
played a dominant role in triggering the combustion in gasoline-DMEdual-fuelHCCI
engines. Combustion duration increased by decreasing the amount of port injected
DME in DME-NG engines (Chen et al. 2000). Higher combustion efficiency was
observed at leaner DME concentrations in DME-NG dual-fuel engines.

Ignition Delay: Ignition delay is the interval between the start of fuel injection
and the point where cumulative heat release becomes positive. High CN fuels have
lower ignition delay. Ignition delay decreased with an increasing load and engine
speed due to superior air–fuel mixing in higher in-cylinder turbulence. The addition
of DME in dual-fuel engines leads to shorter ignition delay (Karpuk et al. 1991).
Methanol-DME dual-fuel engines have shorter ignition delays than diesel-fueled
engines. Ignition delay determines mainly two parameters: (i) Pmax of the cycle and
(ii) ROPR. Suppose any dual-fuel injection strategy needs to be implemented in
the existing diesel engines. In that case, the Pmax of the cycle and ROPR of the
corresponding dual-fuel strategy must be less than the Pmax of the cycle and ROPR
of the diesel-fueled engines. Jang et al. (2009) reported that auto-ignition timing
retarded with increased LPG quantity in DME-DI and LPG-PFI mode because LPG
with low CN prevented the DME-air mixture from auto-ignition. Kim et al. (2004)
stated that ignition timing advanced with an increased premixed ratio of gasoline.

Cha et al. (2012) observed that ignition delay could be reduced by optimizing the
start of injection (SOI) timing of DME (i.e., 10° CAD bTDC) from the excessive
advanced/ retarded timings (Fig. 9.14).

Fig. 9.14 Variations in
ignition delay at different
SOI timings by varying
DME premixed ratios in
DME-gasoline operated
engines (Adapted from Cha
et al. (2012))
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Fig. 9.15 Ignition delay for DME, methane, and mixture of both fuels (Adapted from Morsy et al.
(2006))

Morsy et al. (2006) observed a significant reduction in the ignition delay by adding
a small amount of DME in the NG. Injection of liquid DME took place to ignite the
NG (Fig. 9.15).

Indicated Mean Effective Pressure (IMEP): DME’s injection timing influences
the IMEP (Jang et al. 2009). IMEP generally decreases with early combustion of the
fuel–air mixture due to negative work during compression (Yeom and Bae 2007a).
Jamsran and Lim (2016) reported that IMEP and indicated thermal efficiency (ITE)
increased with an increasing DME mixing ratio up to 0.6 in LPG-DI and DME-
PFI mode. At lower DME mixing ratios, retardation in combustion phasing caused
misfire due to the large LPG proportion in the overall mixture. This is reflected in
lower IMEP (Fig. 9.16).

Yeom and Bae (2007a) explained the effect of IVO timings on the IMEP. Negative
work caused the reduction in IMEP at early IVO timings, and IMEP also decreased by
too late IVO timings due to incomplete combustion in the LPG-DME HCCI engine.
Jang et al. (2009) demonstrated that IMEP increased for delayed fuel injection timing
up to 260° CA due to reduced compression work but started to decrease with further
delayed fuel injection timing. This happens because lower fuel–air mixing duration
led to localized fuel-rich regions in DME-DI and LPG-PFImode (Fig. 9.17). In LPG-
DI and DME-PFI mode, IMEP variations were lower because the effect of LPG on
the autoignition of DMEwas lesser (Jang et al. 2009). Cha et al. (2012) explained that
IMEP deteriorated with increased premixed gasoline quantity in the DME-gasoline
dual-fuel injection strategy. IMEP increased with advanced fuel injection timings in
DME-gasoline dual-fuel engines than DME fueled engines. IMEP decreased with
too advanced fuel injection timing due to the premixing of lowCN fuel (i.e., gasoline)
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Fig. 9.16 Variations in IMEP indicated thermal efficiency, COV of IMEP, and maximum PRR by
changing the DME mixing ratio (Adapted from Jamsran and Lim (2016))

and reduced combustion efficiency. Higher brake mean effective pressure (BMEP)
was achieved at a higher injection quantity of NG in NG-DME dual-fuel engine
(Chen et al. 2000).
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Fig. 9.17 Variations in IMEP for (a) DI of DME and PFI of LPG, and (b) DI of LPG and PFI of
DME (Adapted from Jang et al. (2009))

9.5.2 Performance Characteristics

Brake Thermal Efficiency (BTE): Several investigators reported higher BTE for
DME dual-fuel engines than conventional diesel-fueled engines. Zhao et al. (2021)
reported that HCCI combustion with the port injection of DME elevated the in-
cylinder temperature, promoting superior charge reactivity and improved fuel conver-
sion efficiency. This is reflected in increased BTE and reduced fuel consumption in
the PCCI DME engines (Zhao et al. 2014). Combustion efficiency improved because
increased port-injected DME quantity increased the HCCI DME (LTR + HTR)
combustion, resulting in an earlier start of combustion, shorter ignition delay, and
CA50 closer to the TDC, and complete combustion (Theinnoi et al. 2017; Wang et al.
2014). BTEdecreasedwith a reduction inBMEP.BTE also decreasedwith increasing
EGR since oxygen availability decreased with an increasing EGR rate and less effi-
cient combustion. BTE decreased with an increasing premixing ratio of DME after
the optimum ratio (>30%) due to the lower heating value of DME than diesel and the
increased cooling losses caused by the extensive DME combustion at earlier timings
(Fig. 9.18) (Theinnoi et al. 2017; Murayama et al. 1992). BTE also reduces at lower
DME premixed ratios due to unstable combustion with misfiring (Murayama et al.
1992). DME quantity could be optimized by considering the combustion stability
of the engine (Murayama et al. 1992). An optimum DME quantity was injected for
every load for achieving the maximum BTE at corresponding loads (Fig. 9.19).

Zheng et al. (2004) concluded that in the HCCI combustion of methanol-DME,
ITE dropped with high methanol quantity at low loads. However, ITE increased to
peak and dropped at medium and high loads. An adequate methanol supply can
ensure the best possible combustion phasing. A significantly higher fraction of DME
participates in the combustion reactions at low methanol proportions, leading to
advanced combustion and knocking (Zheng et al. 2004). At highermethanol injection
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Fig. 9.18 Variations in the
BTE of DME-diesel
dual-fuel engines at different
DME premixing ratios at
1500 rpm and 50% load
(Adapted from Theinnoi
et al. (2017))

Fig. 9.19 Variations in ITE
at different percentages of
DME and EGR rate in
DME-methanol operated
engines (Yao et al. 2006)

quantities, delayed ignition timing and unfavourable combustion phasing cause a
reduction in the BTE.

Higher heat transfer and higher mechanical losses were observed in the rich DME
mixture. Lean DME causes elongated combustion duration. Both too rich and too
leanDMEhave an adverse impact on the BTE; hence, there should be optimumDME
excess air ratio at maximum BTE in DME-NG dual-fuel engines (Chen et al. 2000).
High BTE was observed for DME-NG than the diesel-fueled engine (Fig. 9.20).

Brake Specific Fuel Consumption (BSFC) and Break Specific Energy
Consumption (BSEC): Zhao et al. (2014) showed that BSFC for PCCI DME-diesel
dual-fuel engines was lower than conventional DI CI diesel engines and is further
reduced with higher DME quantity injected for a fixed load. BSFC increased with
a reduction in BMEP. BSFC also increased with an increasing EGR because the
air–fuel ratio reduced (Theinnoi et al. 2017). Wang et al. (2014) showed that BSFC
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Fig. 9.20 Variations in the BTE by changing (a) λDME (b) λtotal (Adapted from Chen et al. (2000))

decreased with an increased port-injected DME quantity because improved combus-
tion efficiency and superior fuel conversion efficiency led to lower fuel consumption.
BSFC decreased with advanced fuel injection timing due to superior fuel–air mixing
and improved combustion.

BSEC is a parameter considered for assessing the fuel economy for dual-fuel
engines. BSEC increased upon increasing the port-injected DME quantity in the
DME-diesel dual-fuel injection strategy under the same load operation due to lower
LHV of DME (Fig. 9.21) (Theinnoi et al. 2017). 30% port fuel injection of DME
was the optimum quantity of DME for the best BSEC.

Fig. 9.21 Variations in the
specific energy consumption
of DME-diesel operated
engines at 1500 rpm and
50% load (Adapted from
Theinnoi et al. (2017))
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9.6 Effect of Injection Strategies on Emission
Characteristics

NOx Emissions: Availability of oxygen, in-cylinder temperature, and residence time
are the factors responsible for NOx formation (Zhao et al. 2014). NOx emissions
increase in the regions of large oxygen availability in high-temperature zones in
the CC. Zhao et al. (2014) reported a marginal drop in NOx emissions in dual-
fuel engines than diesel-fueled engines. This happens because the ignition delay is
shorter in the DME-diesel dual-fuel engines, leading to faster diffusion combustion
reactions of diesel. This reduced the localized zones of elevated temperatures. The
formation ofNOxalso reduces by increasing the port-fueled premixedDMEquantity.
A more homogeneous mixture is introduced into the CC, suppressing the localized
high temperature, oxygen-rich zones. NOx also showed a decreasing trend after
the introduction of EGR. EGR dilutes the fuel–air mixture. EGR deteriorates the
combustion to some extent, helping in reducing the flame temperatures and oxygen-
rich zones (Fig. 9.22) (Zhao et al. 2014; Wang et al. 2014). Wang et al. (2014)
demonstrated that reduction in NOx ceased after optimizing the premixed DME
quantity in every cycle because higher DME injection quantity promoted rapid HTRs
leading to rapid HRR inside the CC. This increased the overall charge temperature.
Lim et al. (2010) showed thatNOx emissions depend on the quantity ofDME injected
in the port and engine load.

Yao et al. (2006) showed that forDME-methanol dual-fuel injection strategy, NOx
emission is constant till the threshold percentage of DME injection and suddenly
increases with further increment in DME percentage. This threshold percentage
changes for different EGR rates. Figure 9.23 shows that the threshold limit extended
with an increase of the EGR rate. Zheng et al. (2004) showed that NOx emission

Fig. 9.22 Variation in NOx
emission and smoke opacity
for DME-diesel dual-fuel
engines at a different
premixed ratio of DME and
cooled EGR rate (Adapted
from Zhao et al. (2014))
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Fig. 9.23 Variation in NOx emission for DME-Methanol dual-fuel engines at a different premixed
ratio of DME and EGR rate [24]

rises with IMEP because a richer mixture at high IMEP causes temperature rise with
IMEP. At constant IMEP, NOx increases with the decrement in the proportion of
methanol for high load operation. An adverse effect of Methanol on LTR becomes
weaker with a rise in the proportion of methanol. So these reactions contribute signif-
icantly to HRR and temperature rise inside CC. NOx is almost constant for every
proportion of methanol for low load operation (Zheng et al. 2004).

Oh et al. (2010) showed that NOx emissions worsened with an increased DME
quantity and retarded injection timing for fixed LPG injection quantity. The authors
used a dual-fuel injection strategy where DI of DME and PFI of LPGwas used. NOx
emissions approached zero at excessively advanced fuel injection timings (i.e., more
than 200 CAD) irrespective of DME and LPG injection quantities. NOx emissions
showed an increasing trend after increasing the propane portion of LPG because
higher ON of propane suppressed the self-ignition of DME higher more than butane.
NOx emissions in LPG DI engine were higher than DME DI engine because the
mixture of port injected LPG and air resisted DME from ignition in DI of DME and
PFI of LPG engine (Fig. 9.24) (Jang et al. 2009). NOx increased in the DI of LPG and
PFI of DME engine because premixed DME-air mixture created fuel-rich mixture
locally with favourable conditions for ignition of charge in the engine CC, leading
to an increased combustion temperature. Jamsran and Lim (2016) showed that the
in-cylinder temperature was increased upon increasing the DME mixing ratios. This
led to the oxidation of HC and CO emissions. NOx emissions were also reduced
because the temperature was lower (i.e., ~2100 K) than required for NOx formation
(i.e., ~2200 K).

In the DME-gasoline dual-fuel injection strategy, self-ignition of directly injected
DME spray caused the combustion of premixed gasoline. The size of DME spray in
the CC was reduced when the gasoline addition was increased. This helped reduce
NOx formation due to reduction in the diffusion flame zones and ultimately reducing
the high-temperature zones (Cha et al. 2012). The split injection strategy of directly
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Fig. 9.24 Variations in NOx emissions for (a) DI of DME and PFI of LPG, and (b) DI of LPG and
PFI of DME engines (Adapted from Jang et al. (2009))

injected DME had very little impact on the NOx emissions in the DME-gasoline
dual-fuel injection strategy (Fig. 9.25) (Cha et al. 2012).

At lower DME injection quantity, NOx emissions reduced drastically because
delayed combustion events caused a reduction in the in-cylinder temperatures. NOx
emissions are also reduced with the use of a diluted NG-air mixture. In the case
of NG-DME operated HCCI mode combustion, NOx emissions were reduced to
negligible levels with a simultaneous increase in the BTE (Fig. 9.26) (Chen et al.
2000).

HCandCOEmissions: HCandCOemissions are intermediates in the combustion
reactions of complex hydrocarbons, further oxidizing to CO2 and H2O in favourable

Fig. 9.25 Variations in
ISNOx at different SOI and
SOIDI_Ist timings from 100°
to 0° CA bTDC in
DME-gasoline dual-fuel
engines (Adapted from Cha
et al. (2012))
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Fig. 9.26 Variations in NOx emission by changing (a) λDME (b) BTE (Adapted from Chen et al.
(2000))

conditions (Oh et al. 2010). HC emissions occur due to the termination of hydro-
carbons oxidation reactions (Jang et al. 2009; Oh et al. 2010). HC emissions can
be reduced by lean-burn combustion (Jang et al. 2009). CO is a product of partial
(incomplete) combustion and forms when there are insufficient combustion reac-
tions (Karpuk et al. 1991). Lim et al. (2010) showed that DME exhibits lower HC
and CO emissions than diesel at all loads. Port injection of DME further reduces CO
emission due to premixed compression ignition. HC and CO emissions reduce with
the increasing temperature in the engine CC because high temperature promotes HC
and CO oxidation reactions (Wang et al. 2014). Advanced fuel injection promotes
complete combustion and temperature rise in the CC, leading to lower HC and CO
emissions (Yeom and Bae 2007b). Wang et al. (2014) showed that CO and HC emis-
sions increased with increasing port-injected DME quantity at fixed injection timing.
Crevice region, quenching zone, piston ring and cylinder walls (where the temper-
ature is lower due to heat transfer), and compression clearance are responsible for
the emission of unburned hydrocarbons (Zhao et al. 2014; Yao et al. 2006). Zhao
et al. (2014) showed that diesel-DME dual-fuel engines emit higher HC emissions
than DI diesel engines because, in the HCCI mode, HC formation was more in the
engine (Fig. 9.27). HCCI is a low-temperature combustion mode. There are two
contradictory effects of EGR on HC emissions. HC and CO emissions increase with
the introduction of EGR and further increased with the increasing EGR rate due to a
reduction in the in-cylinder temperature. This happens because oxygen concentration
decreases, and charge composition changes by supplying exhaust gases to the CC.
However, the consumption of unburnt HC with the exhaust gas into the next engine
cycle reduced overall HC emissions (Yao et al. 2006). Yao et al. (2006) showed that
HC and CO emissions decreased with increased DME quantity at the same EGR
rate due to the increased in-cylinder temperature. A high EGR rate requires a larger
quantity of DME to reduce HC emissions. CO and HC emissions decreased with
increasing IMEP (Oh et al. 2010). HC and CO emissions can be further reduced
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Fig. 9.27 Variations in CO and HC emissions for DME-diesel dual-fuel engine at different
premixed ratios of DME and cooled EGR rate (Zhao et al. 2014)

by introducing a larger amount of air (i.e., by turbocharging) because it promotes
the oxidation of HC and CO (Zhao et al. 2014; Karpuk et al. 1991). HC emissions
decreased at high load operation due to a rise in HRR and temperature, making it
possible for the flame front to reach the cylinder wall and shrink the quenching zone
(Yao et al. 2006; Murayama et al. 1992; Karpuk et al. 1991).

In DME-methanol dual-fuel injection strategy, a well-mixed DME-air charge
permeates through the entire CC along with quench and crevice zones. Low tempera-
ture and higher heat loss in these regions increase the chain termination reactions. CO
emission from DME-methanol dual-fueled engines was 30% higher than baseline
diesel-fueled engines. This can be attributed to mixing some unburned charge with
the hot residual gases (leftover from the combustion event) late in the expansion,
exhaust, and engine strokes. The intake manifold does not have adequate time to
complete the oxidation reactions (Karpuk et al. 1991). CO emission increased with
too retarded DME injection timing due to incomplete combustion (Oh et al. 2010).
HC emissions from DME-diesel dual-fuel engines were lower than methanol-fueled
engines (Kozole and Wallace 1988). HC and CO emissions reduced drastically at
higher DME percentages in the DME-methanol fueled engines (Fig. 9.28) (Yao et al.
2006).

Oh et al. (2010) showed that with too advanced DME injection timing in LPG-
DME HCCI engines, the in-cylinder temperature decreased due to overall lean
premixed charge, leading to higher CO emission. An increase in the HC emissions
and reduction in CO emission was observed with an increased quantity of LPG
while fixing all other variables. The same trend was observed with an increasing
proportion of propane in the LPG. The main reason for this trend is that HC is a
function of the molecular ratio of high ON fuel and high CN fuel, and CO emission
is mainly affected by the combustion temperature. Large LPG quantity (i.e., higher
ON fuel) increased the high ON to high CN fuel ratio, which increased HC emissions
because low-temperature oxidation of high CN fuel (i.e., DME) is responsible for
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Fig. 9.28 Variations in HC and CO emissions at different premixed ratios of DME and EGR rate
in DME-methanol dual-fuel engines (Adapted from Yao et al. (2006))

rapid hydrocarbon chain termination.Higher chain termination generatesmore active
intermediate species with a higher propane ratio due to its higher ON. CO and HC
emissions in the LPG-DME HCCI engine showed an increasing trend with retarded
IVO timing due to incomplete combustion (Yeom and Bae 2007a). Jang et al. (2009)
showed that at too early and too late DME DI timing, HC emissions were more due
to lower combustion temperature and incomplete combustion, respectively. Still, at
moderate injection timing up to 300° CA, HC emissions were lower because the
fuel oxidized more efficiently at higher combustion temperatures caused by DME
fuel-rich zones inside the CC. HC emissions also increased with increased LPG
quantity in the previous case. But in the LPG DI case, HC emissions were lower for
all LPG injection timings because port-injected DME fuel formed a homogeneous
mixture of DME-air and was self-ignited easily during the compression stroke. This
caused an increase in the temperature inside the CC in the LPG DI case and allowed
HC to oxidize (Fig. 9.29) (Jang et al. 2009). The CO emission followed a different
trend than HC emissions in the DME DI case due to deteriorated combustion in the
DME-LPG dual-fuel engine.

Ahigher quantity of premixed gasoline fuelwas responsible for higherHCandCO
emissions in DME-gasoline dual-fuel engines (Cha et al. 2012). A large amount of
gasoline led to unstable combustion. HC and CO emissions were reduced with a split
injection strategy by providing additional DME to reduce incomplete combustion
(Fig. 9.30).

Soot, Smoke, Particle Number (PN) & Particle Mass Emissions: A fuel can be
potentially sootless if it does not contain a C–C bond in its molecular structure.
DME and methanol are such fuels. Combining such fuels doesn’t produce the basic
materials required to form aromatic rings and acetylenic species. Soot formation
occurs from these aromatic rings, and soot grows with the help of acetylenic species
(Karpuk et al. 1991).
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Fig. 9.29 Variations in the HC emissions for (a) DI of DME and PFI of LPG and (b) DI of LPG
and PFI of DME cases (Adapted from Jang et al. (2009))

Fig. 9.30 Impact of
split-injection strategy on
CO and HC emissions at
different SOIDI_1st timing
varying from 10° to 0° CA
bTDC (Adapted from Cha
et al. (2012))

High concentrations of free radicals promote the oxidation of carbon after
adding oxygenated fuel (DME), limiting carbon availability for the formation of
soot precursors. Favourable conditions for soot formation are fuel-rich and high-
temperature zones (Zhao et al. 2014). Smoke is also produced in the fuel-rich and
high-temperature regions (Zhao et al. 2014). Black smoke showed a decreasing trend
with increasing premixed DME (Theinnoi et al. 2017). Smoke showed an increasing
trend with increasing EGR rate due to reduced oxygen concentration and incomplete
combustion. Near zero soot emissions were observed with >20% port fuel injected
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Fig. 9.31 Effect of (a) engine speed and (b) BMEP on particulate number concentrations (Adapted
from Wang et al. (2016))

DME in DME-diesel dual-fuel injection strategy (Lim et al. 2010). Early injection
decreased soot emission due to homogeneous mixture formation and prolonged soot
oxidation phase (Wang et al. 2014). The lower C-H ratio of DME led to complete
combustion and reduction in smoke (Temwutthikun et al. 2018).

PN reduces in DME-diesel dual-fuel engines than DI CI diesel engines due to soot
suppression characteristics of DME (Wang et al. 2016). Particle number concentra-
tion increases substantially with engine load at a constant speed. A higher quantity
of injected fuel at a higher engine load creates fuel-rich regions, promoting higher
PN due to inadequate oxygen availability. PN concentration increases slightly with
increasing engine speed at constant load because lesser time is available for combus-
tion at higher engine speeds, resulting in a larger amount of unburned fuel. This
unburnt fuel is responsible for the formation of particulates (Fig. 9.31). Delayed
injection timing leads to an increase in particle numbers due to a reduction in time
available for fuel vaporization and consequent reduction in fuel–air mixing, which
causes fuel impingement on the piston head and cylinder walls (Wang et al. 2016).
The peak of the aerodynamic diameter of particulates shifts towards slightly smaller
sizes in the case of DME-diesel dual-fuel engine compared to baseline DI CI diesel
engine. The PM and PN concentrations reduce with increased DME injection quan-
tity (Fig. 9.32) (Wang et al. 2016). The PM and PN reduce upon using alcohols in
the dual-fuel mode.

9.7 Cyclic Variations in Combustion Parameters of DME
Engine

HCCI combustion is dominated by chemical kinetics. A rapid charge consumption
rate and earlier start of combustion cause high-pressure oscillations and knocking
at higher engine loads. At lower loads, lower in-cylinder temperature and leaner
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Fig. 9.32 Variations in (a) particle number and (b) particle mass versus particulate size for varying
DME premixed ratios (Adapted from Wang et al. (2016))

fuel–air mixture in the CC usually lead to engine misfire and cyclic variations. DME-
diesel dual-fuel HCCI engines exhibit higher cyclic variations than the baseline DICI
diesel engines (Wang et al. 2015). High cyclic variations adversely affect engine
performance, reduce combustion efficiency, power output, and increase engine-out
emissions. These variations are due to combustion variations and are influenced by
several parameters such as in-cylinder charge motion, the composition of fuel–air
mixture, cyclic cylinder charging, etc.

Variations in in-cylinder Temperature and Pressure: With reduced DME quan-
tity, COV of maximum pressure (Pmax) and maximum temperature (Tmax) decreases
as the quantity of port injected DME reduces due to a reduction in the knocking
tendency. Cyclic variations in Pmax are crucial for the dynamic loading of engine
components. The cyclic variations of Tmax are directly related to emissions and heat
transfer from the cylinder liner, thereby controlling the Tmax is essential for control-
ling all dependent parameters. Heat transfer from the liner increases with an increase
in COV of Pmax.

Pmax and Tmax show scattered frequency distribution of cyclic variations with an
increased DME quantity. The location of Pmax and Tmax was more distributed for the
DME-dual-fuel engines compared to DI diesel engines. Crank angle corresponding
to Tmax advanced with increasing DME quantity (Fig. 9.33).

Variations in ROHR: Power and efficiency of an engine are a function of ROHR
and its timing. The share ofHCCI combustion increases, and diesel diffusion combus-
tion decreases in DME-diesel PCCI combustion as one increases the DME quantity,
reducing the maximum ROHR (ROHRmax). Cyclic variations in ROHRmax decrease
with increasing temperature and pressure due to diesel’s more complete and faster
diffusion combustion. Higher DME quantity also showed similar characteristics for
DME-diesel dual-fuel engines. However, cyclic variations in ROHRmax increased
with a further increase in DME quantity after the optimum limit. HCCI combustion
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Fig. 9.33 Cyclic variations of (a) Pmax (b) Tmax by varying port-injected DME quantity (Wang
et al. 2015)
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started to govern the overall combustion, and heat release during the HCCI combus-
tion possibly exceeded the heat released by DICI diesel combustion. ROHRmax

appeared in the HCCI HTR zone after the optimum limit.
The frequency distribution of cyclic variations of ROHRmax was concentrated for

the higher DME fractions but started to scatter beyond the optimum value. Crank
angles corresponding toROHRmax advancedwith an increasingDMEquantity. Crank
angles for ROHRmax were concentrated around their average value in DICI diesel
engines. However, a wider distribution was observed with the introduction of DME
into the port.

Variation in ROPR: Maximum ROPR (ROPRmax) was mainly responsible for
combustion noise. The trends of variations in ROPRmax were similar to the variations
in ROHRmax. COV of ROPRmax first decreased with an increasing DME injection
quantity but increased after optimal injection quantity of DME.

Similar toROHRmax, the distribution of frequency of cyclic variations ofROPRmax

got concentrated for an increased DME quantity. A similar trend of ROHRmax for
the variations of crank angle was seen in ROPRmax, as well.

Variations in IMEP: COV of IMEP increased with increasing DME injection
quantity because, at higher DME injection quantity, DME HCCI combustion started
to become a significant factor in the overall combustion process, increasing the cyclic
variations in the burn rate and ignition timing (Wang et al. 2015). The frequency of
cyclic variations in the IMEP was concentrated for the diesel-operated engines and
scattered for the DME fueled engines.

9.8 Future Scope

HC and CO emissions from diesel-DME dual-fuel PCCI engines were higher than
DICI diesel engines. Further research is required to reduce these emissions without
compromising the advantages of diesel-DME dual-fuel engines. PFI of Diesel and
DI of DME injection strategy is yet to be explored by researchers. The effect of IVO
timing on various engine parameters was discussed only in some studies related to
LPG-DME and gasoline-DME dual-fuel engines. The impact of IVO timing should
also be analyzed for other dual-fuel pairs in the future for assessing the potential
of improvement in engine performance. The effect of change in the composition of
propane and butane in the LPG on various engine parameters in DME-LPG dual-fuel
mode is scarcely studied.

Further research is required to cover these aspects of engine research. Less
research focus has been given to DME-gasoline dual fuel operation despite several
advantages. Several other fuels could be used with DME in the dual-fuel modes, such
as di-ethyl ether, Biogas, CNG, and hydrogen, which need to be explored. The study
of unregulated emissions is almost absent; therefore, future research should also
explore unregulated emissions from various dual-fuel mode-operated engines. Very
few researches have focused on dual-fuel RCCI mode combustion using DME as a
high reactivity fuel. No study has been done to use dual-fuel mode operation in split



256 A. Tripathi et al.

injection strategy and variations in IVO timings in conventional CI engines. There
are several challenges in handlingmultiple fuels having different physical properties.
Significant research efforts are required to bring this technology to on-road vehicles.

9.9 Summary

This chapter discussed various dual-fuel injection strategies for introducing DME
into the engine CC along with other fuels. The effect of these strategies on various
engine parameters is explored in this chapter. Diesel-fuelled CI engine emits higher
PMand soot emissions. DME is one of the best alternatives to diesel in CI engines due
to its high CN, absence of C–C bond that suppresses the formation of soot, and lower
CO, HC, PM emissions. Some properties of DME are not favourable, which make
its implementation in CI engines challenging, such as lower viscosity and inferior
self-lubrication characteristics. Any fuel with high ON (low CN) can be used along
with DME in dual-fuel mode. Higher ON fuel is difficult to auto-ignite; hence DME
acts as an ignition promoter.

Using this method, one can expand the operating range of a single fuel DME
HCCI engine by extending its knock limit via suppressing the auto-ignition char-
acteristics of DME. There are several advantages of using different dual-fuel injec-
tion strategies. Using port injection of DME and DI of higher ON fuel helps start
combustion reactions by injecting homogeneous DME-air mixture. Combustion of
charge helps build perfect conditions in the engine CC to ignite directly injected
high ON fuel. By varying the premixing ratio of port injected DME, many combus-
tion parameters such as in-cylinder pressure and temperature, rate of pressure rise,
HRR (LTR + HTR + diffusion), and ignition delay can be controlled. Fewer modi-
fications are required in the existing diesel injection system while the PFI of DME
can be undertaken. Combustion duration increases, and ignition timings retard with
increased port-injected quantity of high ON fuel (LPG) due to decreased combustion
efficiency. The effect of LPG injection becomes insignificant in LPG-DI and DME-
PFI engines due to dominant self-ignition characteristics of the premixed DME-air
mixture inside theCC.NOxemission reduceswith an increasingDMEpremixed ratio
till the optimum quantity of DME; however, NOx emissions increase with further
increasing DME quantity because DME promotes high-temperature reactions. NOx
also decreases with an increasing EGR rate. HC and CO emissions decrease with
an increasing DME injection quantity and advanced fuel injection timing because
complete combustion in the CC increases the in-cylinder temperature. This helps
oxidize HC, and CO. HC emissions generally increase with an increasing ON/CN
ratio in dual-fuel mode. Soot emission decreases with DME use. Dual-fuel combus-
tion can be used to reduceNOx andPMemissions from existing diesel engines. These
benefits comeat the cost of slightmodifications in the currentCI engine design.Cyclic
variations of different parameters such as Pmax, Tmax, and IMEP increase, but ROHR
decreases, ROPR first decreases, and then increases with an increasing DME port
injection quantity in HCCI DME-diesel dual-fuel engine.
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Chapter 10
Prospects and Challenges of DME Fueled
Low-Temperature Combustion Engine
Technology

Shanti Mehra and Avinash Kumar Agarwal

Abstract The ever-increasing demand for energy, the exhaustible nature of conven-
tional fuels, and increasing pollution have led to an immediate search for clean,
sustainable, and renewable alternative energy sources. DME is one such alternative
fuel that is quite promising for internal combustion (IC) engines because of several
advantages over conventional fuels. DME is the ultimate next-generation e-fuel since
it can be produced from renewable feedstocks such as agricultural, municipal sewage
waste, and many kinds of biomass fuels by direct and indirect synthesis. However,
DME-fueled IC engines have few limitations, e.g., high NOx emissions, which need
to be overcome to expand their usage in production-grade engines. In addition to
environment-friendly fuel, there is also a need to investigate emerging, innovative
combustion technologies capable of meeting fuel economy targets and complying
with the prevailing stringent emission norms. Engineswith low-temperature combus-
tion (LTC) concepts are highly efficient and environmentally friendly and offer
promising alternatives to conventional combustion engine technologies. Homoge-
neous charge compression ignition (HCCI), partially premixed charge compression
ignition (PCCI), Reactivity controlled compression ignition (RCCI), and gasoline
compression ignition (GCI) are a few of the LTC variant technologies, which should
be investigated for DME to combine both cleaner and efficient engine technology
and environment-friendly alternative fuel. HCCI engine technology is an ideal LTC
engine technology with higher efficiency. However, there are some limitations of
HCCI engine technology, such as limited operational range. Hence, other LTC engine
technologies are being widely investigated. PCCI engine technology is one of them.
Factors such as lean premixed charge, high compression ratio, and multi-point spon-
taneous ignition lead to excellent fuel economy and low NOx emissions. Another
LTC engine technology is the RCCI, which uses two different fuel reactivities to
achieve excellent engine efficiencies. Low reactivity fuels such as natural gas can
be used along with high reactivity fuels such as DME, yielding lower NOx and
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PM emissions, reducing heat transfer loss, and increasing engine efficiency. More-
over, the RCCI technology leads to an elimination of the need for expensive exhaust
gas after-treatment systems. This chapter examines the concepts of various LTC
engine technologies and their performance and emission characteristics, underlying
challenges, and way forward for using DME as a fuel in IC engines.

Keywords Dimethyl Ether · Low-temperature combustion · Homogeneous charge
compression ignition · Partially premixed charge compression ignition · Reactivity
controlled compression ignition · Exhaust gas recirculation

Abbreviations

CI Compression ignition
CIDI Compression ignition direct injection
DI Direct injection
DME Dimethyl ether
EGR Exhaust gas recirculation
HCCI Homogeneous charge compression ignition
HRF High reactivity fuel
HRR Heat release rate
LRF Low reactivity fuel
LTC Low-temperature combustion
PCCI Premixed charge compression ignition
PFI Port fuel injection
RCCI Reactivity controlled compression ignition
RoPR Rate of pressure rise
SI Spark ignition
UHC Unburned hydro carbon

10.1 Introduction

The usage of DME as fuel in low-temperature combustion (LTC) engines is a signifi-
cant area of research since it can lead to efficient and very clean combustion delivering
an excellent fuel economy.
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10.1.1 Properties, Advantages, and Use of DME in IC Engine

DME Properties

DME is the simplest ether compound with a chemical formula CH3–O–CH3. DME
is a highly flammable gas under normal ambient conditions (temperature 298 K and
pressure 0.1Mpa). However, at standard atmospheric temperature andwhen pressure
is increased above 0.5 MPa, it gets liquified (Park and Lee 2013). It is colourless but
burns with a visible blue flame, therefore inherently safe during combustion. DME
is quite similar to LPG in storage, handling, distribution, and safety aspects. It has
a higher cetane number (55–60) than diesel (40–55). Therefore, it has emerged as a
good alternative for CI Engines. DME, due to its very low freezing point (−141 °C),
has excellent cold-working characteristics. DME is more compressible than other
hydrocarbons since its bulk modulus is lower than other hydrocarbon fuels (Park and
Lee 2014) (Table 10.1).

Advantages of DME Fueled Vehicles

DME is a non-toxic and environmentally benign compound. The majority of hydro-
carbon fuels can be mixed with DME. It can be produced from various feedstocks
such as coal, natural gas, and renewable feedstocks such as many kinds of biomass
fuels (Huang et al. 2009) (Fig. 10.1).

DME has no C–C bonds in its molecular structure, leading to an almost smoke-
free combustion. Also, each molecule of DME has an oxygen atom, which leads to
superior and complete burning with ultra-low soot emission. The DME combustion

Table 10.1 Physical and
chemical properties of DME
and diesel fuel (Park and Lee
2014)

Property DME Diesel

Chemical formula CH3OCH3 C8–C25

Molecular weight 46.07 96∼
Vapor pressure at 20 °C (bar) 5.1 <0.01

Boiling temperature (°C) − 25 ≈150–380

Liquid density at 20 °C
(kg/m3)

660 800–840

Liquid viscosity at 25 °C
(kg/ms)

0.12–0.15 2–4

Gas specific gravity (vs air) 1.59 –

Lower heating value (MJ/kg) 28.43 42.5

Cetane number 55–60 40–55

Stoichiometric A/F ratio
(kg/kg)

9.0 14.6

Enthalpy of vaporization at
NTPa (kJ/kg)

460 (−20 °C) 250

aNormal temperature and pressure
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Fig. 10.1 A schematic of a
future fuel supply chain,
DME plays a central role in
deriving fuel from different
feedstocks for various
applications. Adapted from
Sorenson (2001)

has no significant emissions of polycyclic aromatic hydrocarbons (PAHs), benzene,
and toluene. The SO2 formation is nearly zero because of the absence of sulfur in
DME. The higher latent heat of DME reduces the NOx concentration because the
injected liquid DME spray absorbs heat during evaporation (Park and Lee 2014).
DME has considerably lower initial rates of pressure rise and maximum pressure
than baseline diesel. Therefore, DME engines/ vehicles exhibit significantly lower
combustion noise and are quieter than diesel engines/ vehicles. DME is non-corrosive
to metals and does not require special materials for its tank and fueling system
designs.

Safety Aspects of DME

For decades, DME has been used as propellants in aerosol cans, as cooking fuel,
solvent, and medical treatment (Park and Lee 2014). In addition, DME is an environ-
mentally benign compound. It doesn’t have any carcinogenic, teratogenic, or muta-
genic effects upon exposure; however, it has a slight narcotic effect. It is not only a
non-greenhouse gas but also degrades easily in the troposphere. DME’s handling and
storage are similar to LPG since DME is a gas at atmospheric temperature and pres-
sure conditions and is a liquid when pressurized above 0.5 MPa. DME is susceptible
to leakage at normal temperature because of its high vapour pressure. Also, DME has
a higher density than airwhich poses further safety challenges.DME tends to dissolve
elastomers. Therefore, most sealing materials used in conventional fuel pumps and
high-pressure injection pumps dissolve and swell when exposed to DME, resulting
in leakages from the high-pressure DME fuel supply system. Therefore, the selection
of DME-compatible materials is of prime importance for designing leakage arrestors
for DME injection systems.

Moreover, level sensors that are used for safetymonitoring have a reduced lifetime
with DME. Frequent inspections and replacements of fuel components, if required,
are necessary for DME fueled engines. The lubricity of DME can be increased with
surface film-forming additives. DME’s viscosity must also be increased to prevent
premature frictional wear of the injection system and internal leakage problems.
Additives such as Lubrizol, Hitec, Infinium R655, etc., can be added to improve the
viscosity and lubricity of DME. Careful attention needs to be given to the lubricity
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additives mixed with DME as they can adversely affect the generation of oxygen-
based compounds. DME tanks are pressure vessels that aremore rugged than conven-
tional diesel tanks; thus, the risk of tank failure is relatively low. However, poten-
tially more severe consequences may occur in case of tank failure. Firefighters will
be required to receive special training on extinguishing a DME-fed fire since the
improper technique can lead to explosions.

Use of DME in Engines/Vehicles

Development and usage of DME trucks are being done across the world currently
(Park and Lee 2014). Various DME-fueled vehicles such as mini-buses and light,
medium, and heavy-duty trucks have been developed in Sweden, Denmark, Japan,
China, USA, and Korea. Many countries have successfully tested the vehicles on the
roads under actual driving conditions. In Europe, DME-fueled vehicles were first
developed by Haldor Topsoe (Denmark) in 1996. By the year 1998, DME-fueled
engines complyingwith EURO-4 emission standardswere developed. In 1999,Volvo
developed the first DME-fueled bus in Sweden. Between 1999 and 2001, in North
America, a consortium of Pennsylvania State University, Air Products and Chem-
icals, Inc., Department of Energy (DOE), Navistar International, and Caterpillar
developed a project to operate diesel buses on DME. They used a shuttle bus with a
displacement volume of 7.1 L and a turbocharged intake system (Eirich et al. 2003).
In Asia, between 1998 and 2001, a consortium led by the National Traffic Safety
and Environment Laboratory (NTSEL) with Nissan diesel motors and Bosch Japan
developed a heavy-duty DME bus with a mechanical fuel injection system. In China,
in 2005, a consortium of Shanghai Motor Company, Shanghai Jiao Tong University
(SJTU), and Shanghai Coking & Chemical Corporation developed a DME filling
station and 10 DME-fueled buses. A DME engine research project was started by
the Korea Institute of Energy Research (KIER) in 2000. In three years, they devel-
oped a prototype DME truck with a displacement volume of 3 L. In addition, they
developed a prototype DME bus for 33 passengers with 8.071 L displacement in
2005. This bus was successfully driven on the road in 2010. In India, a pilot plant
has been set up to produce DME from methanol dehydration in National Chemical
Laboratory, Pune. Bureau of Indian Standards has notified 20% DME blending with
LPG. According to NITI Ayog, Rs. 6000 Crore can be saved annually by blending
20% DME in LPG. This would result in a saving of Rs. 50 to 100 per cylinder to the
consumer.

The latest policy drafted by the European Union (EU) in the Renewable Energy
Directive (REDII), targets nearly 32% usage of renewable energy by the year 2030
(https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018L2001&
from=fr). However, a proposal of the European Parliament and the council states
that this target is insufficient and needs to be increased to 38–40% for meeting
the Climate Target Plan (CTP) (https://ec.europa.eu/info/sites/default/files/amendm
ent-renewable-energy-directive-2030-climate-target-with-annexes_en.pdf). The
proposal for the revision of REDII is consistent with the energy efficiency directives,
which contribute to the efficient use of renewable energy in end-use sectors. It is also
consistent with the fuel quality directive, which supports renewable and low-carbon

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/%3Furi%3DCELEX:32018L2001%26from%3Dfr
https://ec.europa.eu/info/sites/default/files/amendment-renewable-energy-directive-2030-climate-target-with-annexes_en.pdf
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Fig. 10.2 A DME-powered mack truck. Adapted from (https://www.greencarmjm,p;[‘congress.
com/)

fuels in transport. This policy and revised proposal are important for developing
low-carbon fuels like DME and DME fueled vehicles. With the development of
adequate infrastructure for DME’s supply and distribution system, DME-fueled
vehicles have the potential to become a suitable and sustainable replacement for
conventional CI engine-powered vehicles (Singh et al. 2018) (Fig. 10.2).

10.1.2 DME Spray Characterization

DME develops a highly evaporating spray upon injection into the combustion
chamber due to its very low boiling point. This results in good atomization and rapid
fuel–air mixing. The formation of a homogenous mixture leads to complete combus-
tion (Yu and Bae 2003). The microscopic and macroscopic spray characteristics of
DME are studied to understand its spray morphology and spray characterization.
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Macroscopic Spray Characteristics

Spray Tip Penetration

Spray penetration length is the maximum length from the nozzle tip to the farthest
point on the spray plume, where the spray diminishes. It should be of optimum value
since a longer penetration length leads to spray plume hitting the wall resulting in a
breakup of lubrication oil layer resulting in higher engine wear and soot formation. In
contrast, a shorter penetration length leads to an inefficient air–fuelmixture formation
resulting in improper combustion. Spray tip penetration of DME increases with an
increase in fuel injection pressure (FIP) due to the rise in inertia or momentum of
fuel. Spray tip penetration of DME is lesser than diesel because of the low viscosity
and low density of DME. Spray tip penetration reduces with an increase in ambient
chamber pressure (Lee et al. 2001). On increasing the injection angle, spray tip
penetration decreases. A narrow injection angle accumulates the fuel near the piston
bowl, which results in the complete combustion of DME and the production of more
power output.

Spray Cone Angle

Spray Cone angle is a measure of the extent of dispersion of the spray cone. DME is
a highly dispersive fuel and therefore has a large cone angle. The spray cone angle
increases with an increase in the ambient pressure. In the experiment on DME spray
characteristics in a common-rail fuel injection system, the spray angle is obtained
by calculating the mean of all the spray cone angles created from the five nozzle
holes. During atmospheric chamber conditions, the spray cone angle decreases with
an increase in the injection pressure (Yu et al. 2002).

Spray Area

The spray area is calculated by post-processing the spray image captured by a high-
speed camera. It is defined as the area covered by spray droplets within the spray
regime. With an increase in the injection pressure, the vaporizing region of the DME
spray increases regardless of the chamber pressure conditions. At higher chamber
pressures, the area of the vapour phase decreases (Hwang et al. 2003).

Microscopic Spray Characteristics

Spray Droplet Size

Droplet is assumed to be spherical, and its size is measured by various diameters
such as arithmetic mean diameter, volume mean diameter, and Sauter mean diameter
(SMD). On increasing the ambient pressure, the droplet size decreases due to the
higher drag offered by ambient air. Small size droplet promotes the formation of
the homogeneous fuel–air mixture. At any instant, the overall SMD is calculated
by taking the mean of all measuring droplets. The smaller-sized droplets of DME
evaporate quickly andmix with ambient air, leaving the larger droplets to be included
in the calculations resulting in large SMD values for DME. This shows that the fuel



268 S. Mehra and A. K. Agarwal

temperature and ambient gas temperature affect the increase in the overall SMD (Lee
et al. 2001). For the comparison of diesel and DME fuels, spray characteristics were
performed under the test conditions of 70 MPa (injection pressure), 1 MPa (ambient
pressure), and 1.0 ms (energizing duration). The average SMD values for DME and
diesel were 16.9 μm and 28.9 μm, respectively (Park et al. 2011a).

Spray Droplet Velocity

Droplet velocity increases with an increase in FIP because of an increase in driving
force. Droplet velocity increases to a maximum value due to momentum, then
decreases due to evaporation and destabilizing force in the high-pressure chamber.
Higher droplet velocity will lead to higher drag force resulting in droplets of small
size. Droplet velocity reduces with an increase in ambient pressure. Suh and Lee
(2008) performed an experimental and analytical study on the spray characteristics
of DME and diesel. They found that around 20 mm downstream of the nozzle exit,
diesel droplets have under 17 m/s droplet velocity. For DME, the distribution of
droplets velocity was over 10 m/s. 40 mm downstream of the nozzle exit, the droplet
velocity distributions increased for diesel to over 20 m/s. Whereas for DME, the
droplet velocity decreased slightly due to greater fuel atomization. The comparison
results between diesel and DME showed that diesel exhibited a faster spray droplet
velocity than DME.

10.1.3 LTC Engine Concept

Once an alternative fuel is chosen, there is a need to investigate innovative combustion
technologies capable of delivering fuel economy and meeting prevailing stringent
emission norms. Various LTC engine technologies have proven to be highly efficient,
environmentally friendly, and promising alternatives to conventional combustion
modes (Singh and Agarwal 2018). HCCI, PCCI, and RCCI are examples frommany,
which will be explored further in this chapter. We will explore these concepts one
by one, including the advantages and challenges they face.

Homogeneous Charge Compression Ignition (HCCI)

HCCI combustion is a noble LTC engine technology in which a well-mixed charge of
fuel and air is compressed to auto-ignite, resulting in lower NOx and PM emissions
(Gowthaman and Sathiyagnanam 2017). In addition, HCCI engine technology offers
very low cyclic variations and good fuel economy. However, there is a need for
ignition timing control since the operational range of HCCI mode is rather limited.
In addition, HC and CO emissions are quite high, and there are no direct means to
initiate the ignition. Once the ignition starts, there is a very rapid rise in the heat
release rate.
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Premixed Charge Compression Ignition (PCCI)

The combustion phasing inHCCI engine technology cannot be adequately controlled,
leading to newerLTCconcepts. The fuel is directly injected into the engine cylinder in
the PCCI concept to form a homogeneous premixed charge. Parameters such as pilot
injection, fuel injection pressure, and temperature inside the cylinder predominantly
determine the ignition characteristics of this premixed charge (Singh et al. 2020).
In PCCI, the premixed combustion is more important than the mixing-controlled
combustion. PCCI engine technology has relatively better combustion control than
the HCCI engine technology. The engine performance is also superior. However,
the NOx and soot emissions are higher than the HCCI engine technology at high
loads. At low and medium engine loads, the PCCI engine technology offers superior
emission characteristics, though. Still, a high rate of pressure rise (RoPR) at higher
engine loads leads to severe knocking. This knocking severely limits the application
of PCCI engine technology in production-grade engines.

Reactivity Controlled Compression Ignition (RCCI)

To control the limitations of HCCI and PCCI engine technologies, yet another
advanced variation of LTC, i.e., RCCI combustion, was developed. RCCI is a dual
fuel combustion engine technology, using two fuels of different reactivities known
as low reactivity fuel (LRF) and high reactivity fuel (HRF). The principle of RCCI
engine technology is based on direct injection of the HRF into the cylinder while the
LRF is inducted into the intake manifold (Maurya et al. 2018). The high reactivity
fuels such as DME control the ignition and combustion characteristics of LRF, such
as natural gas. The brake thermal efficiency (BTE) is higher in RCCI combustion
than in HCCI combustion.

10.2 DME Fueled LTC Engine Technologies

10.2.1 DME Fueled HCCI Combustion

HCCI engine technology is a promising alternative to conventional engine technolo-
gies since it combines the principles of both spark ignition (SI) and compression igni-
tion (CI) engines. In an SI engine, the premixed fuel–air mixture is directly injected
into the cylinder, after which it auto-ignites, similar to a CI engine. TheHCCI engines
have higher thermal efficiency than a traditional SI engine and a lower NOx, PM, and
soot than a traditional CI engine. The excess air in the HCCI engine technology leads
to a low combustion temperature, consequently reducing NOx emissions. Due to the
homogenously lean charge, particulate emissions are low. Also, the flame tempera-
ture is relatively low, which lowers the soot formation (Jang et al. 2013). However,
due to homogenous charge and simultaneous auto-ignition at numerous sites within
the cylinder, there is an excessive RoPR and heat release rate (HRR). This leads to
pressure ringing and even knocking in the engine at times (Luong et al. 2015). In
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addition, the HCCI engine technology has a narrow operating range and therefore,
cannot be used reliably over the full engine load spectrum. There are problems with
HCCI in both high and low load conditions. The combustion efficiency is relatively
low at low load, leading to improper combustion and misfire, leading to a significant
increase in the HC and CO emissions (Putrasari et al. 2017).

Another technical challenge for HCCI is its inability to control the auto-ignition
timing, a crucial parameter for engine performance. There is no precise control on
the start of combustion and HRR. With all these challenges, investigations are on
for using DME in HCCI combustion engines. DME has good ignitability and can
prevent fuel adhesion to the cylinder surface while maintaining a stable ignition in
the HCCI engine (Ogawa et al. 2003a).

DME Fueled HCCI-DI Combustion

The main challenge with DME fueled engines is to reduce the NOx emissions to
comply with the most stringent emission norm. Other challenges are to control the
start of combustion and the HRR. Unburned HC and CO emissions are also high
from the DME fueled engines (Ying et al. 2009). One approach to overcome these
limitations is combining HCCI engine technology and conventional DI engine tech-
nology to use the DME, which is referred to as the ‘HCCI-DI engine technology.’
HCCI-DI engine technology adds the benefits of the HCCI engine and expands its
operational range by usingDI. Different premixed ratios can be obtained by adjusting
the amount of fuel directly injected into the cylinder and the amount injected in the
port.When the equivalence ratio is kept high in aDMEfueledHCCI engine, it reduces
local temperature and overall temperature, which then suppresses the formation of
thermal NOx. Thus, NOx emissions over the whole load range are negligible from a
DMEHCCI engine. However, a narrow range exists for the HCCI engine technology.
Therefore, to increase the load range, the HCCI-DI engine technology can be used.
With HCCI-DI mode, the NOx emissions are more than HCCI mode but lower than
the conventional CIDI mode.With increased DME in port aspiration, NOx emissions
decrease substantially at low loads while increasing at high loads (Fig. 10.3). The

Fig. 10.3 NOx emissions
for HCCI mode and
HCCI-DI mode operation
with different premixed
ratios (r) (Ying et al. 2009)
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reason is the trade-off between NOx reduction during HCCI engine technology and
NOx increase during DICI engine technology.

The CO emission from HCCI-DI engine technology is lower than HCCI engine
technology.However,with an increased port aspirated quantity ofDME,COemission
also increased. This happened because for theHCCI-DI engine, the equivalence fuel–
air ratio has a much wider range than the HCCI engine technology (Chapman and
Boehman 2008) (Fig. 10.4).

The HC emissions for the HCCI-DI engine were much lower than the HCCI
engine technology. Therefore, HCCI engine technology can prove efficient in further
oxidation of unburnt HC molecules produced at the premixed homogenous charge
combustion stage (Amann et al. 2006) (Fig. 10.5).

Effect of Cooled EGR on HCCI-DI Combustion

EGR reduces the NOx emissions from traditional CI engines. EGR also helps
in controlling the rate of combustion and ignition timing in the HCCI engines.
Moreover, EGR affects the combustion and emission characteristics of an engine

Fig. 10.4 CO emission for
HCCI and HCCI-DI mode
operation with different
premixed ratios (r) (Ying
et al. 2009)

Fig. 10.5 HC emissions for
HCCI and HCCI-DI mode
operation with different
premixed ratios (r) (Ying
et al. 2009)
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(Zhao et al. 2001). It is seen that the heat capacity of the fuel–air mixture increases
with an increasing EGR rate. Consequently, the RoPR during the compression stroke
decreases. The fuel concentration gets reduced to show a dilution effect. The quantity
of various gases such as CO2, CO, NO, and H2O present in the EGR increases the
final product concentrations, preventing oxidation reactions (Ying et al. 2009).

On the other hand, reverse reactions are promoted. Because of all these effects
in the HCCI-DI engine technology, overall combustion duration gets delayed since
combustion is initially postponed. Thus, with the help of low-temperature reactions
in the HCCI-DI engine technology, EGR suppresses the highly advanced start of
combustion (SoC). The knocking, which limits the operating range of HCCI due to
excessively advanced and rapid combustion, can also be overcome. Therefore, EGR
can successfully expand the operational range of HCCI-DI engines (Fig. 10.6).

With EGR, the emissions of NOx decrease while the emissions of HC and CO
increase slightly in the HCCI engines (Fig. 10.7).

Fig. 10.6 Effect of EGR on the maximum power output of the HCCI-DI combustion engine (Ying
et al. 2009)

Fig. 10.7 Effect of EGR on the emissions of HCCI-DI engine technology with different premixed
ratios (r) (Ying et al. 2009)
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Advantages of DME Fueled HCCI Combustion

DME as a fuel is used in HCCI engines because it has a high cetane rating, no C–C
bond, an ‘O’ atom in each molecule, and it evaporates easily and mixes well with the
air. Therefore, it leads to negligible soot formation in the engine combustion chamber
since the formation of fuel-rich zones gets prevented.

Under the same operating conditions, the ignition delay is shorter for DME-fueled
HCCI engine technology than diesel-fueled HCCI engine technology since DME
evaporates more quickly than diesel. The benefit of a shorter ignition delay of DME
is that ignition timing can be easily controlled with the help of various schemes such
as fuel–air mixing, exhaust gas recirculation, and the use of additives (Jang et al.
2013).

Challenges of DME Fueled HCCI Combustion

Some operational issues with DME-fueled HCCI combustion inhibit the widespread
implementation of this LTC engine technology. First, the limited power output is a
serious challenge with DME-fueled HCCI engines. Second, the combustion rate is
controlled by parameters such as temperature and pressure in the cylinder, the ratio
of air and fuel, and the dilution level. The rate of themaximum pressure rise increases
with the fueling rate, which limits the load. The HCCI engine encounters knocking
upon the occurrence of explosive combustion.

Consequently, knocking leads to engine damage and excessive noise. Also, using
EGR with HCCI has disadvantages, such as the rapid burning rate of EGR forming
constituents like CO2 and H2O, thus increasing the unburned HC and CO emis-
sions, subsequently lowering the power output. If the intake pressure is boosted for
increasing the load range, the fuel autoignition reactivity gets intensified.

10.2.2 DME Fueled PCCI Combustion

HCCI engine technology with EGR can be superior; however, it is complex, expen-
sive, and restrictive in use. In addition, there are some operational challenges, such
as the inability to control the HRR and relatively higher HC and CO emissions.
As discussed previously, these issues motivate exploring another LTC engine tech-
nology, namely premixed charge compression ignition (PCCI), which is an inter-
mediate between the HCCI engine technology and the conventional CI engine tech-
nology. A partially homogenous fuel–air mixture is prepared in the PCCI engine by
injecting the fuel early during the compression stroke (Agarwal et al. 2021a). The
PCCI engine technology exhibited superior combustion control than conventional CI
combustion but has a limitation of emitting slightly higher NOx and PM emissions.
With the help of a high EGR rate, multiple injections and additives, optimization of
fuel injection parameters such as the start of injection timing and FIP, this limitation
of PCCI engine technology can be overcome (Singh et al. 2021a).
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DME Fueled PCCI-DI Combustion

Using DME as a fuel in PCCI-DI engines leads to a wider range of engine speeds
and loads (https://worldwidescience.org/).Moreover, the BTE also increases than the
baseline DME fueled CI engine. Also, DME fueled PCCI-DI combustion lowers the
NOx emissions effectively for all loads. In PCCI-DI engine technology, fuel injection
is divided into pilot fuel injection and main fuel injection. The pilot DME fuel forms
a partially homogenous mixture with air and is injected into the cylinder via the
intake port. The ignition of the charge takes place simultaneously at multiple sites at
suitable fuel–air ratios and in-cylinder temperatures. Experiments were performed
on the DME-fueled PCCI-DI engine using part DME as the primary fuel and other
part DME as the pilot fuel (Ying et al. 2010). In these experiments, it is seen that the
increase in the pilot DME fuel quantity leads to the following effects:

1. At low loads, NOx emissions decrease, while at high loads, they increase.
2. The HC and CO emissions show an increasing trend irrespective of load.
3. The maximum pressure and highest heat release rate were also observed.
4. The combustion duration was shortened.
5. Maximum power output was achieved without knocking.
6. At low andmedium loads, the brake thermal efficiency was comparable to DME

CIDI, and at high loads, it was higher than DME CIDI (Figs. 10.8, 10.9 and
10.10).

DME Fueled Port PCCI

Port PCCI combustion mode is yet another possible approach to achieve cleaner
combustion and higher efficiency. The reasons for choosing gaseous DME as fuel
are its low boiling point and excellent ignition delay characteristics (Wang et al.
2013).

Fig. 10.8 Effects of pilot fuel quantities on NOx emissions of PCCI-DI engine at n = 1400 rpm
(Ying et al. 2010)

https://worldwidescience.org/
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Fig. 10.9 Effects of pilot fuel quantities on a HC and b CO emissions of PCCI-DI engine (Ying
et al. 2010)

Fig. 10.10 Effects of pilot
fuel quantities on the brake
thermal efficiency of
PCCI-DI engine (Ying et al.
2010)

Advantages of DME Fueled PCCI Combustion

As the premixing ratio increases in the PCCI engine technology, there is a substantial
reduction in NOx and smoke emissions. On heating to a high temperature, DME
produces enough hydrogen, leading to reduced brake-specific fuel consumption.
DME has a high latent heat of vaporization; therefore, it absorbs comparatively
more heat than diesel in the gaseous form (Laguitton et al. 2007). Experiments were
performed in a DME-diesel dual fuel PCCI engine with EGR, and this emerged as
an excellent strategy to control the combustion and reduce the NOx emissions (Zhao
et al. 2014) (Fig. 10.11).

The temperature inside the cylinder is one of the key parameters for controlling
the auto-ignition process. With EGR, auto-ignition timing gets delayed, leading to a
lower peak charge temperature, reducing the NOx emissions (Kiplimo et al. 2012).
Since combustion noise is proportional to the maximum temperature, the noise also
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Fig. 10.11 Effects of premixing ratio and EGR rate on the calculated mean charge temperature
(Zhao et al. 2014)

Fig. 10.12 NOx emissions and smoke opacity for different operating modes (Zhao et al. 2014)

gets reduced with a reduction in the peak temperature and pressure (Torregrosa et al.
2011) (Fig. 10.12).

The emission ofNOx decreased since the oxygen concentration decreased, leading
to a lower flame temperature (Lee et al. 2003). With an increasing DME premixing
ratio, the NOx reduction rate slowed down, and the EGR rate was increased for
achieving high premixing ratios to overcome this. The smoke was mainly observed
at higher temperatures and fuel-rich regions. Therefore, with an increasing DME
premixing ratio, it decreased. However, the smoke increased with an increasing EGR
rate since oxygen concentration decreased, leading to incomplete combustion.

Challenges of DME Fueled PCCI Combustion

There is only limited knowledge regarding the combustion and emission character-
istics of EGR in the DME-fueled PCCI engine. Also, it is seen that with EGR in a
DME-diesel dual-fuel PCCI engine, the brake thermal efficiency was reduced while
the equivalent brake-specific fuel consumption increased (Fig. 10.13).
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Fig. 10.13 Equivalent brake-specific fuel consumption and brake thermal efficiency for different
operating modes (Zhao et al. 2014)

Fig. 10.14 HC and CO emissions for different operating modes (Zhao et al. 2014)

Moreover, with increasing EGR rate, NOx reduced, but smoke and unburnt CO
and HC emissions increased (Fig. 10.14).

Therefore, further investigation using the DME fueled PCCI engine technology
experiments would help develop a superior understanding of this LTC engine
technology.

10.2.3 DME Fueled RCCI Combustion

Due to the existing challenges of HCCI and PCCI engine technologies, a new LTC
engine technology, namely reactivity-controlled compression ignition (RCCI), was
developed for application in commercial engines. The RCCI engine creates a reac-
tivity gradient and a suitable global reactivity in the engine combustion chamber.
The reactivity gradient is created by using two fuels of different reactivities, known
as low reactivity fuel (LRF) and high reactivity fuel (HRF). LRF, such as natural gas,
gasoline, methanol, etc., is port-injected, while the HRF (DME) is injected directly
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into the engine combustion chamber (Agarwal et al. 2021b). Once the direct injec-
tion of HRF is completed, RCCI combustion is started. This dual-fuel LTC engine
technology uses two fuels inside the cylinder to control the combustion phasing and
HRR (Singh et al. 2021b).

RCCI engine technology offers an advantage over other LTC technologies. It is
capable of being used at low as well as high engine loads. Fuels with different cetane
numbers regulate combustion. Additives such as hydrogen can change the heating
value of the fuel–air mixture.

DME-CH4 Fueled RCCI Combustion

Methane as an alternative fuel is of prime importance for reducing smoke from IC
engines since it is a highly clean-burning fuel. It can be produced from eco-friendly
renewable energy sources. Generally, for hydrocarbon fuels such as methane, the
combustion process occurs in two stages. The low-temperature chemical reactions
control the first stage, whereas the high-temperature reactions govern the second
stage (Jin et al. 2019). Methane has comparatively lower Reactivity than DME;
therefore, DME is added to methane. The reactivity is increased because of higher
radical production by the chain branching pathway of DME at low temperatures and
by fast rate constants of hydrogen atom abstraction and unimolecular decomposition
at high temperatures.

Consequently, with increased DME concentration, the ignition delay is reduced.
With the RCCI engine technology, NOx and soot emissions can be easily reduced
without the need for any exhaust gas after-treatment devices. Smoke and PM emis-
sions of this dual-fuel engine are almost negligible. However, at part loads, the
unburned HC and CO emissions are comparatively higher than CI engines, whereas
they are comparable at high engine loads. The addition of hydrogen to the DME-CH4

RCCI engine has the following effects (Liu et al. 2012):

(a) The maximum pressure in the cylinder increases, leading to advanced ignition
timing (Fig. 10.15).

(b) The initial stages of combustion are affected more than the later stages.
(c) There is a reduction in the unburnt CH4 emission (Fig. 10.16).
(d) CO emission is also reduced. However, the little amount of CO produced is

only because of the premixed combustion of methane (Fig. 10.17).
(e) The emission of NO is increased. However, the final NOx emissions in the

exhaust are predominantly controlled by the mode of injection and the amount
of pilot fuel (Fig. 10.18).

DME/Methanol Fueled Unconventional RCCI

The disadvantage with conventional RCCI engine technology is that at high loads,
it is obstructed by the RoPR due to the quicker combustion of port fuel injected
(PFI) fuel (80%). Also, emissions of unburnt HC and CO are observed. In DME/
Methanol fueled unconventional RCCI engine, the DI and PFI fuels are exchanged,
i.e., the HRF (here DME) is port injected, and the LRF (here methanol) is direct-
injected (Maes and Borosan 2021). This unconventional engine technology reduces
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Fig. 10.15 Calculated
in-cylinder pressures for
varying H2 addition to
DME-CH4 RCCI engine
(Liu et al. 2012)

Fig. 10.16 Calculated CH4
mole fractions with varying
H2 addition to DME-CH4
RCCI engine (Liu et al.
2012)

Fig. 10.17 Calculated CO
mole fractions with varying
H2 addition to DME-CH4
RCCI engine (Liu et al.
2012)
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Fig. 10.18 Calculated NO mole fractions with varying H2 addition to DME-CH4 RCCI engine
(Liu et al. 2012)

NOx emissions. Also, it reduces the engine operating cost by reducing the usage of
aqueous urea solution in the after-treatment systems (Singh et al. 2019) (Fig. 10.19).

Since the combustion in this unconventional RCCI engine is lean and homoge-
nous, the local high-temperature gradient was not observed. This lowered the forma-
tion of NOx. However, the emissions of HC and CO slightly increased, but they were
still lower than the EURO VI limits.

Fig. 10.19 Comparison of emission characteristics of conventional DME engine and Dual fuel
RCCI engine (Maes and Borosan 2021)
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Advantages of DME Fueled RCCI Engine Technology

The RCCI engine technology has the advantage of lower NOx, smoke, and PM
emissions than other LTC engine technologies (Agarwal et al. 2021a). Other bene-
fits include stable combustion and wider load limits. The RCCI combustion mode
achieves comparatively higher net indicated thermal efficiency. The unburnedHCand
COemissionswere comparable to those from theCI engine at high engine loads.With
hydrogen addition to the DME-CH4 fueled RCCI engine, ignition timing advanced,
increasing the peak cylinder pressure. Also, it reduced the emissions of unburnt CH4

and CO (Liu et al. 2012). In the RCCI engine, the final NOx emissions in the exhaust
were determined by the injection mode and the pilot fuel quantity. Therefore, with
appropriate strategies and calculations, NOx emissions can be controlled efficiently.

Challenges of DME Fueled RCCI Combustion

There is a good understanding of the RCCI engine technology at the laboratory scale,
and the benefits are also known. However, at a practical level, DME-fueled RCCI
combustion mode still has a long way to go since it hasn’t made its way to production
yet. The dual-fuel RCCI engine technology still struggles with higher emissions of
unburnt HC and CO at high loads. It was found that for a traditional dual-fuel engine,
operation at higher loads was limited because of the instant combustion of the LRF.
DME-fueled RCCI engine technology is technically feasible and has the potential to
meet the EURO VI emission norms. Another challenge is that the DME combustion
also suffers from the soot-NOx trade-off (Table 10.2).

Table 10.2. Overall comparison of DME fueled HCCI, PCCI, RCCI engine technologies based on
combustion, performance, and emission characteristics

S. No. Combustion,
performance and
emission characteristics

HCCI PCCI RCCI

1 HRR Very High High High

2 RoPR Very High High High

3 Ignition delay Short Short Short

4 Output power Limited Higher than HCCI Higher than HCCI

5 Brake thermal efficiency Relatively low Better than HCCI Better than HCCI

6 NOx emission Low Higher Lowest

7 Particulate emission Low Higher Negligible

8 HC emission High Higher than HCCI High

9 CO emission High Higher than HCCI High

10 Soot emission Low Higher Low
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10.3 Emission Characteristics of DME Fueled LTC Engines

10.3.1 Regulated Gaseous Emissions

Oxides of Nitrogen (NOx)

NOx emissions show variations in DME fueled CI engines, depending on the engine
condition and the fuel supply system. DME has a shorter ignition delay than diesel,
leading to the burning of lesser fuel during the premixed combustion phase (Kapus
1995; Fleisch 1995). Thus, the NOx emissions are lower. However, higher NOx is
observed if the start of injection is advanced (Kajitani et al. 1997). For optimized
injection retardation, the NOx emissions are lower for DME than diesel (Kajitani
et al. 1997; Longbao et al. 1999). The higher latent heat of DME reduces the NOx

emission formation because the injected liquid DME spray absorbs the heat during
evaporation (Park and Lee 2014). Kim et al. (Kim et al. 2008) compared the emission
characteristics of a CI engine fueled with DME and diesel. They reported that the
NOx emissions were higher for DME because of faster ignition, leading to higher
charge temperature. Park et al. (Park and Yoon 2015) also studied the effect of injec-
tion timing on the DME-fueled engine emissions. They used a two-stage injection
strategy consisting of pilot injection with advanced main injection and reported that
this strategy resulted in the lowest NOx, CO, and HC emissions. Suh et al. (Suh et al.
2010) also investigated the effect of multiple injection strategies on the emission
characteristics of a DME fueled CI engine and observed that the NOx emissions
were reduced by advancing the first injecting timing without any increase in the
soot emissions. NOx emissions are negligible from a DME fueled HCCI engine. In
the HCCI-DI engine, NOx emissions are higher than HCCI but lower than conven-
tional compression ignition direct injection (CIDI) engine (Park et al. 2011b). EGR
can be used to reduce NOx emissions. In the PCCI engine, NOx emissions were
slightly higher than the conventional engine. DI combustion mode was combined
with the PCCI mode to form PCCI-DI combustion mode, which effectively reduced
NOx emissions at all loads. The DME fueled RCCI engine reduced NOx emissions
without exhaust gas after-treatment. DME-methanol-fueled unconventional RCCI
also reduced NOx emissions effectively.

Carbon Monoxide (CO)

DME has a low C/H ratio, lack of C–C bonds, and high oxygen content, leading
to rapid combustion and preventing incomplete combustion. Thus, ideally, the CO
emission decreases in a DME fueled CI engine. However, CO in the exhaust gas is
relatively higher in almost all LTC engine technologies, i.e., HCCI, HCCI-DI, PCCI,
and RCCI w.r.t. conventional diesel and SI engine. When EGR was used with the
LTC engine technology to reduce NOx emissions, there was a further increase in
CO emissions. One way to reduce CO emission was by adding hydrogen, as in the
DME-CH4 RCCI engine. CO emission was comparatively higher at low loads, and
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upon increasing the equivalence ratio, it slowly approached the levels of conventional
diesel engines (Junjun et al. 2009).

Unburned Hydrocarbon (UHC)

UHC emission is caused by the partial burning of a fuel-rich mixture. In DME, no
significant fuel-rich zone is formed due to an oxygen atom in each molecule. In
addition, DME has a shorter spray tip penetration; consequently, UHC emission due
to wall-wetting is also reduced. Hence, UHC emission in DME fueled vehicle is
lesser as compared to diesel. THC emissions are lesser for DME fueled engines than
that of diesel at all operating conditions. However, for LTC engine technologies,
UHC emission followed a similar trend as the CO emission. They were observed
to be relatively higher in LTC engines compared to conventional engines. At part
loads, UHC emissions were higher in DME fueled LTC engine than baseline CI
engine, whereas, at low load, UHC emissions were similar to CI engine operation.
The reason is incomplete combustion in the bowl and crevice regions in the engine
cylinder (Kim et al. 2011). As shown in Fig. 10.20, with an increase in the DME fuel
addition, the composition of the lighter HC emissions (C1–C6) shows an increasing
trend.

Fig. 10.20 Hydrocarbon emissions (C1–C6) with increasing energy equivalent percent in DME
concentration in a dual-fuel engine (Chapman and Boehman 2008)
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Particulate Emission

The particulate emissions were lower for HCCI engines compared to conventional
engines. The PCCI combustion mode showed slightly higher particulate emissions
than the conventional CI engines. On the other hand, RCCI engines notably emitted
lesser particulates as compared to other LTC engines. A new engine technology,
namely, controllable premixed combustion with DME as fuel, can lead to negligible
PM emissions (Liu et al. 2012). It was also seen that while EGR is an excellent
method for reducing NOx emissions, increasing the EGR rate beyond a certain level
can cause an increase in the PM emissions (Maes and Borosan 2021).

10.3.2 Unregulated Emissions

Incomplete combustion of hydrocarbon fuels produces various unregulated emission
species as a byproduct, such as polycyclic aromatic hydrocarbons (PAHs), Benzene
Toluene, Xylene (BTX), CH2O. There is an emission of unburnt DME due to fuel-
rich regions in the cylinder, either too lean or too rich (wivedi et al. 2019). As DME
injection is retarded, CH2O emission from the engine increases. Retarding injection
timing, especially at lower engine speeds, causes a slight increase in DME emission.
From Fig. 10.20, it can be seen that with an increase in the DME fuel addition, the
light olefin emissions show a decreasing trend. With the absence of sulfur in DME,
DME-fueled engines emit zero SOx (Fischer et al. 2000).

Oxygen Compound Emissions

Emissions of oxygen compounds such as acetaldehyde (CH3CHO), formic acid
(HCOOH), and a major fraction of formaldehyde (HCHO) are seen during the
combustion of DME because of the presence of additives and higher oxygen content
(Jie et al. 2010). The formaldehyde concentration increases at low-temperature reac-
tions and then gradually decreases at high-temperature reactions (Azimov et al.
2012). Formaldehyde concentration can be reduced to almost zero by the usage of an
oxidation catalyst (Jie et al. 2010; Oguma et al. 2005; Zhang et al. 2008). As DME
injection is retarded, HCHO emission from the engine increases. Zhu et al. (Zhu
et al. 2012) investigated a DME engine’s regulated and unregulated emissions under
different injection timings. They revealed that as the injection timing is delayed, the
HCHO emission increases. Incomplete combustion of HC produces HCHO emis-
sions. The β-scission of the methoxy-methyl radicals determines the concentration
of HCHO in exhaust emission (Curran et al. 1998). HCHO emission of DME fueled
engine is almost the same as that of diesel.

DME Emission

DME emission results from the unburnt DME fuel because of rich or lean mixtures.
Zhu et al. (Zhu et al. 2012) revealed that the DME emission slightly increased with
the retardation of injection timing at lower engine speed. However, they decreased
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with an increase in load. However, there is an increase in DME emissions when the
injection timing of DME fuel is retarded.

Smoke Emission

DME has no C–C bond, an oxygen content of 35%, and a low C/H ratio, leading to
complete combustion and negligible smoke emission (Arcoumanis et al. 2008). If
any smoke is observed, it is because of the lubricating oil and not DME (Zhu et al.
2012; Arcoumanis et al. 2008). Moreover, the molecular structure of DME consists
of a C–O–C bond, because of which the formation of C≡C radicals is improbable
(Westbrook 1999; Ogawa et al. 2003b). Therefore, as per the acetylene mechanism,
no smoke will be formed during the combustion process of DME (Frenklach and
Wang 1991). Therefore, it can be said that the combustion of DME is almost smoke-
free under all operating conditions (Longbao et al. 1999; Zhu et al. 2012). There
is no need for any particulate filter in the after-treatment systems for DME fueled
vehicles.

10.4 Future Prospects of DME

10.4.1 DME Production and Usage

China is the leading producer of DMEwith a record production of 3.8MT of DME in
2015, the highest in the world. China has the third-largest coal reserves and produces
~70% of its DME from coal, while countries like the US, South America, and Iran
mainly use natural gas for DME production (Agarwal et al. 2021c). Like China, India
also has an abundant reserve of coal and has 5th position in having the largest coal
reserves in the world. Therefore, efficient use of these coal reserves can significantly
produce DME at a very low price. DME and its blends with gasoline or diesel can
be used as a transport fuel in road transport, railways, and ships. DME has a vast
potential to replace diesel in telecom towers.

Further research and development on DME are the need of the hour. Sufficient
DME production and adequate distribution infrastructure are required in India to
accept DME as a replacement for conventional fuels without any hesitation. There
should be the development of indigenous flex-fuel vehicles operating on DME/
blends. With the help of a suitable development program, railway locomotives
currently running on diesel can also be converted to operate on DME. India should
leap forward inDMEadaptation,whichwill reduce its import dependence and carbon
footprint simultaneously (Saraswat and Bansal 2017; Agarwal et al. 2019).
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10.4.2 Path Forward for DME Fueled LTC Engines

With some modifications, DME-fueled LTC engine technologies can offer a
promising future to IC engines. Using suitable EGR and boosting, the operational
range of HCCI engines can be extended to cater to higher loads efficiently. The
control mechanism of boosting with EGR in the HCCI engine is an area that needs to
be researched further (Putrasari et al. 2017). Since there isn’t much information about
the combustion and emission characteristics of DME-diesel dual fuel PCCI engines
using EGR, it is also important to assess the prospects of PCCI engine technology.

RCCI engine combustion also needs to be investigated for the low and part load
conditions for adopting different proportions ofDMEand other LRFs. There is a need
to assess intake temperature sensitivity to understand the ignition delay behaviour
of DME at low loads. Various studies involving pre-, main- and post-injection, and
injection pressure variations could be performed to understand themixture formation
process. Further research is needed to understand the effects of key parameters such
as composition and temperature stratification, mixing layer thickness, and shear-
layer turbulence on the cool flames formed in RCCI combustion mode (Jin et al.
2019). Investigations of the turbulent flame speeds, flame propagation, and emission
characteristics of natural gas in a dual-fuel engine need to be carried out (Liu et al.
2012). Also, experimental and computational studies of natural gas and DME dual-
fuel RCCI engine technology will be of great significance. The effects of various
additives such as hydrogen on the natural gas combustion with EGR should also be
studied.

10.5 Conclusions

DME as fuel has vast potential to replace the existing conventional fuels and over-
come their shortcomings. DME has numerous favourable properties such as high
cetane rating, no C–C bond, an oxygen atom in each molecule, easier evaporation,
good mixing tendency with air, excellent cold working characteristics, making it
highly compatible with IC engines. When used with the innovative LTC engine tech-
nologies, DME enhances the engine performance. LTC engine technology, such as
RCCI, eliminates the need for expensive exhaust gas after-treatment, consequently
lowering the operating cost of the engine.Moreover, the combination of conventional
engine technologies and LTC engine technologies such as HCCI-DI can coalesce the
benefits, leading to a cleaner combustion, excellent fuel economy, and wider opera-
tional range. DME has some challenges as a fuel, such as its lower energy content due
to oxygen in its molecular structure. Therefore, the range of a DME fueled vehicle
is lower compared to a diesel fueled vehicle. The size of the DME fuel tank needs to
be increased to compensate for the reduced range, making the vehicle bulkier. DME
combustion also suffers from a soot-NOx trade-off. Also, different LTC engine tech-
nologies have limitations concerning emissions and fuel economy. HCCI engine
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technology has a limited operating range. Using EGR in the HCCI engine has disad-
vantages, such as the rapid HRR leading to higher unburned HC and CO emissions
and reduced power output.

Also, brake thermal efficiency reduces, and an equivalent brake-specific fuel
consumption increases with EGR in a DME-diesel dual fuel PCCI engine. Presently,
the research for the development of DME-fueled LTC engines is limited. However,
it can replace conventional fuels and adapt DME in modern engines to comply
with stringent emission norms while delivering excellent thermal efficiency. More
research and development of DME-fueled low-temperature combustion engine tech-
nologies with DME and DME fuel blends or the use of dual-fuel modes is essential.
DME’s production and distribution infrastructure must be developed simultaneously
to transform DME fueled engine technologies into completely reliable systems.
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Chapter 11
Optimization of Fuel Injection Strategies
for Sustainability of DME in Combustion
Engine

Anubhav, Niraj Kumar, and Rajesh Kumar Saluja

Abstract Fossil fuels are seized or stored underground for millions of years and
are all non-sustainable resources. They are derived from non-renewable resources
that cause irreversible degradation to the environment. Fossil fuel related promi-
nent drawback of limited petroleum reserves, the concentration of global warming,
harmful emissions and stores in specific areas. This has led to a situation where
the use of alternative fuels such as natural gas, biodiesel, hydrogen, alcohol and
dimethyl ether is under intense scrutiny. Compared to other candidates, DME (CH3–
O–CH3) appears to have great potential and should be examined as fuel of choice
for eliminating the dependency on petroleum. In particular, DME can be used as
a clean, high-efficiency fuel for the diesel engines and exhibits minimum environ-
mental impact due to its molecular structure which has no carbon–carbon bonds and
much oxygen with respect to diesel fuel. Good burning characteristics, high thermal
efficiency, non-toxicity, renewability and high cetane contentmake it a superior clean,
green and scalable fuel as compare to that of fossil fuel. Sustainable application of
DMEs requires critical evaluation of performance, efficiency, fuel injection charac-
teristics, combustion and exhaust emission characteristics. Both pure and blended
DME fuel is tested in combustion engine to acquire the optimal conditions of various
parameters for extracting out maximum and efficient output. Hence, to maximize the
sustainability of DMEs, the effects of fuel injection parameters and in-cylinder air
motion, such as the pump plunger diameter, nozzle type, fuel injection timing, nozzle
tip protrusion, nozzle opening pressure, fuel delivery angle, vapor pressure and swirl
ratio on emissions and performance of the DME engine must be critically evaluated
and compared with those of diesel engine. The present chapter focuses on adopting
suitable changes in fuel injection strategies to enhance the emission and perfor-
mance characteristics of DMEs fueled engine. Advance methods to sustain DME
in the preexisting diesel engine system are discussed by modifying some effective
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improvements in the engine for getting maximum optimal output. Due to distin-
guished characteristics of DME from the diesel, the effects of fuel compressibility
on compression work spray pattern, atomization characteristics are also compared,
which may pave way for maximum exploration of DME as fuel for combustion
engine through manipulation of fuel injection strategies.

Keywords Di-methyl ether · Fuel injection · Emission characteristics · Biofuels ·
Fuel injection parameters

11.1 Introduction

Despite the advantage in fuel economy and better power output than gasoline fuel,
diesel engine emissions presents a greater concern. The emissions of diesel engine
especially CO, NOx, HC and smoke create much panic about public health and
environmental degradation (Kumar 2019; Nautiyal et al. 2015; Saxena et al. 2021).
To match with the regulating norms, various complicated post-combustion treatment
systems have been proposed and tested. A study held on diesel SUVs by Centre for
Science and Environment summarized that the quantity of toxicity in exhaust gases
are much higher for diesel operated vehicles than those of petrol cars. In fact, the
addition of one diesel SUV in city is like adding 25 to 65 small petrol cars in terms
of NOx emissions. The ‘NGO Transport and Environment’ concludes that overall
pollution of diesel engines are more than gasoline engines in terms of CO2 emitted
during their whole life cycle. Instead of forcing manufactures to make harsh changes
in engine design and adding complicated exhaust after treatment devices, moving
towards some alternative oxygenated fuel that fits conventional diesel engine with
minimal changes is much better option. To eliminate the problems with diesel fuel
various oxygenated fuels like biodiesel, dimethyl ether, ethanol etc. are introduced
by different researchers as in Fig. 11.1.

In this context, DME (Dimethyl ether) is one of the major promising fuels and can
become a preferable fuel in near future as it is highly oxygenated, non-toxic, noncor-
rosive, and environmentally benign innature.DMEis a cleanburning, energy efficient
and renewable alternative fuel compared to diesel. As renewability of Dimethyl ether
is discussed, it has also produced from renewable source of origin and contributes to
a green and scalable e-fuel for transportation. Syngas can be generated as biomass or
renewable electricity from fossil fuels (coal, methane) or from renewable sources. In
this there are twomodes for extracting DME from the syngas named as direct process
and indirect process. Direct process use single reactor with bifunctional catalyst to
propel the following reactions (Peral and Martín 2015; Liuzzi et al. 2020).

Formation of Methanol: CO + H2 ↔ CH3OH �H = −90.4 KJ/mol

Water-gas shift: CO + H2O ↔ CO2 + H2 �H = −41 KJ/mol

Dehydration of Methanol: 2CH3OH ↔ CH3OCH3 + H2O �H = −23 KJ/mol

Overall reaction: 3CO + 3H2 ↔ CH3OCH3 + CO2 �H = −258.3 KJ/mol
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After this, distillation of the product is taken place to get pure dimethyl ether.Other
than this, in indirect production syngas is used to formmethanol andDME is extracted
from this in separate reactors in the presence of précised catalysts. (Pontzen et al.
2011; Perathoner and Centi 2014; Iliuta et al. 2010) Other than this, under the pure
renewable source of production agro-residue, energy-crops, forest residue, organic
manure etc. are user to get syngas via gasification or anaerobic digestion and then
further DME is produced from snygas as usual. As same solar energy and biomass
is used to produce hydrogen and syngas respectively to produce DME.

DME powered CI engines have almost negligible soot, sulfur and aromatic emis-
sions, while CO and HC emissions are significantly lower than diesel powered
engines. Furthermore, the trend ofNOx emission varieswith the variation of injection
strategies. Despite of these favorable characteristics, some properties of DME like
boiling point, kinematic viscosity, calorific value, density and vapor pressure create a
concern in terms of highwear in fuel system, vapor lock, low lubricity, reduced energy
conversion, and more fuel consumption when fueled in diesel engine. For this, some
suggestedmodification given by researchers is to store dimethyl ether in high pressur-
ized tank i.e., over 0.5 MPa pressure, to resist vapor formation due to the high vapor-
ization characteristics of DME (Li 2010). Wattanavichien (Wattanavichien 2009)
confirms no modification in the fuel system material is necessary while operating
same engine with DME fuel due to its non-corrosive nature.

Various literatures pointed out that several complications arose in injection strate-
gies when DME is used in compression ignition engine. Longbao et al. (Longbao
et al. 1999) reported longer injection delay for DME than diesel because of low
acoustic velocity in liquid DME and Kim et al. (Kim et al. 2007) reported shorter
injection rate of DME by 0.03 ms than that of diesel. These associated problems
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with DME, require some changes in conventional fuel injection strategies for effi-
cient performance of engine. This paper covers the same, the study requirements
in fuel injection strategies with DME application in compression ignition engine
and focusses on optimization of all the important factors related to fuel strategies in
DME fueled engine to move as much closer towards ideal sustainability of DME in
compression ignition engine. Although Dimethyl Ether fuel is in devolving phase
and different research papers are available on various fuel injection systems, yet the
optimization of fuel injection strategies is least explored area. This study investigates
the parameters and factors effecting DME fuel injection and analyses the optimiza-
tion of the fuel-injection strategies to enhance performance, efficiency, and emissions
characteristics of compression ignition engine.

11.2 Physicochemical Properties of Fuel

The properties of DME are comparatively different from diesel fuel that are analyze
and shown in Table 11.1, and some of these properties have great influence on the
fuel injection in combustion engines. DME comes from the group of ethers, and
is also known as methoxy methane, that is an organic compound with chemical

Table 11.1 Physiochemical properties of DME and diesel (Roh and Lee 2017; Zhang et al. 2008;
Wakai et al. 1999)

S. No. Property Units DME Diesel

1 Chemical Formula – CH3–O–CH3 CxHy

2 Boiling point °C −24.9 180–360

3 Molecular weight g/mol 46.07 180–360

4 Liquid viscosity cP 0.15 4.4–5.4

5 Liquid density g/cm3 0.668 0.84

6 Auto ignition temperature °C 235 250

7 Cetane number – 55–60 40–55

8 Carbon content wt% 52.2 86

9 Hydrogen content wt% 13 14

10 Oxygen content wt% 34.8 0

11 Enthalpy of vaporization KJ/Kg 460 290

12 Vapor Pressure at 20 °C Bar 5.1 <0.01

13 Bulk modulus of elasticity
at 20 °C and 2MP

N/mm2 553 1549

14 Lower heating value MJ/Kg 28.43 42.5

15 Stochiometric air–fuel ratio – 9 14.6

16 Critical temperature K 400 708

17 Explosive limit in air Volume % 3.4–17 0.6–6.5
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Fig. 11.2 Structural
representation of Dimethyl
ether

formula of CH3–O–CH3 or C2H6O. The chemical structure of DME has been shown
in Fig. 11.2 (Khunaphan et al. 2013). It is highly oxygenated fuel as it contains 34.8%
more oxygen than that of diesel and which plays a significant role for proper combus-
tion of DME fuel. However, the oxygen content replaces the hydrogen and carbon
from the chemical structure of dimethyl ether, which leads to reduction in calorific
value of DME. Presence of additional oxygen content and absence of carbon–carbon
bonds in the fuel structure promotes the reduction of CO and maintains smoke emis-
sions from the exhaust nearly zero. Cetane number of DME lies between 55 and
60which is higher than diesel fuel, having cetane value 40–55, this is the key condi-
tion which considers DME fuel suitable for diesel engines. Further, higher cetane
value is responsible for shorter ignition delay andpremixed combustion period,which
results in reduction of NOx emissions and combustion noises.

IARC (International Agency of Research on Cancer) declared many of the diesel
engine exhaust as carcinogenic (Thomas et al. 2014), but on other hand DME is
chemically free from sulfur and also have no other pollutants such as phosphorus
and cancerous aromatic compounds like benzene and toluene, hence considered as
almost non-toxic fuel for combustion engine (Wattanavichien 2009). Besides advan-
tageous properties of DME over diesel, some properties such as low auto-ignition
temperature, viscosity, density, and bulk modulus have unfavorable effects on fuel
injection strategies. Hence, it requires some optimization to make DME fuel more
suitable and efficient for diesel engine. Lowviscosity induces fuel leakage and surface
wear in the moving parts of fuel injection system. Low heating value demands for
more fuel injection per cycle for getting same output power as by the diesel engine
and responsible for injection delay.

Since the boiling point of DME is much lower than that of diesel fuel, phase
change always comes first in DME. Hence greater heat dissipation is observed during
its latent phase change. This is the reason why dimethyl ether has a large enthalpy
of vaporization. As the bulk modulus of elasticity is also one third of that of diesel
fuel which is related to producing a significant effect on the fuel property. It is
also responsible for the undesirable characteristics of fuel injection and speed of
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pressure wave propagation (Sato et al. 2004). Lower bulk modulus cause higher
compressibility ofDME,means large amount of energy is being stored in compressed
DMEandwith the increase in temperature,modulus of elasticity of fuel also increased
and compression work reduced (Roh and Lee 2017). Auto ignition temperature of
DME is 15 °C lower than diesel because of extra oxygen content in DME results
in higher low-temperature reactivity than that of diesel fuel and reduces with rise
in pressure (Longbao et al. 1999). In particular, the vapor pressure of pure DME is
very high, so a two-phase flow occurs at room conditions. Hence diesel is preferred
to reduce the vapor pressure of the charge (Saxena et al. 2021).

11.3 Factors Affecting Fuel Injection

The injection strategies by DME fueled system, under same operated engine condi-
tions, are quite different from diesel due to some distinction in the properties of
both fuels, shown in Table1. The factors that affect the fuel injection strategies of
Dimethyl ether are discussed individually below.

11.3.1 Vapor Lock

The boiling point of DME is −24.9 °C and has high vapor pressure of 5.1 bar.
Fuel starts changing phase as it reaches at −20 °C. So, at atmospheric conditions,
dimethyl ether is in fully vaporized form. This phase change problem leads to bubble
formation and cavitations in fuel systemwhichmeans uneven fuel injectionoperation,
known as vapor lock. Some problems that arise due to vapor lock are feed obstacle
in fuel supply system and incomplete force feeding, difficulty in fuel measurement,
variation in theoretical and actual amount of fuel injected, poor spray penetration and
increase CO and HC emissions (Thomas et al. 2014; Roh and Lee 2017).Therefore,
to avoid vapor lock and proper mixing of DME-Diesel blend in the fuel system, it
is desirable to keep DME in pure liquid form. With the increase of pressure, boiling
point of the fuel rises and hence it requires more temperature for vaporization of
same fuel, therefore DME is needed to be pressurized above atmospheric pressure
inside the fuel storage tank to minimize vapor lock. The temperature of the fuel tank
is approximately equal to atmospheric temperature, but the fuel line is relatively at
higher temperature (40–50 °C) due to its proximity to the engine. This also enhances
the tendency of creating gas phase bubble in fuel delivery pipe. Required feed supply
pressure suggested by different researchers to prevent vapor lock in fuel line are
shown in Table 11.2.

Increasing the pressure inside fuel system can be achieved by installing compo-
nents like fuel pressure regulator, low-pressure pump and buffer in conventional
fuel supply system (Longbao et al. 1999) as seen in Fig. 11.3. It helps to precisely
control the fuel quantity to the nozzle and DME flows continuously without any
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Table 11.2 Different fuel-line pressure suggested by different research papers:

S. No. Fuel References Fuel-line pressure (MPa)

1 Dimethyl ether Wattanavichien (2009) 3

2 Dimethyl ether Arcoumanis et al. (2008) 1.2–3

3 Dimethyl ether Zhang et al. (2008), Wang et al.
(2000)

1.7–2

4 Dimethyl ether Sorenson et al. (1998) 2

Fig. 11.3 Schematic diagram of fuel system used for DME fueled engine (Longbao et al. 1999;
Zhang et al. 2008)

delay. As shown in Fig. 11.3, DME fuel storage tank is pressurized by nitrogen gas
to avoid leakage and vapor lock of the fuel system (Alam and Kajitani 2001). Alter-
natively, vapor lock may also be reduced by increasing the ratio of diesel fuel in
blend, however, it may increase tail pipe emission.

In order to deliver liquid DME to the high pressure injection pump, the low
pressure primary pump in the storage tank maintains a constant flow rate of the
liquefied DME fuel to the high injection pump. This complication is needed in the
fuel system because if the dimethyl-ether is discharged at a pressure lower than its
sub-cooling pressure, the fuel forms radiant vapor and partial gas bubbles in the fuel
system. So to avoid feed bottlenecks, the fuel in the storage tank and fuel line must
be in a compressed liquid state (Longbao et al. 1999). Furthermore, it undergoes
continuous phase shift and cavitation due to poor spray penetration under high speed
and load conditions. To prevent this therefore high speed vehicles use a feed pump,
whichmaintains theDMEpressure at injection to approximately 20 bar, to counteract
the formation of vapor before it enters the injection pump (Wu et al. 2021; Failed
1995). Another way to reduce the possibility of vapor lock in the fuel system is
by proper mixing of diesel with it in the storage area, as diesel increases in the
mixture, the vapor-locking tendency of the fuel decreases. In addition, vapor locking
is minimized by keeping the fuel lines away from exhaust sections, heater hoses, and
other heat suppressor components.
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11.3.2 Injection Timing

The total time taken for complete injection by the fuel for one cycle after entering
the combustion chamber is called injection time. The carbon and hydrogen content
in DME is lesser then in diesel and hence DME has low calorific value. As a result, a
higher volume i.e., 1.9 times volume of DME is required to be injected into cylinder
for getting comparable output as from diesel fueled engine. For injection of such
high volume of DME fuel, longer injection duration and advanced injection timing
is necessary (Arcoumanis et al. 2008). Time interval taken by the fuel from start of
energizing to the start of injection is known is Injection delay, which is longer for
DME fuel than diesel under same fuel injection conditions (Longbao et al. 1999;
Zhang et al. 2008; Huang et al. 2009). Table 11.1 also shows that bulk modulus of
DME is approximately one-third of the diesel fuel, which reflects higher compress-
ibility of DME than diesel oil. This concludes lower acoustic velocity for dimethyl
ether as also shown in Fig. 11.4 (Huang et al. 2009), which takes more time to reach
the injector openingwhich as results in a longer injection delay as compared to diesel.
Zhang et al. 2008 (Wattanavichien 2009) analyzed the needle lift behavior and the fuel
line pressure in DI diesel engine and concluded that due to the high compressibility
of the DME, the delay in needle lift occurs, that postpones the injection timing by
8 °CA than diesel oil for same operating conditions.

Kajitani et al. 2000 (Egnell 2001) conducted experiment in which DME flowed
at higher pressure than diesel in fuel line to resist vapor lock. Due to higher feed
pressure, nozzle opening is supposed to be earlier for DME than that of diesel.
Hence, the injection delay for DME is found shorter than that of diesel. In context
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to the injection timing, Xinling and Zhen (2009) reported that injection duration
increased with enhancing engine speed or load due to injection of more fuel to
produce more power. Increased quantity of fuel required more time to inject fuel
resulting in increased injection duration. Further, advancing the fuel injection may
lead to decrease in NOX and PM emissions due to reduction of peak combustion
temperature inside combustion chamber. But excess advancement of injection leads
to improper combustion due to lack of oxygen in engine cylinder and increase the
possibility of fuel to occupy piston crevice volumewhich is responsible for unburned
HC and CO emissions. On the contrary, if fuel injecting is delayed beyond a certain
limit, it causes several problems like misfire, non-uniform power production, incre-
ment in CO, formaldehyde, and hydrocarbon emissions. Therefore it is essential to
optimize this factor to a certain value of crank angle at which engine acquires boosted
performance and decreased emissions simultaneously (Thomas et al. 2014).

11.3.3 Injection Pressure

The evaporation rate forDME is quite higher than diesel fuel. Therefore, the necessity
of high injection pressure is not required in DME fueled engine for fuel atomization
and mixing, which ultimately reduces the power occupied for driving the fuel pump
and so this contributes to the enhancement of thermal efficiency also. In addition
to this, by increasing injection pressure however a reduced ignition delay can result
in earlier start of combustion. Therefore, less time will be available for premixing
of charge which may cause lesser rise in peak pressure. But in contrast, due to
decrease in injection pressure, injection delaywill increasewhich is undesirable from
performance perspective (Zhang et al. 2008; Wang et al. 2000). Hence, the injection
pressure is needed to be optimized to keep the favorable combustion conditions to
attain maximum peak pressure and reduced injection delay value.

11.3.4 Needle Lift Behavior

Needle lift defines as the upward lifting of needle from the base needle seat against
the spring action present inside injector and this can occur when pressure force
exerted by the fuel on the needle overcomes the spring forces. Needle lift behavior is
affected by the needle opening height, time duration for needle opening and bouncing
of needle due to feed pressure and other properties of fuel. It has high influence on
injection strategies in engine cylinder that affects performance and emissions of CI
engine.

Bulk modulus of elasticity of dimethyl ether is lesser than diesel fuel that causes
change in needle lift behavior compared to that of diesel. Thenozzle opening forDME
ismuch slower than diesel due to high compressibility ofDME fuel. It has been shown
that increase in feed pressure of the fuel leads to advance opening of needle. However,
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Arcoumanis et al. (2008) have highlighted the problem of needle bouncing during
the needle lift that arises when DME is injected at low opening pressure (6.68 MPa).
Because at the lower nozzle opening pressure, the maximum displacement of needle
is not much, so spring force easily overcomes opening pressure and causes the needle
to close at very early stages. Then the needle after striking with the needle seat,
bounces back and opens the injection path again. Due to early needle bouncing, a
large part of injected fuel burns in secondary combustion phase instead of premix
combustion phase which results in decreased power output and increased emissions.
Thus, high needle opening pressure, in the range of 8.82 MPa, is required for well-
defined injection behavior and to reduce the needle bouncing which facilitates larger
portion of the fuel to combust during pre-mix combustion phase (Arcoumanis et al.
2008; Lee et al. 2002).

11.3.5 Plunger Diameter

Fore cited discussion highlighted the importance of fuel injection strategies, which
also include the modification in plunger diameter for DME fuel system. The modi-
fication in plunger diameter is mandatory to produce comparable power output as
in diesel fueled engine. Hence, by increasing the diameter, problems like longer
injection duration, emissions, unburned fuel can be resolved when DME is used
instead of diesel for the same CI engine. The reason behind this is that more fuel is
allowed to come at one go into the engine cylinder with the increment of plunger
diameter and this leads to the fuel spray jet gets bulkiness which further reduces the
contact of surface area between DME droplets and surrounding pressurized air. So,
it is difficult to atomize fuel droplets at initial stage, near the fuel injector, which
results in more penetration, and hence promotes more homogeneous air–fuel mixing
in combustion chamber. Thus, by increasing the plunger diameter for DME fueled
engine, the injection strategies can be improved which may result in enhancement in
combustion as well as thermal efficiency of the engine. Second motive for enlarging
plunger diameter is to reduce injection duration (Zhang et al. 2008). For DME fuel,
due to low calorific value, approximately 1.9 times more fuel required to be injected
compare to diesel and this increase injection duration. With longer inject duration,
more fuel take part in later stages of combustion that leads to improper combustion
and partially or unburned DME, which expels as it is during exhaust stroke and raise
HC and CO emissions. Hence, enlarging plunger diameter can solve this problem to
some extent.

11.3.6 Number of Nozzles and Nozzle Diameter

Number of nozzles and the nozzle diameter are two areas that largely affect the
injection strategies of dimethyl ether. In general, increasing the number of nozzles
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ensures the effective air–fuel mixing in engine cylinder (Zhang et al. 2008) and
considered a perfect alternative to single injection. Multiple nozzle holes increase
the total spraywidth than single injection and facilitate homogeneity in chamber. This
strategy further contributes to complete combustion of charge with almost negligible
CO and HC emissions. (Thomas et al. 2014).

Wang et al. (2000) experimentally demonstrated that by increasing the number of
nozzles and orifice area two benefits can be achieved. Firstly, the fuel delivery per
cycle increases and the secondly it decreases swirl ratio. Both these modifications are
in the favor of DME fuel injection strategies for granting better mixture formation
and combustion efficiency. Sato et al. (2001) worked on common rail fuel injector
system with two nozzles (0.55× 5 holes) and (0.70× 3 holes) separately. Numerous
studies concluded that fuel injected in 5 hole injector nozzle vaporizes and atomizes
more rapidly than fuel injected in 3 hole injector nozzle because of less fuel quantity
per jet spray and more surface contact of fuel in 5 hole injector that easily entertains
fuel molecules with surrounding air. It can also be noticed that with the increase of
number of injector holes from 3 to 5 for same nozzle orifice area, the participation of
fuel percentage in pre-mix combustion phase increases that enhances the maximum
heat release value and NOx emission along with decrease in CO and HC emissions.
However, this trend is valid till certain optimum number of nozzle holes. Thereafter,
if nozzle holes are increased further, then counter outcomes emerge, because of too
much rapid atomization of fuel molecules which forms rich and lean pockets that
cause improper combustion and higher CO and HC emissions. Hence, optimization
of nozzle characteristics is required for balanced output.

11.3.7 Ignition Timing

Fuel ignition timing has a major influence on performance of diesel. With injection
closer to TDC, the ignition delay reduces due to higher pressure and temperature of
in-cylinder air resulting in quicker start of combustion of DME charge (Zhu et al.
2012). Ignition delay (ID) is the time lag between the start of fuel injection and
the start of combustion. The ID for dimethyl ether is found to be shorter than that
of diesel fuel under same operating conditions as in Fig. 11.5 due to its superior
atomization characteristics, higher cetane number and low auto-ignition temper-
ature of DME (Saxena et al. 2021).The combined result of these dealings is the
early start of combustion for DME, which decreases the time for mixing of air–fuel
and less combustible mixture is formed during premix combustion phase. This may
decrease the maximum combustion pressure, combustion noise and NOx formation.
In comparison, due to short ignition delay, the maximum pressure of DME is only
82.8% of the value that comes with diesel (Xinling and Zhen 2009). Hence, DME is
used as blend fuels with various other fuels having larger ignition delay to mitigate
the early start combustion and greater emission of NOx.

In a study, Wattanavichien (2009) used dimethyl ether as an additive in alcohol
fueled engine for improving ignition difficulties. In another study,Wakai et al. (1999)
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researched on variation in ignition delay of DME with the variation of oxygen
concentration in air present in combustion chamber during fuel injection. The authors
observed that at lower oxygen concentration in air, the ignition delay of DME fuel is
longer as compared to fuel spray in ordinary air. In addition, at low oxygen concen-
trated air, the ignition delay of DME decreases quickly with the rise of ambient
pressure but it is not much affected by the variation in ambient air pressure at ordi-
nary oxygen concentrated air. Further if the ignition delay of dimethyl ether and
diesel fuel are compared, irrespective to oxygen concentrated air and ambient air
pressure, ignition delay of dimethyl ether is always be lesser.

11.3.8 Fuel Property

Bulk modulus of elasticity is one of the important properties of DME fuel that affects
the fuel injection. For DME, the modulus of elasticity is about one-third of the diesel
fuel. The lower bulk modulus of DME affects the propagation of pressure wave and
development of injection pressures which results in lower injection delay and poor
injection quality (Roh and Lee 2017).

Vapor pressure of the DME is high as compared to diesel fuel and whiles its
propagation through fuel-line, it further elevated which may create the problem of
vapor lock. This opposes the forward movement of DME towards fuel injector and
undesirable affects are observed in injection process. To get rid from this, the back
pressure of the fuel supply system is setup to 0.8 MPa (Li 2010). In addition to
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increasing the diesel percentage in DME-diesel blend, vapor pressure of fuel can
also be decreased.

The calorific value of dimethyl ether is 35.3% less than that of diesel. Therefore,
for getting equivalent power output, much higher fuel is required and that forced
the researchers to manipulate the injection strategies of DME fueled engine. For
better performance, 90% more volume of fuel in comparison to diesel should be
injected in each injection (Huang et al. 2009). Due to this, the injection timing will
increase and to compensate this, modifications in fuel injection system like plunger
diameter, number of nozzles, start of injection timing, injection pressure, etc. become
inevitable.

The viscosity of DME is much lesser than the diesel as shown in Table 11.1.
This is responsible for problems like lubrication and leakage in injection system
(Fleisch et al. 1995). Due to this, there is always a requirement of mixing lubricants
with pure DME oil for minimizing excessive wear. For this, researchers suggested
like lubricants, biodiesel and other hydrocarbons for attaining satisfactory injection
performance (Wattanavichien 2009).Wang et al. (2000) reported thatmixing of 2%of
castor oil to neat DME is required to achieve desire injection strategies. On the other
hand, the fuel leakage from DME operation along the plunger has been observed up
to 40–50% (Makoś et al. 2019) that is also responsible for inferior injection quality.

11.4 Alteration in Spray Characteristics with DME as Fuel

Application ofDMEas fuel forCI engine has shownalteration in spray characteristics
like the shape of injection, penetration length, area of spray and pattern of atomization
of DME fuel molecules in cylinder chamber in comparison to diesel spray under the
same engine operational conditions. Themolecules of both the fuels DME and diesel,
gesture differently in spray injection due to variations in their existing properties,
which may be responsible for such behavior. This variation in spray characteristics
are observed in detail by considering individual parameter separately in the following
section.

11.4.1 Spray Shape

Spray shape is the pattern of the outer locus of the fuel droplets that arranged in
the cylinder after the injection of fuel. It is deviated as the injection phase passes
on. In the early stage of injection, the nozzle is partially open, due to which less
fuel is injected and hence, development in spray structure is not much. This rate
of spray development increases with increase in nozzle opening. Further, the spray
structure of injected fuel is described by illustrating the parts of jet spray and for
this, the spray is divided in two parts: jet core region and mixed-flow region. Jet core
portion consists of large fuel droplets having velocity almost similar as that of inside
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orifice and surrounded bymixed-flow section that formed due to involvement of high
pressurized cylinder air at spray boundaries. Beyond the length of jet core in axial
direction, the portion of mixed-flow region is called spray tip. Teng and McCandless
(2005) described that at initial injection period, the length of the core is much larger
than the length of spray tip but at later stage opposite trend is observed. As the spray
tip or mixed-flow region is increased, the periphery of the spray becomemore rugged
and irregular.

In addition, shape of spray influenced by spray cross-section area and axial direc-
tion centroid that indicates spray distribution about the spray-center. As the temper-
ature inside the cylinder rises, there is an increase in spray area which shifts the axial
centroid far from the nozzle tip (Suh et al. 2006). Park et al. (2010) compared spray
shape of DME with diesel fuel and clarify that diesel injection guides long-narrow
spray jet but DME injection leads to broad and short spray structure. In their exper-
imentation, the shape of DME spray tip was observed to be rounder than diesel that
causes quick loss in momentum for droplets interacting with neighboring air and
generates a vortex at spray tip. Another factor is axial to radial ratio of spray that
demonstrates its shape. As the injection is held into atmospheric pressure (0.1 MPa)
the transfer of spray momentum in radial direction is larger and more rapid for DME
thandiesel spray till 0.2ms after SOI (start of injection).Afterward axial to radial ratio
becomes constant for both the fuels. As the ambient pressure is increased to 0.3MPa,
the axial to radial ratio decreased for DME spray because with the increasing temper-
ature, density of surrounding air increases which resists the forward axial motion of
spray (Park et al. 2010).

11.4.2 Spray Tip Penetration

Spray tip penetration is farthest fuel periphery from the orifice exit and for DME it is
lesser than that of diesel operation for same injection conditions. This shorter pene-
tration is due to quick atomization of DME molecules because of their low kinetic
viscosity and higher evaporation rate. Same trend is observed with the DME-diesel
blend. However, with increasing percentage of diesel in blend, the spray penetration
length increaseswith respect to penetration of pureDME spray. Kim et al. 2007 (Ying
et al. 2008) reported that this variation is due to higher volatile nature and compress-
ibility of DME fuel. Further, the deceleration of DME droplets is more in direction
of nozzle axis and results in shorter penetration under same injection conditions and
fuel quantity (Kim et al. 2007). With the fact that more DME fuel is requires to be
injected per cycle, the need for longer injection duration and larger nozzle injection
area are inevitable. With these modifications, a similar spray penetration for both
DME and diesel can be achieved. Teng and Mccandless (2005) reported that at full
load condition, a longer DME penetration length than diesel can be achieved as a
consequence of improved injection strategies like increased nozzle hole diameter,
number of nozzles and injection timing etc.
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Suh et al. (2006) claimed that spray tip penetration increased with the rise of
injection pressure. This is because the force generated to push the spray downstream
dominates the loss of spray momentum due to decreased breakup timing of fuel
molecules with increase in injection pressure. Glensvig et al. (1997) also confirmed
this result but observed much increased penetration with respect to high rise in
injectionpressure.Thehigher penetrationmaybe the result of the increase of injection
pressure due to which the leakage about the plunger also increases that compensates
most of the variation in spray penetration.

11.4.3 Spray Cone Angle

Spray cone angle is defined as the angle between two straight lines that were created
by joining the nozzle tip and twomaximum radial points of spray separately as shown
in Fig. 11.6. The active air–fuel mixing is superior with DME spray as compared to
diesel spray due to better vaporization properties, atomization and improved flash

Fig. 11.6 Schematic fuel-spray structure
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boiling effect that widen the spray angle of DME (Park et al. 2010). Under similar
injection condition, the spray cone angle of the DME is wider than that of diesel
by 15–20% (Teng and Mccandless 2005). Spray cone angle for dimethyl ether is
also drastically influenced by injection pressure. It has been noticed that the cone
angle enhanceswith increasing injection pressure. Ambient pressure and temperature
conditions also affect the spray cone angle. With increase in ambient pressure, the
cone angle increases while increase of ambient temperature results in decrease in
cone angle.

11.4.4 Tip Velocity

Tip velocity of DME spray has a swift rise in initial injection stage and after attaining
a peak level, it constantly decreases. This trend is observed due to high momentum
in initial phase owing to the higher injection pressure and large droplet particles in
initial phase. The regular decrement in tip velocitymay be due to sudden vaporization
of spray molecules. But as the injection is done at higher pressure, there is extra
resistance on tip spray droplets as compared to that offered by cylinder air. Hence,
the vaporization occurs in very initial phase and there is no initial rise in tip velocity,
unlike in case with diesel spray, thus only continuous decrease in tip velocity for
DME is noticed. In addition, overall tip velocity at atmospheric condition is higher
than pressurized ambient condition. The momentum of the spray plays an important
role for defining tip velocity of spray. Hence, the maximum momentum of the spray
is observed in jet core part, and the velocity of spray is also governed by it. Further,
the density of DME is much lesser than that of diesel. Due to this, the retardation of
tip velocity increases as spray droplets move downstream. Another factor for slower
tip velocity is proposed to be the fast breakup time in DME spray after injection,
which is calculated 0.198 ms earlier than diesel spray (Suh et al. 2006).

Surface tension is also an important factor that cuts down the tip velocity of the
DME as compared to that of diesel. At critical point, the surface tension is zero which
means it is the major barrier to vaporization of liquid droplets. Due to the very high
surface tension of diesel, its critical temperature is three times that of the dimethyl
ether. So, under ambient temperature and pressure of 500 °C and 40 bar respectively;
and initial fuel temperature of 20 °C, DME fuel droplets evaporate much quickly,
as shown in Table 11.3, that increases momentum loss in spray and simultaneously
decrease the tip velocity of DME fuel (Teng and Mccandless 2005).

11.4.5 Atomization

Atomization is the method of breaking down of liquid fuel into small droplets or
mist and can further be mixed more effectively or rapidly with air. DME has full-
size fuel droplets near the injector nozzle as in Fig. 11.7 and as it goes downstream,
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Table 11.3 Vaporization
duration of different droplet
sized fuel spray (Teng and
Mccandless 2005)

Fuel Droplet size
(um)

Vaporization duration (ms)

DME <5 Instantly

DME 10 0.076

Diesel 10 0.78

DME >20 1.14

Diesel >20 3.10

Fig. 11.7 Fuel injector with injector nozzle and plunger

droplets start degrading in size due to the atomization. Better the atomization, more
effective is the air fuel mixing in chamber. As mentioned earlier, increase in number
of nozzle holes, swirl intensity, injection pressure, and ambient pressure enhanced
atomization inDME spray. During the injection, the rapid pressure drop is held below
the saturated vapor pressure of the fuel which helps in achieving better atomization of
spray. This phenomenon is called flash boiling effect that assists to get homogeneity
of charge. The outer and tip portion of DME spray is very blurred and of less intensity
as compare with central core as observed in Fig. 11.5, due to high atomization due to
presence of friction between outer periphery droplets and the surrounding air (Kim
et al. 2010).

Suh et al. (2006) examined the pattern of atomization of spray droplets and found
that many diesel droplets were spotted all over the time after SOI but in case of DME
spray,most of the droplets collapsed after 3ms of start of injection. This resultmay be
due to lower surface tension of the DME fuel droplets. The atomization phenomenon
is much faster than that of diesel. Therefore, as discussed earlier somewhat reduced
injection pressure is required for proper homogeneous mixing and utilization of
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maximum surrounded oxygen all over chamber space when DME sprays in diesel
engine.

11.4.6 Sauter Mean Diameter (SMD)

SMD is defined as the diameter of a sphere, assuming all of them have the same
volume/surface area ratio. Under similar operating condition in diesel engine the
overall Sauter mean diameter of DME is lesser as comparison with diesel and it
further reduces continuously with the elapsed injection timing after start of injection
(Roh and Lee 2017). The reason of lower SMD of DME is due to its smaller kinetic
viscosity than diesel fuel that improves the fuel atomization under the same injection
conditions (Suh et al. 2006). Sauter mean diameter of diesel fuel reduced in stages
throughout the time lapsed after start of injection but in case of DME the rapid fall
of SDM is observed at 0.3 ms after start of injection.

11.5 Optimization of Fuel Injection Strategies

Optimization of fuel system is important, mainly, to resist vapor lock while fueling
DME oil into diesel engine. To achieve this, fuel storage tank is needed to pressurize
over 0.5 MPa and fuel delivery pressure is precisely maintained in between 1.2 to
3 MPa. In addition, vapor blockage also interrupts frequent flow of fuel for attaining
proper injection conditions, whichmay occur forDME.This problem, by large can be
solved by placing the backup pressure over 0.8 MPa on-road condition to maintain
injection procedures free from vapor blockage (Arcoumanis et al. 2008). Lower
viscosity of DME fuel may leads to lower lubricity in fuel system and leakage during
injection procedure. To avoid leakage, better products with high sealing mechanism
are required and Teflon coated O-rings or polytetrafluoroethylene based high-tension
inert sealing are preferred. To cope with poor lubrication and to eliminate this wear
in fuel system for DME operation; up to 2000 ppm of lubricity additive is required
to be mixed with fuel (Arcoumanis et al. 2008).

To attain the peak pressure after the TDC in the engine, advancement in fuel
injection is employed. However, an over advanced injection timing may result in
occurrence of maximum peak pressure before the piston reaches at TDC which
opposes the upward piston motion and decreases the engine power. This requires
optimization of injection timing for maximum engine efficiency. It was shown earlier
that engine peak thermal efficiency can be achieved for DME by advancing the fuel
delivery at 19 °CA BTDC at high engine rpm of 2300 and 15 CA BTDC at low
engine rpm of 1400. These values of fuel delivery angle are lesser than those of the
diesel fueled engine due to shorter ignition delay (Zhang et al. 2008; Wang et al.
2000).
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Spray tip penetration and spray distribution for DME are much lower than that in
diesel injection, so spray droplets are not able to utilize much portion of cylinder air
for active air–fuel mixing. It is desirable to achieve longer penetration for DME spray
to attain increased homogeneity all over the cylinder. However, increase in penetra-
tion after certain limit may result in wall wetting that may lead to increased emis-
sions and deteriorates the engine efficacy. Hence, it is concluded that by increasing
the injection duration by 0.1 ms the spray distribution and tip penetration of DME
spray become identical to diesel spray with same time delay for under same engine
operations. In DME fueled engine, to overcome the problems like large injection
duration, atomization and lower power output, the increase in nozzle orifice diam-
eter and plunger diameter are the solutions for acquiring better results. By doing
this, more fuel is allowed to enter inside the combustion chamber per cycle which
is required for efficient operation of DME due to its lower calorific value. Hence,
these parameters are optimized in the range of 8.5–9.5 mm for plunger diameter and
0.32–0.42 mm for nozzle orifice diameter (Zhang et al. 2008).

Number of holes has great influence on injection strategies. The fuel injection
by 3 and 7 nozzle holes provide different results in terms of the parameters like
emissions, performance and efficiency and extreme tradeoff of these factors are
observed in between. 7-hole nozzle configuration has shown much improved fuel
consumption at high loads due to superior fuel distribution in engine cylinder, but
the NOx emissions and combustion noises are quite higher. On the other hand, in
3-hole nozzle configuration, lower NOx emissions and higher fuel consumption are
observed. Therefore, a balance between both configurations is important and that
is provided by optimization of nozzle hole configuration, which authenticate better
performance of 5-hole nozzle for DME fueled engine (Arcoumanis et al. 2008).
Protruding distance for diesel operated engine cylinder is 3 mm, however, in case of
DME, higher protruding distance is required due to high atomization and vaporizing
rate of fuel. To fulfill this necessity, protruding distance is optimized to 5 mm for
DME operation (Wang et al. 2000). Increase of injection pressure is responsible for
instant vaporization of fuel spray that accumulates majority of DME droplets near
to injector. So, reduced injection pressure is required for DME operation, however,
lowering injection pressure below certain limit may lead to steep rise in injection
duration. Hence, to create balance between vaporization characteristics and injection
duration parameters, DME is optimized at the injection pressure of 15 MPa instead
of 18 MPa at which diesel fuel is injected in same combustion chamber (Zhang et al.
2008).

11.6 Conclusion

The present chapter focuses on studying Dimethyl Ether as a substitute to conven-
tional diesel. Even though DME has various advantages over diesel in terms of
combustion, performance, and low emissions, yet it cannot be used straightaway in
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the diesel engines for its optimum performance without undergoing some modifi-
cations in engine operating parameters. This chapter discusses all those injection
parameters which are inevitable to obtain complete combustion, high power delivery
and less emission while using DME as a diesel engine fuels. The suitable changes
required in the fuel injection strategies to enhance the performance and emission
characteristics of DMEs fueled engine have also been discussed.

The following major conclusions may be drawn:

• The factors that affect fuel injection properties are vapour lock, injection pressure,
needle lift behaviour, plunger diameter, nozzle diameter and number of nozzles
and fuel properties have lot of impact on the performance parameters using DME.
Lower viscosity of DME fuel can increase the chance of wear in moving parts of
fuel system. To get rid from high frequent wearing in fuel system components,
extra lubricant additives up to 2000 ppm is mixed with fuel.

• The probability of vapor lock phenomenon in DME fuelled engine is extremely
high. Thus, it is imperative to store DME in the liquid form. In addition, retaining
higher pressure inside the fuel system assist in avoiding vapour lock formation.

• The ignition delay for DME is reported to be less than that of diesel which can
be attributed to characteristics like higher cetane number, better atomization and
low auto-ignition temperature. Hence, optimisation of injection timing can be
adopted to ameliorate the effects of shorter ignition delay. It has been shown that
the maximum thermal efficiency for DME can be achieve by advancing in fuel
delivery timing to19 °CA BTDC for high engine speed (2300 rpm) and 15 °CA
BTDC for low engine speed (1400 rpm).

• Longer injection duration is required for DME fuelled engine compared to that of
diesel to mitigate the effects of shorter spray length which occurs due to higher
vaporisation rate of DME spray. An identical spray penetration as diesel spray
can be achieve by increasing injection duration by 0.1 ms under same operating
circumstances.

• Breakdown of DME spray molecules are executed in its very early stage after
SOI. This demands higher protruding distance of 5 mm for DME operation in
comparison to 3 mm protruding distance for diesel fuelled engine.

• To cover entire chamber space and achieving better spray quality for enhancing
homogeneity in cylinder, 5-hole nozzle configuration with reduced injection
pressure as compare to diesel operation will serve best results for DME operation.

References

Alam M, Kajitani S (2001) DME as an alternative fuel for direct injection diesel engine. In: 4th
International conference on mechanical engineering in Dhaka Bangladesh, 26–28 Dec 2001, pp
III 87–92

Arcoumanis C, Bae C, Crookes R, Kinoshita E (2008) The potential of di-methyl ether (DME) as
an alternative fuel for compression-ignition engines: a review. Fuel 87:1014–1030



11 Optimization of Fuel Injection Strategies for Sustainability … 313

Egnell R (2001) Comparison of heat release and NOx formation in a DI diesel engine running on
DME and diesel fuel. SAE Technical Paper Series. SAE International

Fleisch T, McCarthy C, Basu A, Udovich C, Charbonneau P, Slodowske W et al (1995) A new
clean diesel technology: demonstration of ULEV emissions on a navistar diesel engine fueled
with dimethyl ether. SAE Technical Paper Series. SAE International

Glensvig M, Soreson SC, Abata DL (1997) High pressure injection of dimethyl ether. Department
of Energy Engineering, Energy Conversion

Huang Z, Qiao X, Zhang W, Wu J, Zhang J (2009) Dimethyl ether as alternative fuel for CI engine
and vehicle. Front Energy Power Eng Chin 3:99–108

Iliuta I, Larachi F, Fongarland P (2010) Dimethyl ether synthesis with in situ H2O removal in
fixed-bed membrane reactor: model and simulations. Ind Eng Chem Res 49:6870–6877

Kajitani S, Oguma M and Mori T (2000) DME fuel blends for lowemission direct-injection diesel
engines, SAE Paper 2000-01-2004

Kamil M, Nazzal IT (2016) Performance evaluation of spark ignited engine fueled with gasoline-
ethanol-methanol blends. J Energy Power Eng 10

Khunaphan S, Hartley UW, Theinnoi K (2013) Characterization and potential of dimethyl ether
(DME) as dual fuel combustion in a compression ignition engine. Int J Eng Sci Innov Technol

Kim MY, Bang SH, Lee CS (2007) Experimental investigation of spray and combustion
characteristics of dimethyl ether in a common-rail diesel engine. Energy Fuels 21:793–800

Kim HJ, Park SH, Lee CS (2010) A study on the macroscopic spray behavior and atomization
characteristics of biodiesel and dimethyl ether sprays under increased ambient pressure. Fuel
Process Technol 91:354–363

Kumar N (2019) Study of oxygenated ecofuel applications in CI engine, gas turbine, and jet engine.
In: Advanced biofuels. Elsevier, pp 405–441.

Lee JH, Cho S, Lee SY, Bae C (2002) Bouncing of the diesel injector needle at the closing stage.
Proc Inst Mech Eng Part D J Automob Eng 216:691–700

Li GB (2010) Dimethyl ether (DME): a new alternative fuel for diesel vehicle. Adv Mater Res
156–157:1014–1018

Liuzzi D, Peinado C, Peña MA, Kampen JV, Boon J, Rojas S (2020) Increasing dimethyl ether
production from biomass-derived syngas via sorption enhanced dimethyl ether synthesis. Sustain
Energy Fuels, Article

Longbao Z, Hewu W, Deming J, Zuohua H (1999) Study of performance and combustion charac-
teristics of a DME-fueled light-duty direct-injection diesel engine. SAE Technical Paper Series,
1999-01-3669
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Chapter 12
ECU Calibration for Methanol Fuelled
Spark Ignition Engines

Omkar Yadav, Hardikk Valera , and Avinash Kumar Agarwal

Abstract Energy demand for the transport sector is continuously increasing along
with the implementation of stricter emission norms. It is necessary to find alternatives
for conventional petroleum fuels. Methanol has emerged as a promising replace-
ment for conventional petroleum fuels in the transport sector. It can be produced
using renewable and non-renewable feedstocks. Also, it is considered an E-fuel
as it can be produced using renewable electricity. The physicochemical properties
of methanol are more suitable for its use in spark-ignition engines. Out of all the
technologies, port fuel injection technology is one of the best ways for methanol
utilization in existing electronic fuel injection (EFI) engines with minimal structural
changes in the engine. The typical properties of methanol like lower calorific value,
higher latent heat of vaporization, low volatility, higher laminar flame speed and
higher octane number warrants modifications in the injection and ignition strategies
in the conventional gasoline engines. For better performance, these strategies must
be optimized for corresponding engine operating conditions. The combustion of EFI
engines is primarily governed by Electronic Control Unit (ECU), which contains
pre-calibrated maps to decide optimum injection and ignition strategy. ECU cali-
bration is the process of determining the optimal calibration tables for an engine.
In this chapter, the methodology of ECU calibration for methanol-fueled SI engine
equipped vehicles is discussed at length.

Keywords Methanol · EFI · Calibration · Ignition maps · ECU

12.1 Introduction

In recent years with growing industrialization, the energy demand has been continu-
ously increasing. According to BP statistical review of world energy 2020, despite a
reduction in the growth rate in 2019, the overall global energy consumption rose at an
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average rate of 1.6% per year in the last ten years. It can be observed that renewables
and natural gas drove the energy consumption growth in recent years; however, oil
continued to hold the largest share of the energy mix (33.1%) (Fig. 12.1).

Despite the reduced energy demand in 2020–21, the global energy demand is
expected to rise shortly. International Energy Agency predicted global future energy
demands in the view of the pandemic, as shown in Fig. 12.2. The future energy
demand is anticipated for three scenarios: (i) pre-crisis, (ii) stated policies, and (iii)
delayed recovery.

Energy is the oxygen of the economy for any country. Economic develop-
ment depends on the cost-effectiveness and environment-friendliness of the energy
sources. In developing countries, reliable and affordable energy is vital for supporting
their economic and social progress to improve their quality of life. Countries having
higher GDP consume higher per capita energy. Efforts are being made to reduce
energy poverty by searching for sustainable energy resources to boost the country’s
economy. There is a need to search for sustainable alternative fuels to satisfy the
increased future energy demand while ensuring low emissions. The transport sector
is the foundation of any economy, ensuring the smooth movement of passengers and
goods.

Moreover, it maintains balanced socio-economic development in different regions
of any country. The use of affordable, efficient, and sustainable energy sources is the
key to develop the transport sector and, ultimately, the national economy. Currently,
coal, natural gas, and oil are the three primary energy sources.

The contribution of various energy sources to the global energy demand is shown
in Fig. 12.3. Coal is the most significant contributor to energy. Moreover, there are

Fig. 12.1 BP Statistical review of global energy scenario 2020 (Statistical Review ofWorld Energy
2020)
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Fig. 12.2 Global primary energy demand growth (2019–30), IEA (World Energy Outlook 2019)

Fig. 12.3 Energy source
data (World Energy Balances
2021)

surplus quantities of high ash content coal, which is not useful for electricity gener-
ation, steel making, or other industrial applications. This coal with high ash content,
however, can be utilized to produce methanol. Along with availability and envi-
ronmental impact, there is one more vital factor to consider while selecting energy
sources, e.g., energy cost. The fuel cost includes the cost associated with energy
production (extraction, refinement, and conversion), current supply and demand, and
the tax levied by the government. There is a need to search for sustainable alternative
fuels catering to rising energy demand and ensuring low emissions simultaneously
to cater to constantly increasing energy demand. The majority of energy demand is
satisfied by fossil fuels; however, their reserves are limited. With the same consump-
tion rate, oil reserves would run out in ~53 years. Consumption of fossil fuels leads
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to greenhouse gas (GHG) emissions as well. With continuously increasing energy
demand for transport energy and stringent emission norms, it becomes essential to
find alternatives for conventional petroleum fuels, fulfilling these needs. The basic
requirement for global acceptance of any fuel is its availability at an affordable cost.
They should also comply with the existing and future emission norms without major
hardware changes in existing engines.

Primary alcohols can be an alternative fuel against conventional gasoline fuel.
These alcohols can be produced from non-petroleum feedstocks such as coal,
biomass, municipal solid waste (MSW), biogas, waste CO2 (Valera and Agarwal
2019). Their octane number is high, which ensures smoother combustion even in
higher compression ratio engines.Methanol fueled vehicles produce fewer emissions
than conventional petroleum-fueled vehicles (Zhen and Wang 2015). The well-to-
wheel (WTW) emissions during coal-to-methanol production compared to gasoline
production are higher. However, it should be noted thatmethanol emissions from coal
can be reduced to a greater extent if cogeneration plants are operated for electricity
generation. Moreover, for other feedstocks except coal, the well-to-wheel emissions
from methanol-fueled vehicles are lower than conventionally fueled vehicles.

12.2 Methanol as Engine Fuel

Methanol is a colourless and tasteless liquid with a light odour. It is the simplest
alcohol consisting of a single carbon atom.Methanol has comparable/similar physio-
chemical properties to conventional fuels like gasoline and diesel (Agarwal et al.
2021). However, the benefits of the properties come with several challenges; both
advantages and challenges are discussed in detail.

Advantages

• Methanol possesses higher latent heat of vaporization and a lower stoichiometric
air-fuel ratio than gasoline. This leads to a cooling effect on the intake charge,
improving the volumetric efficiency of the engine.

• Due to the higher octane rating of methanol, it can be used in engines with higher
compression ratios (Göktaş et al. 2021). This improves engine efficiency and
reduces the possibility of knocking.

• Methanol has a high auto-ignition temperature compared to gasoline. It ensures
smooth engine operation even at relatively high compression ratios, making the
engine more efficient.

• Methanol’s higher laminar flame speed decreases the combustion duration and
improves the power output and engine efficiency (Verhelst et al. 2019).

• Inherent oxygen of methanol ensures complete combustion. CO is oxidized to
CO2, unburned hydrocarbons from crevice volumes, and the lubricating oil layer
is burned in the late expansion stroke. This ensures complete combustion during
the expansion stroke. However, it leads to relatively high aldehyde emissions (Wei
2021; Valera et al. 2021).
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• Methanol is a sulphur-free fuel, and it does not produce any sulphur oxide
emissions.

Challenges

• The energy density of methanol is very low compared to gasoline. Hence,
methanol-fueled engines require almost double fuel quantity for producing the
same power output. This can be achieved by upsizing the nozzle jet diameter of
the existing carburettor in the case of carbureted SI engines (Valera et al. 2020).
Similarly, in engines equipped with an electronic fuel injection (EFI) system, fuel
injection quantity can be increased by increasing the pulse width of fuel injection.

• The low energy density of methanol reduces the mileage per fuel tank filling. The
fuel tank capacity must be increased to address this issue.

• Themethanol-fueled engines have poor cold startability. Higher energy is required
for methanol vaporization to form a combustible charge.

• Methanol flames are invisible. The lower flame luminosity creates challenges for
its use as automotive fuel from a safety perspective.

• Methanol is corrosive; hence brass and copper-containing components cannot
be used in methanol-fueled engines. Even some plastics get easily dissolved in
methanol. This creates material compatibility issues for methanol adaptation in
IC engines. However, synthetic rubber components, seals, and gaskets made of
Neoprene and Buna-N can be used. Careful material selection is required during
manufacturing engine parts to make them compatible with methanol.

China is currently leading for commercial production and use of methanol-fueled
engines. They have implemented M15 (15% methanol and 85% gasoline) standards
in dozens of Chinese provinces, having octane number requirements of 95 and 97
(Methanol Fuels » Demonstration Projects 2021). Also, drivers had tested methanol-
fueled cars for more than 200 million miles. The Chinese government had launched
demonstration programs of M85 and M100 fueled vehicles in Shaanxi, Shanghai,
and Shanxi. The Israeli government also launched a demonstration program of M15
fueled vehicles to show its potential. Other than these two countries, India (IS: 17076:
2019), Australia, and European counties are implementing methanol usage as fuel
for SI and CI engines.

12.2.1 Methanol Utilization Strategies

Currently, the fuel injection strategies used: (a) carburettor assisted fuel injection and
(b) modern electronic fuel injection (EFI) systems. These strategies are discussed in
the next sub-sections.

Conventional Carbureted Fuel Supply

A carburettor is a mechanical device used to prepare a suitable charge by premixing
air and fuel in the required ratio before inducting it into the combustion chamber. In a



322 O. Yadav et al.

Fig. 12.4 Schematic of
Carburetor

carburettor, air flows through a venturi, which is a converging-diverging nozzle. The
pressure difference is created between the inlet and throat of the venturi, depending
upon the throttle opening and current engine operating condition. This pressure differ-
ence causes the airflow from the intake manifold in the venturi. The fast-moving
air reduces the static pressure in the throat, which leads to the fuel flow into the
intake air stream from the float chamber. The photographic images of various parts
used for meeting the engine requirements are shown in Fig. 12.4. Fuel is injected
into the throttle body, and it evaporates in the air stream to form a suitable charge.
Although Modern carburettors provide few compensations and adjustments in the
air-fuel ratio with changing operating conditions, they still have many limitations.
These limitations include dynamic AFR adjustments, injection timing adjustments,
acceleration and deceleration compensations, altitude, temperature-based compen-
sations, etc. Hence, close control over the fuel flow is not possible, and it adversely
affects the engine efficiency and emissions. Moreover, poor cold-starting charac-
teristics and lower calorific value of methanol offer challenges in adapting higher
methanol blends in conventional carbureted vehicles. Another promising technology
for methanol utilization in the two-wheelers is the electronic fuel injection (EFI)
system, discussed in the following sub-section.

Modern Electronic Fuel Injection

The modern EFI system is equipped with an Electronic Control Unit (ECU), sensors,
and actuators. An ECU ensures optimal engine performance by reading the input
values related to engine operating conditions from various sensors and calculates
the injection and ignition parameters with the help of pre-installed maps. Output
signals are then sent to actuators such as the fuel injectors, ignition coil, and fuel
pumps. The EFI system allows air-fuel ratio and injection timing to be precisely
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and separately adjusted, unlike carbureted fuel injection systems. The quantities of
fuel and air in the EFI system can be adjusted independently. Hence, using either a
lean or rich air-fuel ratio is possible by optimizing the engine performance. Injection
timing can be varied, which significantly improves the acceleration characteristics
of the vehicle. With real-time data monitoring using sensors, the EFI system can
adjust engine operation even in changing environmental conditions such as ambient
pressure and temperature changes due to a change in altitude. A comparative analysis
of both these fuel injection systems reveals the following:

• An EFI system can dynamically adjust the AFR based on engine operating condi-
tions, whereas carbureted system generally runs with fuel-rich mixtures at all
engine loads. AFR optimization is challenging in the carbureted systems.

• With close control over the AFR in an EFI system, reducing emissions and
improving engine efficiency is possible compared to the carbureted system.

• An EFI system can account for altitude compensations and environmental vari-
ables with continuous data monitoring using sensors, unlike in the carbureted
system.

• EFI system allows altering fuel injection timings, which improve fuel evaporation
at all speeds. Moreover, with acceleration compensation and deceleration fuel
cutoffs, the throttle response can be improved. Due to continuous fuel injection
in the carbureted system, control over the injection timings is not possible.

Carbureted system is a mechanical system, warrants periodic adjustments. On the
other hand, the EFI system is more reliable and continuously adjusts itself by using
feedback control. Few more techniques can be utilized for methanol utilization in
SI engines. The methanol direct injection technique can be used in the existing GDI
engines. Another promising technique for utilizing different blends of methanol is
the flex fuel technique, which uses a flex-fuel sensor in the fuel tank to sense the
methanol-gasoline blend ratio. Accordingly, ECU decides fuel injection and igni-
tion strategy. However, these techniques have certain challenges and warrants major
modifications in the existing SI engines. In this chapter, the methanol utilization
strategy using EFI technology is discussed elaborately. The EFI system is equipped
with an engine management system (EMS) that controls overall engine operation.
EMS consists of an electronic control unit, sensors, actuators, and a power module.
ECUcontinuously receives signals fromvarious input sensors. Based on these inputs,
it determines fuel injection quantity and ignition timing. The output signals are then
sent to the actuators. Figure 12.5 shows the ECU operation in brief.

The primary task of the EFI system is to determine the amount of fuel mass to be
injected and the duration of pulse width required for injection in each cycle. Themass
of air inducted in every cycle depends on the engine load. Based upon the engine load
and the desired AFR, the fuel injection quantity is calculated. Different methods are
used to determine engine load byOEMs based upon the application and sensor. These
methods use either mass airflow sensor (MAF) sensor, manifold absolute pressure
(MAP) sensor, Throttle position sensor (TPS) sensor, or a combination of these
sensors. MAF sensor directly provides a mass flow rate of air as input information
to the ECU.
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Fig. 12.5 Working of the EMS system

On the other hand, MAP and TPS sensors provide absolute pressure and throttle
opening angles, respectively, as input signals to the ECU. This information is further
processed using an algorithm.The algorithmuses an ideal gas equation to evaluate the
engine load. Let’s understand in detail how theECUworks onMAP-based algorithms
to determine the injection pulse width.

Air mass (ma) = P × Vrel

RT
(From Ideal gas law) (12.1)

Here, Air mass = mass of air inducted during the suction stroke
P =Manifold absolute pressure in KPa
Vrel = Relative volume = Vcyl × Volumetric efficiency (ηvol)

ηvol = Actual volume of intake air drawn into cylinder

Therotical volume of cylinder

R = Universal gas constant = 0.287 J/kg K for air
T = Ambient temperature in K.
Thevolumetric efficiency is the variable that depends upon relative cylinder filling,

and it affects the engine load. It is a direct function of manifold pressure and the
throttle position.As the pressure in the intakemanifold increases,more air is inducted
into the cylinder. The volumetric efficiency should be carefully selected at each
engine operating condition to meet the desired AFR. This is known as volumetric
efficiency tuning and is discussed at length in the ECU calibration process.

For an engine with n number of cylinders and total capacity Vengine, the individual
cylinder volume is calculated by,
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Vcyl = Vengine

number of cylinders (n)

Using this relation in Eq. 12.1,

Air mass (g/cyl) = Vengine(l) × ηvol × P(KPa)

0.287× T (K) × number of cylinders (n)
(12.2)

Now, for an engine operating with N RPM, suction stroke occurs once in every
two revolutions. Mass of air inducted (g/s) for an engine operating at N RPM is given
by,

Air mass (g/s) = Vengine(l) × ηvol × P(KPa) × N (RPM )

0.287× 60× 2× T (K) × number of cylinders (n)
(12.3)

Once the air mass or engine load is calculated, ECU determines the fuel injection
quantity based on the desired air-fuel ratio (AFR) from the aim lambda table. The
AFR is given by,

AFR = λ × (AFR)stoich

Using this relationship, fuel rate is calculated as,

Fuel flow (g/s) = Airflow
( g
s

)

AFR
(12.4)

Fuel flow (g/s)

= Vengine(l) × ηvol × P(KPa) × N (RPM )

0.287× 60× 2× T (K) × number of cylinders (n) × λ × (AFR)stoich
(12.5)

Fuel mass (g/cyl)

= Vengine(l) × ηvol × P(KPa)

0.287× T (K) × number of cylinders (n) × λ × (AFR)stoich
(12.6)

With the pre-installed value of the density of fuel and taking into account the
temperature coefficient for change in density, the volume of fuel to be injected in
each cylinder is calculated by Eq. 12.7:

Vf =
1

ρf
× Vengine(l) × ηvol × P(KPa)

0.287× T (K) × number of cylinders (n) × λ × (AFR)stoich
(12.7)

ECU determines the injector pulse width and injection timing depending upon
the number of injectors and engine speed. Injector pulse width is the injector open
time for the required fuel delivery.
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In the Alpha-N algorithm, throttle opening angle (alpha) and engine speed (N)
determine the fuel quantity to be injected. Throttle opening is also directly related to
the engine load and varies almost linearly with the manifold absolute pressure except
at low load and WOT conditions. Hence it is very convenient to use throttle opening
as an indicator of engine load. Throttle opening varies from 0% at no load and 0 kPa
to 100% at WOT and 101.325 kPa manifold absolute pressure with linear scale in-
between. In this algorithm, the throttle opening value from TPS is used to replace the
manifold pressure (P); subsequently, the ECU follows the same algorithm as used
in the MAP-based method. In the MAF-based approach, the MAF sensor directly
provides the mass flow rate of air. Hence, initial steps for engine load calculation are
not required, and the algorithm follows a similar estimate from Eq. 12.4 onwards.

All the three MAP, TPS, or MAF-based methods have their advantages and limi-
tations. MAF-based methods have good accuracy and faster response except at low
loads. So, this method ensures close control over the AFR and ensures lower emis-
sions. But as the MAF sensor is mounted in the intake manifold, it obstructs the
airflow and reduces the cylinder filling. Moreover, MAF sensors work well with
the factory settings, but they need to be replaced or recalibrated while tuning using
standalone ECU. MAP sensors show fluctuating output responses at higher loads.
MAP and MAF-based methods are often used together to have their advantages.
Although TPS based approach has the least accuracy, it is simpler in construction
and operation. In this study, TPS based Alpha-N method was used for engine load
calculations. Ignition timing is directly determined from the pre-installed ignition
maps. The ignition map contains ignition timing advance in °CA before the TDC for
all engine speeds and throttle-based loads. The detailed procedure of ECU calibration
for both injection and ignition strategies are explained in the next section.

12.3 Instruments Used in the Calibration Setup

12.3.1 Engine Dynamometer Setup

The engine dynamometer setup is used to calibrate ECU in the steady-state operating
conditions consists of a test engine and dynamometer assembly, ECU calibration
setup, combustion, and emissions analysis system. ECU was first calibrated under
steady-state operating conditions. Engine exhaust emissions are monitored using an
emission analyzer. A combustion analyzer is used to measure combustion param-
eters such as in-cylinder pressure versus °CA history, HRR versus °CA, and other
dependent quantities. An electrical spark plug is replaced with a spark plug pressure
transducer to monitor in-cylinder pressure. The engine crankshaft is extended out
to install a precision angle encoder for measuring the engine rotation. Figure 12.6
shows the schematic of an engine dynamometer experimental setup.
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Fig. 12.6 Schematic of engine dynamometer test setup

12.3.2 Chassis Dynamometer Setup

A chassis dynamometer setup is used to calibrate ECU in transient operating condi-
tions and evaluate the vehicle’s transient performance. The overall setup can be
divided into three sections: dynamometer room, dynamometer & ECU controller
room, and underground pit covered by checkered plates. The vehicle’s rear wheel is
mounted on the chassis roller, whereas the front wheel was clamped pneumatically
to the testbed. A driver aid panel is provided to display important test parameters
such as current vehicle operating condition, drive-cycle, etc. A heavy-duty blower
with variable frequency drive is fixed in the vehicle’s front to simulate road-load
conditions. The blower speed was synchronized with the vehicle speed. ECU of the
vehicle was connected to the controller computer system using an Ethernet cable.
Figure 12.7 shows the schematic of a chassis dynamometer experimental setup.

12.3.3 Combustion Data Acquisition System

The combustiondata acquisition systemmonitors the in-cylinder pressure for control-
ling the combustion events in the engine cylinder. The combustion-related parame-
ters such as combustion duration, combustion phasing, RoPR, mass fraction burned,
HRR, etc., are important since they affect engine emissions and performance.
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Fig. 12.7 Schematic of the chassis dynamometer experimental setup

Figure 12.8 shows the schematic of the combustion data acquisition system used
in this study. The system consists of a spark plug pressure transducer, precision shaft
encoder, charge amplifier, and high-speed combustion data acquisition system. The
spark plug pressure transducer generates dynamic pressure signals, which are then

Fig. 12.8 Schematic of the combustion DAQ System
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amplified by a charge amplifier. These signals are then post-processed by the DAQ
system. The output pulse from the precision shaft encoder is synchronized with the
actual °CA position in the engine cycle. Based on the in-cylinder pressure data, other
combustion-related parameters are evaluated.

12.3.4 Emissions Analysis System

Emissionmeasurement and analysis are vital during the development of engines since
exhaust emissions constitute a significant source of air pollution. These emissions
from IC engines can be broadly categorized into (i) regulated and (ii) non-regulated
emissions. CO, THC (total hydrocarbons), NOX, and particulate matter (PM) are
classified into regulated emissions, whereas the rest of the emissions, such as alde-
hydes, benzene, toluene, etc., are unregulated emissions. A probe is inserted into
the engine tailpipe through a diversion pipe, extended from the engine exhaust. The
analyzer uses non-dispersive infrared (NDIR) spectroscopy to measure CO, CO2,
and total hydrocarbons (THC) and electrochemical sensing to measure the oxides of
Nitrogen (NOx).

12.3.5 Engine Management System

Engines nowadays are equipped with an engine management system (EMS) that
controls various operating parameters to optimize their performance. The number of
electronic components in vehicles is increasing day by day. More than 80% of the
innovations in the automotive sector are electronic. Today, the total electronics cost in
the vehicle is almost 35–40% of vehicle cost. It is further expected to increase to 50%
of the entire vehicle cost by 2050.Although electronics cost is comparatively lower in
two-wheelers, it is also rising fast recently with the replacement of carburettor tech-
nology by electronic fuel injection technology. The EMS is a crucial component in
modern-day vehicles. It can be described as the brain of a vehicle that controls engine
operations, e.g., fuel injection system, ignition system, air handling system, thermal
management system, and after-treatment system. A variety of onboard sensors are
provided in the engine and the vehicle. The engine control unit (ECU) continuously
receives inputs from various sensors such as throttle position, manifold air pressure,
engine speed, engine temperature, exhaust oxygen feedback. Based on these inputs,
ECU optimizes the fuel injection quantity and ignition timings based on pre-installed
fuel and ignition maps in the ECU and maintains the desired AFR and optimum igni-
tion timing for efficient vehicle operations in the entire operating envelope. The
schematic of various components used in the EMS is given in Fig. 12.9. The role of
each of them is explained in the following sub-sections.
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Fig. 12.9 Schematic and components used in the engine management system

Open ECU

An open ECU is used in calibration or research studies to optimize various param-
eters for engine operation. It is a programmable ECU that allows altering maps and
other engine operating parameters, unlike stock ECU, which does not permit any
modification once the data is encrypted in the ECU memory (Fig. 12.10).

Fig. 12.10 Open ECU
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It can perform various primary functions such as fuel injection quantity and
timing calculations, ignition timing determination, closed-loop lambda control, and
advanced functions such as switchable fuel, ignition, boost trimming, knock control.

Manifold Absolute Pressure (MAP) Sensor

TheMAP sensor provides instantaneous intakemanifold pressure values to the ECU.
The ECU uses these values to determine the air density and calculates the air mass
flow rate entering the engine cylinder. Depending on the mass flow rate, the fuel
quantity to be injected is determined by the ECU, based on lambda (λ) value derived
from the pre-installed AFR maps. The MAP sensor consists of a diaphragm that
separates two chambers. One chamber is air sealed at 1 atm or vented to the atmo-
sphere used as a reference chamber. The other chamber is connected to the intake
manifold. The voltage output is generated in the range of 1–5 V, proportional to the
diaphragm movement when intake air flows through the manifold (Fig. 12.11).

Crank Position Sensor (CPS)

The CPS is used as a reference sensor to monitor the current crankshaft position and
the engine operating speed. It is directly attached to the engine crankshaft. It consists
of a gear wheel with one or two missing teeth. For example, in 18-1 magneto wheel
configuration, there are 18 equally spaced teeth and one missing tooth. The working
of CPS is explained below in the figure, along with its picture (Fig. 12.12).

It is a variable reluctance passive sensor that does not require an external power
supply for its operation. The output voltage is produced, which is proportional to the
varying magnetic flux around it. The magnetic flux produced by a permanent magnet
is varied by using a toothed wheel made of ferrous material. When the ferrous teeth
pass in front of the tip, the magnetic flux through the sensor changes, and a voltage
is induced. Therefore for 18-1 configuration, 17 AC waves are generated from the
sensor for every crankshaft rotation. One missing wave will be used to determine
the TDC position by synchronizing it with the motoring curve on the pressure crank
angle diagram.

Fig. 12.11 Manifold absolute pressure (MAP) sensor (example)
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Fig. 12.12 Working of crank position sensor (CPS)

Throttle Position Sensor (TPS)

The vehicle’s power output in SI engines is controlled by the air entering into the
engine cylinder. The throttle position sensor continuously monitors the fluid flow
in the engine. It is mounted in a throttle body. It constantly monitors the angular
position of the spindle of the throttle valve and transmits the signal to the ECU. The
throttle position sensor is essentially a three-wire potentiometer, consisting of wire
with a 5 V reference signal from ECU. Another is the ground signal from ECU,
and the third wire is the wiper. The sliding contact resistance changes by varying
the wiper position, resulting in a proportional voltage input signal to the ECU. This
voltage varies between 1 and 5 V, following the pre-installed map voltage versus
angular position of the throttle valve. Depending upon the rate of acceleration and
deceleration, the angular position of the throttle valve varies, and fuel enrichment is
provided accordingly to ensure a smooth driving experience. The throttle position
sensor is shown in Fig. 12.13.

Fig. 12.13 Throttle Position Sensor (TPS)
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Inlet Air Temperature (IAT) Sensor

The IAT sensor records the ambient temperature and feeds it to the ECU. ECU uses
this information to determine ambient air density using the pre-installed temperature
versus density curve, which is then used to calculate the mass of air being inducted
into the engine. The IAT sensor used in this setup is a thermistor of negative temper-
ature coefficient (NTC) type, which implies that its resistance decreases with an
increasing temperature. It has two connections: a reference ground signal from the
ECU, and the other is voltage output back to the ECU.

Engine Oil Temperature (EOT) Sensor

The EOT sensormeasures the temperature of the lubricating oil in the engine. Similar
to the IAT sensor, this sensor is also an NTC thermistor. It is used for temperature-
based fuel and spark compensations and cold start compensations. In the event of
a lower temperature than the average operating temperature, extra fuel is injected.
The spark timing is retarded to compensate for the low evaporation rate of the fuel.
Additionally, it also ensures engine operation within specified temperature limits to
avoid overheating. The EOT sensor is shown in Fig. 12.14.

Wideband Lambda Sensor

The AFR significantly affects engine/vehicle performance, brake-specific fuel
consumption, and emissions. Hence it is essential to continuously monitor the AFR
and provide feedback information to ECU accordingly. Lambda (λ) is defined as
the ratio of actual AFR to the stoichiometric AFR. It indicates whether the fuel-air
mixture is rich or lean. The value λ = 1 denotes stoichiometric mixture, whereas λ

> 1 and λ < 1 represent lean and rich fuel-air mixtures. The wideband oxygen sensor
measures oxygen in the engine exhaust to determine the λ value. ECU compares this
actual λ value and the pre-installed aimed λ value from the engine maps. Accord-
ingly, a suitable AFR correction is calculated, and the mass of fuel to be injected
is adjusted. In this study, the stock narrowband oxygen sensor was replaced by a
wideband oxygen sensor for ECU calibration purposes.

The narrowband lambda sensor is a binary sensor that only determineswhether the
mixture is rich or lean. On the contrary, a wideband oxygen sensor senses the exact
lambda value. The function of both these sensors is based on an electrochemical cell
called a Nernst cell, made of zirconium dioxide, which can conduct oxygen ions, a
reference cell containing ambient air, and a thin coating of platinum on both sides,
which act as an electrode. The one side of the Zirconia element is exposed to the
exhaust gas. While the other side is in contact with the reference air, and the oxygen

Fig. 12.14 Engine Oil
Temperature (EOT) sensor
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ions pass through these elements and deposit the charge on the electrodes to generate
a voltage signal. A rich or lean AFR is determined by a narrowband sensor based
on the voltage it produces. In rich AFR, the high signal voltage is generated across
the electrodes due to the difference in oxygen concentration across the two sides
of the zirconium element. In lean AFR, there will be a slight difference in oxygen
concentration between the exhaust gas and the reference air inside the sensor; hence
low voltage signal would be generated. The working of the wideband oxygen sensor
is shown in Fig. 12.15.

The wideband oxygen sensor contains an additional ceramic cell. The exhaust gas
enters this cell through a diffusion barrier. The AFR in the cell is measured by the
Nernst cell. Depending on rich or lean AFR, the voltage is applied to the electrodes
of the pump cell. Oxygen ions move from the inner side to the outer side of the
electrode to make the AFR in the chamber stoichiometric. The diffusion of these
ions sets up an electric current, which is converted into an equivalent voltage signal.
The lambda sensor is shown in Fig. 12.16.

Fig. 12.15 Working of wideband oxygen Lambda sensor (Electronics and Laboratory: Oxygen
Sensors 2021)

Fig. 12.16 Wideband Lambda sensor and Lambda module
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Fig. 12.17 Fuel pump
assembly

Fuel Pump

The fuel pump is an actuator that supplies liquid fuel to the injector by maintaining
a positive pressure in the fuel supply line. It contains an integrated micro fuel filter
to separate the impurities and ensure clean fuel reaches the fuel injector. The fuel
pump is completely submerged in the fuel tank at its base to avoid running dry and
protect it against accidental ignition by an electrical spark. The pump unit has two
wire connections, one for battery positive triggered through the relay circuit and the
other connected to the battery negative. The fuel pump unit is shown in Fig. 12.17.

Fuel Injector

The fuel injector sprays the fuel at high pressure in the engine combustion chamber
through the nozzle holes. Depending on the engine load and speed, ECU calculates
the volume of fuel to be injected. The injection pulse width is calculated by the pre-
installed linearization table in the enginemap for a particular injector, considering the
current battery voltage and fuel injection pressure. The solenoid valve in the injector
is then energized for the calculated pulse width duration to inject the required fuel
quantity into the engine combustion chamber. In this setup, the injector is mounted
after the throttle body in the intake manifold at an optimum angle to minimize the
wall wetting and maximize the fuel spray into the air from the throttle body. The
injector has two pins, one connected to the battery positive and the other to the ground
signal from the ECU. The injector used is shown in Fig. 12.18.

Ignition Coil

The ignition coil is an actuator used to transform the low battery voltage (12 V)
to high voltage (in the range of 25 kV) to produce an electric spark. The working
principle of the ignition coil is similar to an electrical transformer. It consists of
primary and secondary windings. The low induced voltage in the primary winding
is transformed into high voltage in the secondary winding, in the same ratio as the
number of turns.
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Fig. 12.18 Fuel injector

This extremely high voltage is supplied to the spark plug, which ionizes the charge
in the gap between the electrodes and produces an electrical spark to ignite the fuel-
air mixture in the combustion chamber. The ignition coil used in this experiment is
a coil-on-plug (COP) type ignition coil, consisting of an internal power transistor,
and it can be installed directly on the spark plug. It has four pins: battery positive,
chassis earth, the output signal from ECU, and the engine block earth. The ignition
coil is shown in Fig. 12.19.

Wiring Harness

Awiring harness is an organized set ofwires, pins, and connectors that run throughout
the vehicle to transfer the signals between various sensors, ECU, various actuators,
and the battery. The stock wiring harness is replaced with a customized wiring loom.
The wires from various sensors and actuators to the open ECU were connected
into connectors at appropriate PINs. The circuit that didn’t involve these sensors
and actuators in open ECU operation was left unaltered to continue its functioning.
For example, circuits involving alternator, rollover sensor, clutch switch, and kill
switch, were connected in the stock wiring harness. The essential sensors such as
CPS, TPS, MAP sensor, EOT sensor, and IAT sensors were connected directly into
the designated PIN of the connector. The existing ignition coil with stock ECU was
replaced with a 4-pin ignition coil having an internal power transistor. The fuel pump
was driven using a relay, in which a low current circuit (typically ~40 mA) through
the open ECU was used to trigger the high current circuit (0.8–1.2 A) of the fuel
pump. AWideband lambda sensor is connected to the open ECU Lambda–To–CAN

Fig. 12.19 Ignition coil
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Fig. 12.20 Wiring circuit diagram

(LTC) module via the CAN bus. Open ECU is connected to a computer via a high-
speed Ethernet port to access live engine operation in the engine tuning software.
After making the connections, the circuit is checked for connectivity, short-circuit,
and input and output signals to ensure a safe connection. The wiring circuit diagram
is shown in Fig. 12.20.

Automotive manufacturers use a stock engine management system (EMS), which
does not allow any modifications once encrypted and locked. In contrast, open EMS
is generally used for research, and it allows access to various tunable parameters
to optimize overall engine/vehicle performance. Once the calibration setup is ready,
the engine is operated at various engine operating conditions and the parameters are
tuned to optimize engine performance. ECU calibration is the process of determining
the optimal calibration tables and maps of volumetric efficiency, ignition timing and
AFR for an engine to optimize the engine or vehicle performance as desired. In the
following section, the ECU calibration procedure is explained in detail.

12.4 Engine Tuning and Recalibration

ECU continuously receives signals from various sensors. Based on these signals, it
determines the fuel injection quantity and ignition timing. The output signals are
then sent to the actuators. For a particular engine operation, we need to tune and
calibrate theECU.Thedetails related to engine specifications, fuel properties, sensors
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Fig. 12.21 Flow procedure for calibration

and actuators, tuning maps, and other essential parameters related to fuel trims and
enrichments were given as inputs to the software. In this section, the engine setup and
tuning process are discussed in detail. Figure 12.21 shows the overall steps followed
during ECU calibration.

Any particular package in tunning software consists of different worksheets,
namely, tuning, initial setup, vehicle, diagnostics, and advanced race functions. These
worksheets further consist of tabs for fine-tuning and calibration. E.g., the Tuning
worksheet consists of tabs like fuel, ignition, fuel mixture aim, ignition trims, etc.
Each worksheet and corresponding tabs are discussed below.

12.4.1 Initial Setup

The details related to engine specifications are provided as input information to the
ECU. It includes engine displacement, engine run threshold rpm, operating modes,
and fuel properties such as stoichiometric ratio, density, and coefficient of thermal
expansion. The engine run threshold rpm was set to some lower value, such as
300 rpm, which is considered the minimum speed after the engine is assumed to be
running. Generally, ambient air density is used to calculate the engine’s volumetric
efficiency, representing how effectively the cylinder fills the air with the current
ambient air density. The engine load normalized mode represents the actual engine
load compared to the estimated engine load under standard air pressure (101.3 kPa)
and temperature (298 k) conditions.

As discussed earlier, there are different modes like MAP based, throttle based
(alpha-N), and MAF based modes that can be used for engine load calculation.
Alpha represents the throttle position angle (throttle opening %), and N represents
the engine speed. Estimating mode is preferred since inlet manifold pressure has a
linear relationship with the throttle position, and large fluctuations were observed
in the inlet manifold absolute pressure. This mode estimates inlet manifold pressure
from its linear relationship with the throttle position.
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Ref. Sync.

ECU determines the injection and ignition timing based on TDC position in the
engine cycle. For this, the crank position must be synchronized with the cam position
to determine an accurate engine piston position in the stroke. The ref sync worksheet
is used to calibrate the crank trigger system for engine position and speed. In this case,
a crank trigger wheel is used where the falling edge was selected as the engine speed
active edge. In the absence of a cam sensor, an output from theMAP sensor was used
for synchronization. The intake manifold pressure drops during suction stroke, and
the corresponding signal is taken as a reference. The engine speed reference offset is
determined. Once the synchronization is established, engine synchronization mode
is ignored for engine speeds above 1200 rpm due to increased fluctuations.

ECU I/O

This worksheet aids in the setup of inputs and outputs to and from the ECU. The
pins are allocated for each sensor, actuator, relay, and other necessary equipment
(e.g., wideband lambda sensor) connected to ECU via the wiring harness. The type
of pin was decided by the corresponding current and voltage rating of the sensor and
actuator.

Sensors, Critical and Optional

In this worksheet, the critical and optional sensors are set up. ECU uses IAT, MAP,
and TPS sensors for engine load calculations. The low and high voltage signal values
are selected for the corresponding sensors, depending on the operating voltage of the
sensor. Inlet manifold pressure mode is chosen as an estimate since throttle position
values estimate the manifold pressure.

Ignition Configuration

In this worksheet, parameters related to ignition were configured. Ignition coil with
known configuration (pre-installed map) is selected. From a safety perspective, the
ignition timing limit advance can be set to a value, for example, 60° BTDC.

Injectors

The injector is configured in this worksheet. An injector is placed near the throttle
body. The injector with a known configuration is selected.

Engine Outputs

In this tab, setups related to outputs from the engine such as fuel pump, coolant pump,
the ignition coil are done. The fuel pump is operated through the relay, where a high
current fuel pump circuit is activated when a low current circuit is closed. When the
current fall below this low current value when the output is driven.

Lambda Bank

In thisworksheet, CANbus details of the LTC (Lambda-To-CAN)module are config-
ured. LTC module is required to input wideband lambda sensor values to the ECU.
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The overall lambda channel is called exhaust lambda and is used for functions such
as quick lambda.

12.4.2 Tuning Process

Before starting the tuning process, it is necessary to understand the combustion events
in the engine cylinder and the spark sweep test. The combustion event in the engine
cylinder is divided into four phases: (i) Ignition, (ii) Flame development, (iii) Flame
propagation, and (iv) Flame quenching.

The occurrence of combustion event must be precise relative to the TDC to obtain
the maximum brake power. The flame development and propagation together occur
between 30 to 90 °CA. Combustion is initiated by spark, a few °CA degrees before
the TDC near the end of the compression stroke. It continues in the early expansion
stroke, where peak cylinder pressure occurs and ends with the flame quenching near
the walls. The ignition timing affects the location of peak cylinder pressure and
hence the brake torque. The optimum ignition timing, which results in maximum
brake torque, is called maximum brake torque (MBT) timing.

TheMBT timing ensures the location of peak cylinder pressure around 10° aTDC.
Suppose the timing is advanced before MBT timing, the compression work transfer
increases. Also, knocking may take place because of the pre-ignition. On the other
hand, delayed ignition timing causes peak cylinder pressure to occur later in the
expansion stroke, which reduces its magnitude because of increased volume due to
the downward movement of the piston. Determining the MBT timing for a particular
speed and load condition is called a spark sweep test.

Base Map Tuning

After completing the initial setup in the separate worksheets, the engine is motored
to check the cycle lock. Cycle lock ensures synchronization between the crankshaft
and cam timing. The MAP sensor can be used in place of the cam position sensor.
When the intake valve opens, the pressure in the intake manifold drops. This signal
is synchronized with the crank position sensor to achieve the cycle lock. Initially,
the volumetric efficiency table is populated with a random value, e.g., 60%, and the
ignition table with 10° bTDC. The engine is operated at the desired speed and load
condition, starting from low speed and load region to higher speed and load region.
The wideband sensor records the actual lambda value, which is then compared with
the aimed lambda value. The volumetric efficiency is then corrected according to
aimed-lambda using the quick-lambda function available in the tunning software.
Corrected volumetric efficiency can be calculated as,

(VE)corr = VE × λactual

λaim
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For example, consider a case where the engine is fired with an initial volumetric
efficiency of 60%. It is desired to operate an engine with λ = 0.9, whereas the
wideband lambda sensor measures an actual λ value of 0.7, showing that the engine
runswith a richerAFR than required. So, in this case, to achieve the desiredλ, the fuel
quantity injected must be reduced. As one doesn’t directly control the amount of fuel
being injected, this is achieved by reducing the volumetric efficiency to 46.67%. By
doing so, one makes the ECU understand that lesser air is being inducted. ECU then
recalculates the corrected engine load and quantity of fuel to be injected, although, in
reality, the amount of air inducted remains the same. Once the volumetric efficiency
is tuned, ignition timing is either advanced or retarded to target the MBT timing. The
interface of tunning software contains current engine operating conditions such as
engine speed, inlet manifold pressure, engine oil temperature, actual and aim lambda
value, fuel injection quantity, compensations, fuel pressure, and battery voltage. The
fuel and ignition tables contain volumetric efficiency and spark timings tuned to
optimize engine performance.

The AFR greatly affects the performance and emissions from spark-ignition
engines. So, it is crucial to choose an aimed lambda to optimize the engine operation.
Volumetric efficiency and ignition timing can be tuned accordingly once the aimed
lambda is fixed for all engine operating conditions. A set of preliminary experiments
are conducted to evaluate the effect of lambda on engine performance and emissions.
Engine performance and emissions are then assessed for different lambda values.

• Peak power at the rich AFR was obtained for λ between 0.84 and 0.90.
• The best economy was obtained for a slightly lean AFR.
• Optimal CO & HC emissions were obtained at a slightly lean AFR.
• NOX emissions are higher for a slightly lean AFR.

Example for Tunning of Methanol-Fueled Vehicles

The tuning strategy for volumetric efficiency to achieve aimed lambda is discussed
using the following points (Fig. 12.22).

• To ensure a quick cold start of the engine considering the lower evaporation rate
of methanol, a rich AFR (λ ~ 0.92) is generally assigned. Methanol is less volatile
compared to gasoline, and more fuel is required to have a combustible mixture in
the combustion chamber. Along with a rich fuel-air mixture, additional starting
compensation is also provided. Similarly, a rich mixture is preferred in the idling
range to cater to exhaust gas dilution. During idling, exhaust gases cannot escape
smoothly compared to normal operating conditions, which causes a leaning effect,
and hence richer mixture is required to compensate for this.

• The engine generally spends maximum time in the cruising zone. An optimum
lean AFR (λ ~ 1.04) is assigned to maximize the engine efficiency and minimize
the exhaust emissions in this zone. Maximum engine efficiency is obtained for λ

= 1.1. Also, the cooling effect caused by the higher latent heat of methanol allows
a slightly leaner mixture than gasoline. However, there are limitations to operate
the engine at such a leanAFR. The availability of excess oxygen alongwith higher
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Fig. 12.22 Tunning table for methanol-fueled vehicles (example)

in-cylinder temperature increases NOx emissions. Also, the lean AFR results in
lower power output. Moreover, in the event of an increased air density (engine
operating in cold weather), the mass of air inducted per cycle also increases for
constant throttle opening. Hence, the probability of misfiring increases when the
fuel-air mixture becomes leaner than the combustion limit

• A slightly richer AFR (λ ~ 0.95) is selected to target better acceleration character-
istics in the acceleration zone. The vehicle usually spends very little time in this
zone. The output torque is higher for a slightly richer AFR. Hence, accordingly,
lambda is selected targeting higher torque output rather than engine efficiency
and emissions.

• In the wide-open throttle zone, the rider demands maximum power output. In this
zone, the engine operates at high speed and high load. A rich AFR is assigned
to target maximum power output. Moreover, while running at such a high engine
speed, the in-cylinder temperature remained very high due to higher friction losses
and elevated in-cylinder pressure. A richer AFR (λ ~ 0.88) is selected to absorb
this excess heat in the engine cylinder. The extra fuel absorbs heat as LHV to
reduce the in-cylinder temperature. This also helps in reducing NOx emissions,
usually higher at high loads.

• In the deceleration zone, the power output is not a concern. Hence, a lean AFR
(λ ~ 1.06) is assigned to optimize the engine efficiency and exhaust emissions.

• In this way, the aimed lambda values are assigned to important engine operation
cells. These values were then interpolated linearly for the rest of the table.

Once the aimed lambda table is ready, the engine is operated at the desired speed
and load condition using a dynamometer. Volumetric efficiency is tuned to achieve
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aimed lambda, as explained earlier. Once the actual lambda value is matched with
the aimed lambda value, the volumetric efficiency value is kept fixed for that partic-
ular speed and load condition. Now to tune ignition timing, a spark sweep test
is performed. The strategies used to tune ignition timing are discussed using the
following points.

• In both start and idling zones, ignition timing is retarded from the MBT timing.
During idling, the torque produced is barely enough to maintain constant idle
speed against the friction, pumping losses, transmission losses, and operation of
other auxiliary systems. When a sudden load is applied by pulling the vehicle into
gear, the engine speed should not drop, and stalling must be avoided. By retarding
the ignition timing, ECU will have additional torque to cater to a sudden increase
in load demand.

• In the cruising zone, ignition timing is set to MBT timing to maximize engine
efficiency. The engine operates at part load, and the knocking chances are low.
So, it is safe to run the engine at MBT or slightly retarded timing than MBT.

• More spark advance (almost up to 40°) is needed during engine operation at
higher speeds to ensure complete combustion within required °CA degrees. The
in-cylinder pressure versus °CA curve is monitored continuously to see if any
fluctuations occur in the pressure, indicating knock. If knock appears, ignition
advance is retarded, and fuel-air mixture lambda value is made slightly rich.

• As the in-cylinder temperature and pressure are higher in the WOT zone due to
increased cylinder filling, the ignition advance is retarded to avoid knocking.

• As the lean AFR is used in the deceleration zone, the laminar flame speed is lower.
Hence to achieve complete combustion, ignition is advanced slightly closer to the
MBT timing.

• ECU is tuned meticulously at the maximum number of speed-load combinations,
and the values are interpolated for the rest of the cells.

Following the above strategies, volumetric efficiency and ignition timings are
tuned, starting with random values of 60% and 10°, respectively. Emissions data
from the same engine fueled with baseline gasoline can be used as the reference.
If the exhaust emissions deviated from the reference value, the ignition timing and
lambda aimed values are adjusted accordingly to improve the new fuel’s engine
performance.

Tunning for Acceleration and Deceleration Conditions

The volumetric efficiency map denotes the pumping efficiency of the engine in
steady-state conditions. ECU calculates the fuel quantity to be injected, depending on
the air-mass intake. However, in transient conditions, the fuel calculations need to be
modified as per instantaneous throttle response. A sudden change in throttle position
causes a slight change in the fuel delivery. This occurs because of the formation of
fuel film in the intake manifold before the valves. The fuel film also contributes to
the desired AFR in the engine cylinder in transient conditions such as acceleration
and deceleration. ECU controls the fuel injector, but there is no direct control over
the fuel film on the intake port walls. For example, consider an acceleration event.
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During acceleration, the airflow through the port rapidly increases. The increased
airflow tends to evaporate the wall film on the port walls. Due to a faster evaporation
rate during acceleration owing to higher air velocity, the overall contribution by the
fuel film to the cylinder filling reduces. This results in a leaner fuel-air mixture being
delivered to the engine cylinder. On the contrary, the fuel film contribution makes
the AFR richer than expected during the deceleration event.

As discussed earlier, the leaner AFR would cause a reduction in output torque,
resulting in poor drivability, which is not desirable during acceleration. Some extra
fuel quantities must be injected to avoid lean fuel-air mixture due to temporary wall
film reduction. It is achieved by providing fuel film compensations. ECU detects the
change in throttle position during acceleration and enables fuel film mode to inject
higher fuel quantity. The actual fuel quantity for compensation needs to be calibrated.
It is important to note that it is necessary to complete a volumetric efficiency tuning
for acceleration enrichments. For fuel film primary main calibration, engine rpm can
be fixed to a lower speed of 2000 rpm since fuel film has a higher effect on the
lower speeds. The throttle position is then changed suddenly from 40 to 50%. An
instantaneous deviation from the desired lambda value is observed. The fuel volume
added as compensation to maintain the desired lambda is calculated. This quantity
is then added to all the values bigger than 40 kPa.

Similarly, compensation is added for the rest of the throttle responses. During
deceleration, the fuel trims are provided to account for the effect of fuel film during
sudden throttle reduction. A similar operation is performed for few other throttle
position changes, and compensations are added to the fuel film secondary main
table. Fuel film time constant denotes the time within which these compensations
are applied.A fast time constant of 1 swith a 60%primary scale is selected, indicating
60% of the compensation fuel quantity supplied within 1 s.

12.5 Compensations Required for Tuning

Altitude Compensation

The volumetric efficiency table is a 3-dimensional table consisting of a 3rd axis
denoting the ambient pressure. With the change in altitude, the ambient pressure and
density of air change, and hence altitude compensation must be added to cater to the
difference in the cylinder filling. Accordingly, volumetric efficiency can be tuned to
different values of ambient pressures, and the values can be interpolated in the entire
range of pressure.

Speed Compensation

At higher engine speeds, the velocity of inlet air is higher, increasing the evaporation
rate of the fuel film. This reduces the thickness of fuel film on the port walls. A
negative compensation called fuel film primary trim engine speed (%) is provided,
which considers the effect of higher engine speed on fuel film thickness.
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Compensation for Cooling Oil Temperature

When the engine operates at a higher temperature, the evaporation rate of fuel film
increases, reducing the film thickness. A negative compensation called fuel film
primaryfilm temperature is provided to account for this. The engineoperating temper-
ature is directly related to the engine oil temperature; hence a signal from the engine
oil temperature sensor is given as an input. Up to 90 °C engine oil temperature, a
positive compensation is provided to assist lower evaporation rate at lower engine
operating temperature, whereas negative compensation is provided for engine oil
temperature beyond 120 °C.

Cranking Compensation

A cranking compensation is provided, in which extra fuel is injected for the initial
20 engine crank cycles to facilitate smooth cold starting. 200% of the actual fuel
injection quantity is injected for the first crank rotation, which is then gradually
reduced for the next 20 engine crank cycles.

Post-start Compensation

During the initial few seconds of engine operation after cranking, as the temperature
in the intake port is low, the rate of fuel evaporation is low. An extra fuel quantity is
provided for initial 10 s to compensate for this.

Inlet Air Temperature Compensation

With changing ambient air temperature, the density of inlet air also changes. This
affects the volumetric efficiency. Hence variations in the inlet air temperature must
be considered.

12.6 Summary

ECU calibration is a vital step in vehicle development. In the present chapter, a
detailed procedure of ECU calibration for methanol adaptation in port-fuel injected
SI engines is discussed. The main objective of this chapter is to establish the process
of tuning to improve overall engine performance, fuel economy, vehicle drivability
and reduce emission characteristics. In the first section of this chapter, the advan-
tages and challenges encountered during methanol utilization strategies: (i) conven-
tional carbureted fuel supply and (ii) modern electronic fuel injection are discussed.
Working of fuel model and engine management system (EMS) consisting of open
ECU, a set of sensors and actuators, and wiring harness is covered. ECU calibration
process at steady-state conditions on an engine dynamometer and transient condi-
tions using chassis dynamometer is discussed.Anexample lambda table is formulated
for tuning, which denotes the target air-fuel ratio for optimized performance with
methanol as fuel. A detailed procedure for calibrating volumetric efficiency and igni-
tion table is given. Finally, a strategy of adding various compensations and trims for
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improving vehicle drivability in road load simulation conditions and varying weather
conditions is discussed. This detailed calibration procedure would help automakers
in calibrating the methanol-fueled vehicles.

References
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Chapter 13
A Novel DoE Perspective for Robust
Multi-objective Optimization
in the Performance-Emission-Stability
Response Realms of Methanol Induced
RCCI Profiles of an Existing Diesel
Engine

Dipankar Kakati , Srijit Biswas , and Rahul Banerjee

Abstract To exploit the potential benefits of reactivity controlled combustion
(RCCI) of methanol induced diesel dual fuel operation under split injection strategy,
the present study has adopted data driven surrogate modelling technique in contrast
to the computationally expensive computational fluid dynamics (CFD) platform. For
the partial replacement of conventional diesel fuel, port premixed methanol has been
introduced in this study as a renewable alternative energy resource considering its
renewability and sustainability perspectives [E-fuel]. To explore the challenges and
opportunities of RCCI operation the response parameters of nitrogen oxides (NOx),
soot, unburned hydrocarbon (UHC), carbon-dioxide (CO2), exergy efficiency and
co-efficient of variation of indicated mean effective pressure (COVIMEP) have been
studied considering pilot (PIA) and main injection timings (MIA), overall reactivity
(R0) and pilot injection mass percentage (PIM) of diesel fuel as the control param-
eters. A constrained optimization study has been carried out in this investigation
based on the response surface methodology under the respective constraints of emis-
sion elements as per the EPA Tier-4 emission mandates and operational stability. The
study also incorporated a novel customized design of experiment (DoE) for themulti-
variate exploration of design space followed by a thorough analysis of the robustness
of design space, which has been characterized through the measures of fraction of
design space (FDS) metric, D-optimality criteria, G-efficiency and condition number
(CoN). Further, desirability based multi-criteria decision making approach has been
undertaken wherein, the highest desirability was observed as 0.832. Subsequently
the optimization results revealed that the footprints of NOx, soot, UHC, CO2 and
COVIMEP were improved by 3.59%, 96.2%, 49.3%, 2.5% and 15.95% respectively
compared to the experimental investigation. Besides, with respect to the limits for
emission elements specified in theEPATier 4 norms, the study yielded 77 and73.33%
lower footprint of NHC and PM compared to the limits specified as constraints. The
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study further revealed that the CO2 emission is 42.3% less than the amount of CO2

consumed in the process of methanol production, which eventually displays the
potential of such RCCI operational regime in addressing the carbon emissions crisis.

Keywords Methanol-diesel RCCI combustion · Exergy efficiency · Split
injections · Carbon negative footprint · Robustness of design space ·
Multiobjective RSM optimization

Abbreviations

CO2 Carbon-di-oxide
COVIMEP Coefficient of variance of indicated mean effective pressure
CRDI Common rail direct injection
EXG Exergy
MCDM Multi criteria decision making
MIA Main injection angle
NOx Nitrogen oxides
PIA Pilot injection angle
PIM Pilot injection mass percentage
PM Particulate matter
RCCI Reactivity controlled compression ignition
RO Overall reactivity
RSM Response surface methodology
UHC Unburnt hydrocarbon

13.1 Introduction

Considerations of the present day insecurities of conventional fossil fuel based energy
resources, air pollution, and climate change are collectively calling into question the
fundamental sustainability of the current fossil fuel based energy system. Standing
at the cross-roads of the contemporary frontiers of engine research, the rationale of
utilizing sustainable bio-resources in new or existing engines have been envisaged
distinctly in the National Biofuel Policies. Such objectives are poised to herald a new
chapter in engine research dominated by optimal combustion phasing which is firmly
believed to address simultaneously the omnipresent challenges of the ever increasing
National fuel import bill, pollution control and establishment of a sustained rural
bio-resource economy without the necessity to switch to radically new technological
paradigms from existing conventional diesel engines of the day. In this context of
utilizing alternative energy resources, the interests in biofuel based renewable alter-
native fuels have grown in the recent years to resolve the issues of pollution control
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as well as to reduce the dependency on fossil fuels simultaneously (Zou et al. 2016;
Udayakumar et al. 2004; Valera and Agarwal 2019).

The rural areas in India wherein the grid extension is not economically viable,
primarily rely on the diesel engines in electricity generation for rural electrifica-
tion (Palit et al. 2017). Under the domain of the “Decentralized distributed gener-
ation of power” which is typically dedicated for energy supply in the rural areas,
the diesel engines have been performing as a major source for electricity genera-
tion as well as for agricultural purposes, but the operations of such engines under
conventional strategies yielded significant amount of carbon-di-oxide (CO2) emis-
sions alongwith other major environment deteriorating pollutants. From the perspec-
tives of future energy security and reductions of CO2 emissions, however various
environment friendly and renewable alternative resources can be employed as partial
or full replacement of diesel fuel in the process of localized power generation.

To this end, especially methanol as a diesel substitute when injected through an
additional system of port fuel injection has shown promising results in reducing the
emissions due to its lean combustion characteristics and high latent heat of vaporiza-
tion (Li et al. 2014). Moreover, methanol is an easy source of renewable and environ-
ment friendly alternative fuel, which is quite cheap and locally available and can be
utilized as a reliable alternative source of energy to curb the environmental pollutions.
The introduction of renewable methanol (E-fuel) will further enhance the National
sustainability perspectives on energy harnessing and contribute to rural upliftment.
It is evident in many studies (Dempsey et al. 2013a) that the traditional NOx-soot
trade-off setback of diesel engine operation can be exempted with the methanol-
diesel dual fuel operational tactic. As an alternative energy carrier, methanol posses
a significantly pertinent advantage to the global environmental health, as it consumes
carbon-di-oxide (CO2), the foremost contributor to the global warming while it is
considered as a chemical feedstock for methanol production. To this effect, Matzen
et al. (2015) in their study revealed that as a chemical feedstock, 0.85 kg of CO2

was consumed for per kg of methanol production while, only 0.53 kg of CO2 was
released to the environment for per kg of methanol combustion, which eventually
resulted in the negative carbon footprint in the environment. Thus, the renewable
methanol can contribute greatly to the cause of tackling the challenges of climate
change due to global warming. Besides, there are various feed stocks available for
the production of E-methanol, such as hydrogen electrolysis, carbon capture, coal
gasification, natural gas, biomass conversion and many more (Agarwal et al. 2019).
Along with the power generation for electrification, the renewable and environment
friendly E-methanol have posed significant potential in the contemporary energy
sector as a climate neutral solution for the automobile sector. Due to the compati-
bility of E-methanol with the present day IC engine configuration, it can be used to
power the ships, cars, aircrafts and other transportation vehicles, which is extensively
environment friendly compared to the traditional fuels. The E-methanol was initially
used in the IC engine regime as an additive to the conventional fuels and then grad-
ually increased the energy share with the development of innovative techniques and
finally substitutes the conventional fuels partially or completely with the E-methanol
fuel as a climate-friendly alternative to the traditional fuels.
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It is pertinent to note that the National Policy on Biofuels-2018 (National Policy
on Biofuels 2018) essentially targets the rationale of utilizing a maximum of 15%
of methanol in SI engine which essentially caters to the personnel transportation
sector. However, the present study attempts to explore and establish a feasibility of
bio-resource based energy share significantly higher (more than 50%) than the set
targets that can readily be exploited on the significantly large diesel engine sectors as
being explored internationally under the advanced combustion modes of reactivity
controlled dual fuel operation, thereby motivates a paradigm shift in the perspectives
of bio-resource based energy carriers in the future chapters of the National policies
on the diesel engine sector.

The recent developments in utilizing methanol in existing diesel engines have
revealed an advanced low temperature combustion regime of reactivity controlled
combustion strategy (RCCI) with reactivity gradient, the studies of which have
demonstrated a more promising strategy than the conventional dual fuel tactics of
external blending strategy in the contemporary diesel engine research in view of
its superior emissions reduction capability on one hand with higher fuel efficiency
on the other hand. In the conventional dual fuel blending technique, the energy
share of methanol is limited to 10–15% only due to the miscibility problem with
diesel, which has hindered to obtain full potential of methanol. Whereas, the port
injected methanol RCCI system eradicates such issues and enhances the methanol
energy share significantly in the dual fuel LTC operation. The RCCI strategy basi-
cally utilizes low reactive fuel as the primary fuel which is injected through the inlet
port during the suction stroke, while the high reactive fuel is injected directly into the
combustion chamber, which acts as an energy deposit necessary for the ignition of
primary fuel since the autoignition of low reactive fuel is difficult. The RCCI profiles
offer better thermal efficiency compared to the conventional diesel operations owing
to the reduction in heat transfer losses (Reitz and Duraisamy 2015). Furthermore,
Wei et al. (2016) observed in their study of methanol-diesel dual fuel operation that
NOx, soot and ringing intensity decreased significantly with the increase in methanol
energy share in RCCI operation, while the UHC emissions decreased with retarded
diesel injection timing. Dempsey et al. (2013b) studied the effects of cetane improver
on emissions and combustion characteristics of premixed methanol (port injected) as
well as methanol blend with diesel operated on a RCCI engine. They observed that
the methanol injection rate in premixed mode and the diesel injection timing were
the core parameters, on which the ignition timing of RCCI operation depends. With
proper tuning of diesel injection timing, the heat release shape can be accurately
controlled to achieve a desirable combustion phasing. However, several researchers
also observed operational instability of such advanced dual fuel LTC operationwhich
further impacts on the overall performance of the engine operation. In this context,
Yasin et al. (2017) studied the cyclic variations of cylinder pressure operating with
biodiesel-alcohol blends evaluated for 200 consecutive combustion cycles. They
observed that the alcohols contribute significantly to the higher cyclic variability of
the combustion parameters. Similarly, Wang et al. (2015) investigated the cycle-to-
cycle variation in the combustion parameters over 100 consecutive cycles operated
in a diesel engine with dimethyl ether (DME) as premixing fuel. They found that the
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induction of large quantity of DME increases the variations in IMEP indicated by
higher COVIMEP, which eventually limited the range of LTC operation. Thus, a trade-
off relation was apparent in the RCCI operation amongst the response parameters
with respect to the increasing participations of methanol in dual fuel operation, while
very few studies have been observed to address such trade-off issues appropriately.

On the other hand, the reactivity gradients greatly rely on the premixing character-
istics of high reactive fuel, wherein the pilot injection plays a vital role to this end. By
attaining various reactivity gradients, better controllability in tuning of combustion
phasing can be achieved. Implementation of such strategy hence further enhances
the scope of the RCCI operation to achieve better operational stability at higher
methanol energy share with lower emissions and higher efficiency profiles. To this
end, the evolvement of common rail direct injection (CRDI) in the contemporary
research of diesel engine has further enhanced the potential of such advanced dual
fuel operation in its better exploring capability and controllability in fuel injection
pressure, fuel injection timing and the amount of pilot injection mass in splitting of
diesel fuel. The splitting of diesel under multiple injection strategy as observed in
the Partially Premixed combustion (PPCI) regime of LTC operation further provides
the opportunity of varying pilot and main injection timings along with the pilot mass
percentage, which increases the flexibility in the area of operation with increasing
control parameters. Hence, the present study has attempted to utilize the potential
of split injection strategy to enhance the scope of premixed methanol with diesel
based RCCI operation through an optimization study, wherein the best compro-
mised trade-off solutions have been unearthed to observe the synergistic benefits
of higher efficiency and lower emissions under the constraints of 5% variability in
the combustion cycles. It is also pertinent to mention that the previous optimization
studies have not targeted to achieve the emission limits as specified in the emission
regulations, whereas the present optimization study has been strictly carried out to
satisfy the relevant emissions regulations of EPA Tier 4 along with improving the
operational stability and exergy efficiency of the dual fuel LTC operation.

However, the implementation of such advanced dual fuel reactivity controlled
combustion strategy in an existing conventional diesel engine increases the opera-
tional complexity due to critical tuning of increased actuating variables, which neces-
sitates a robust engine management system (Isermann et al. 1998). The enhanced
parametric degrees of freedom in such combustion technologies have to be addressed
to avail the maximum advantages by optimizing the control variables. For para-
metric exploration and optimization studies, various techniques were employed in IC
engine domain, wherein Response SurfaceMethodology (RSM) was one of the most
extensively used techniques for attaining the maximum performance and minimum
emission profiles. The efficacy of RSM technique is evident in the vast ranges of
literatures. Fang et al. (2015) investigated the hydrous ethanol injected RCCI oper-
ation with diesel for studying its emissions characteristics and employed Design of
Experiments (DoE) based RSM technique to optimize the parameters for achieving
the desired objectives. They observed a reduction of 79% and 72% in NOx and 50%
and 27% in soot at low and high load conditions respectively. Kim et al. (2012) used
DoE based RSM optimization technique for designing the experiments and carrying
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out the statistical analysis in which they observed NOx and PM reduction of 57%
and 39% respectively in PCCI mode of combustion on a diesel engine. Pandian et al.
(2011) used the desirability approach in RSM technique for optimizing the injection
pressure, injection timing and nozzle tip protrusion. They found a high desirability of
0.98 at the optimum injection parameters of 225 bar FIP, 21° BTDC injection timing
and 2.5 mm of nozzle tip protrusion. Lee and Reitz (2003) found that RSM based
optimization of EGR and other system parameters showed a simultaneous reduc-
tion of NOx and PM without decreasing fuel efficiency on a HSDI engine. RSM
helped to reach a modulated kinetics (MK) combustion zone or simply LTC zone
and premixed combustion zone. Ricaud and Lavoisier (2004) explored the effects of
injection topology, injection pressure, EGR rate and start of injection using a dedi-
cated CRDI system. They used RSM approach for optimizing the multiple injection
topology for getting superior performance and lower emission mandate. Ileri et al.
(2013) designed the experiments using a second order full quadratic RSM models
which developed an empirical relationship for predicting performance and emissions
in a diesel engine fuelled with canola oil methyl ester. The prediction of brake power,
brake torque, BMEP, BSFC, CO2, O2, EGT, BTE, NOx and CO with higher accu-
racy by the mathematical modelling proved the effectiveness of RSM in IC engine
application.

Therefore, in consideration to the significant reliability of RSM platform in IC
engine applications as observed in the numerous relevant literatures, the present study
has attempted to optimize the response parameters to attain the optimum reactivity in
RCCI operation coupled with the multiple injection strategy through the Design of
Experiment (DoE) based multi-objective RSM optimization technique. Besides, the
present study demonstrates the relevance of robustness assessment of design space
for estimating the variability of the response parameters of interest corresponding to
the variation in the decision variables in order to calibrate the engine system behavior,
wherein the design space robustness characterization has been perused under an inno-
vative foray of FDS metric along with the typically employed set of comprehensive
measures. The study further displays the potential of such advanced mode of RCCI
operation coupled with split injection strategy in satisfying the respective emission
mandates of EPA Tier 4 as well as achieving the carbon negative footprint towards
the global environmental crisis.

13.1.1 Motivation and Novel Viewpoint of the Present Study

The rsm intervention in the field of dual fuel operation is very common. However,
the contemporary development of reactivity controlled combustion technique based
port injected premixed methanol/diesel dual fuel operations have been primarily
studied on computational fluid dynamics (CFD) platform as evident in the literatures
(Li et al. 2013, 2014). Wherein, the complex physical and chemical processes of
combustion phenomena are analyzed by emulating the gas exchange, intricate heat
transfer processes, multi-phase flows, turbulence-gas dynamics and different species
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reaction chemistry (Valera and Agarwal 2019) through the implementation of high
fidelity multi-physics based code. However, such effort involves a significant cost
in chemistry solution times which reduces its relevance as an efficient vector in
detailed engine response characterization and rapid calibration basedmulti-objective
optimization solution requirements of the day. On the other hand, the data-driven
surrogate model based characterization of engine responses has been evolved as
an efficient alternative to the CFD regime owing to the considerable improvement
in computational pace and therefore significantly reduced solution time cycles in
calibration and decision-making strategies.

However, the superiority of data-driven based model development are subjective
to the expanse of experimental observations in the designated parametric space and
posed with distinct challenges of reliability and robustness under the present notions
of restricted test bench recourses. This is basically due to the absence of adequate
system information on the unknown degrees of non-linearity that may exist in the
experimentally unmapped zones. Subsequently, it is apparent from the fundamental
conception of Response Surface methodology technique that the success of RSM
simulation and optimization regime is pivotally and intrinsically related to the quality
of the parametric design space beingmapped under the experimental regimewhich is
performed through a design of experiment strategy. Therefore, it becomes critically
important to analyze the robustness of the design space developed by the Design
of Experiment in the optimization study. But none of those studies as apparent in
Table 13.1 have relegated to the cause of the development of a robust Design of
Experiment (DoE). The design of experiment is the only way possible to explore the
continuous space such that the system is represented in all its facets and described by
the parameters chosen. Hence in this regard, to address such research gap, the present
study has undertaken a dedicated effort in analyzing the robustness of design space
to ensure the precision of RSM endeavor (Mathematical expression) in emulating
the experimentally unmapped design space with commendable accuracy. To this
effect, the present study has engaged a comprehensive set of measures to quantify
the quality of the design space employed in the experimental design. The metrics
of Condition number of the correlation matrix (CoN), scaled D-optimality criteria,
G-efficiency and Fraction of Design Space (FDS) have been incorporated in this
regard to evaluate and analyze the design space offered in each design of experiment
in this study. Furthermore, it is evident in the literatures as shown in Table 13.1
that most of the relevant studies employed CCD or Box-Behnken designs in DoE
strategy, while implementation of such designs in a reactivity controlled combustion
of dual fuel LTC operation may not be efficient enough due to its incompetency
in adding multi-linear constraints as well as in providing higher order model and
different designs for the same factors and model information. In this context, the
present study has employed a novel customized design of experiment which offers
different designs for the same factors with an incremental design points. Thus, the
present study endeavors a unique optimization case study integrated with a novel
design of experiment strategy to satisfy multiple objectives of premixed methanol
with diesel RCCI operation.
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13.2 Materials and Methods

Figure 13.1 (Kakati et al. 2021) demonstrates the schematic diagram of the complete
engine test set up arrangement used in this study. In this investigation, the existing
diesel engine test set up was upgraded for adaptation of the dual fuel operational
strategy. The synchronization of the methanol injection mechanism with the existing
diesel engine operation was done through synchronization of the crank angle sensing
unit. The controlling andmonitoring of themethanol injection systemwas performed
through the control unit of “Performance electronics USA model PE3-SP000”. The
methanol participation in dual fuel operation was quantified and controlled in terms
of duration (ms), while pilot and main injection mass of diesel in split injection
strategy was quantified in terms of percentage of the total mass of diesel required
to keep the engine run at constant speed of 1500 rpm. Figure 13.2 demonstrates the
calibration curve between the methanol injection durations (ms) and the methanol
mass flow rates (kg/h).

The data acquisition for all the cases of split injections was only performed after
achieving the steady state condition, as verified from the engine operational sound
and vibration. Initially the engine was operated on diesel only mode and then slowly
methanol was injected. The duration of methanol injection was gradually increased
from 4ms to the highest possible duration of 10ms in consideration of the stability of
the operation.As the engine used in this studywas a constant speed engine, the energy
required to develop the same brake power is constant, thereby the participation of

Fig. 13.1 Schematic diagram of the experimental setup
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Fig. 13.2 Calibration curve
between methanol injection
duration (ms) and flow rate
(kg/h)

methanol in dual fuel operation resulted in reduction of the amount of diesel required
to develop the same power.

In the preliminary investigation of split injection strategy, the parametric varia-
tions of split injection timing and pilot mass percentage of diesel was carried out
to identify the range of operation for optimization study considering the stability
of the operation. The necessary instruments used in this study to measure all the
input and output variables of interest, along with the sensitivity and make model of
individual instruments and the associated uncertainties have been comprehensively
demonstrated in the previous work of the authors (Kakati et al. 2019). The sampling
and computational uncertainties incurred in the process of data analysis have also
been demonstrated and explained in detail in the previous work (Kakati et al. 2019).

The estimation of overall cetane number (Eq. 13.1) for theRCCI operation demon-
strating the overall reactivity of the dual fuel strategy with different reactivity has
been carried out by following the work of Sadabadi et al. (2016).

CNoverall = (CNFLR × �FLR)/AFRst,FLR + (CNFHR × �FHR)/AFRst,FHR

(�FLR/AFRst,FLR) + (�FHR/AFRst,FHR)
(13.1)

where, mFLR and mFHR are the mass flow rate, CNFLR and CNFHR are the cetane
numbers, �FLR and �FHR are the equivalence ratio of low reactivity fuel (methanol)
and high reactivity fuel (diesel) respectively. Equations (Eqs. 13.2, 13.2a and 13.2b)
demonstrate the calculation of coefficient of variation of indicated mean effective
pressure, COVIMEP (Maurya 2017).

COVV = σV

Vmean
× 100 (13.2)
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σV =
√
√
√
√

n
∑

i=1

(Vi − Vmean)
2/(n − 1) (13.2a)

Vmean =
n
∑

i=1

Vi
/

n (13.2b)

where, σv is the standard deviation, Vmean is the mean of the variable, n is the number
of data points. While, the calculation of exergy efficiency has been carried out by
following the work of Morsy et al. (2015). The sustainability characteristic of the
methanol based RCCI operation is encapsulated by the sustainability index (STI),
which is related to the exergy efficiency of the operation through the following
equation (Eq. 13.3).

STI = 1

1 − exg. eff .
(13.3)

The emission elements of NOx, UHC and CO2 were measured using a 5 gas
analyzer (AVL Digas-444), while smoke was measured using a smokemeter (AVL
437 smokemeter). Since, all the emission elementswere expressed in terms of g/kWhr
unit in the emissions regulations, the units of NOx and UHC have been converted
from ppm to g/kWh by following the procedure mentioned in the work of Mohan
et al. (2014).

The conversion formulae are as follows (Eqs. 13.4a and 13.4b)

NOx(g/kWh) = C1 × NOx(ppm) × CNOx × BP × ṁex (13.4a)

UHC(g/kWh) = C2 × UHC(ppm) × BP × ṁex (13.4b)

where, C1 and C2 are constants whose values were considered as per the study of
Mohan et al. (2014), mex is the exhaust gas mass flow rate (Eq. 13.4c)

ṁex = ṁa + ṁd + ṁm (13.4c)

where, ṁd, ṁa and ṁm are respectively themass flow rates of diesel, air andmethanol.
CNOx is the NOx correction factor as demonstrated by Fritz and Dodge (2003).
Furthermore, the conversion of smoke or opacity (%) into soot (g/kWh) has been
shown in the following equations (Eqs. 13.5a–13.5c) (Benajes et al. 2016).

Smoke(%) = 0.12 × FSN 3 + 0.62 × FSN 2 + 3.96 × FSN (13.5a)

Soot(mg/m3) = 4.95 × FSN

0.405
× e(0.38×FSN ) (13.5b)
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Soot(g/kWh) = Soot(mg/m3)

1000
× (mair × mfuel) × 3.6

1.165 × BP
(13.5c)

13.3 Design of Experiment

The conventional experimental investigation is generally carried out by varying one
factor at a time, which may resulted in a very large number of experimental runs
depending on the range of operation and the number of control variables. For deter-
mining the optimal set of control variables corresponding to the desired objectives
in a typical optimization case, the acquirement of information regarding the interac-
tions between the decision and response variables are of great importance, especially
in such cases where non-linearity in the relationships is quite evident. To this end,
the design of experiment (DoE), a statistical approach stands as a necessary tool in
investigating the design space with the multivariate exploration capability, offering
in-depth and diverse information from the minimum number of experiments.

In a typical multi-objective optimization case, the quest of finding the optimal
solutions satisfying all the objectives is largely dependent on the engagement of the
proper DoE. The pilot experimental study in this present case of investigation has
experienced several physical limitations during its operation, which defines the range
of operation with respect to each decision variable. Moreover, some additional limi-
tations are also present in this current investigation apart from the range of operation,
which must be included in the DoE as constraints to reduce the computational time
in the pursuit of attaining the optimal solutions for the response variables. To this
effect, a constrained design of experiment strategy has been employed in this present
case of optimization study. The design constraints and the limits imposed in the DoE
for exploring the design space in this case of investigation have been expressed in
the following equations (Eqs. 13.6–13.10).

35 < PIA < 55 (13.6)

5 < MIA < 25 (13.7)

10 ≤ PIA − MIA ≤ 30 (13.8)

10 < PIM% < 50 (13.9)

15 < CNmix < 36 (13.10)
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Thepresent studyhas incorporated the injection timings of pilot andmain injection
of diesel fuel as the control parameters to investigate the effects of injection timings
under split injection strategy on the operation of such RCCI kind. The limits of
injection timing for both pilot and main injection were determined in the preliminary
investigation on the basis of stability of the operation.Besides, the dwell timebetween
these two injections has been incorporated in this study as constraint to avoid the
chance of overlapping of these two consecutive injections. For investing the effects
of premixed ratio of diesel fuel under split injections, the fraction of diesel fuel
injected in the pilot injection has been considered in this study as an another control
parameter, which was constrained in between 10 and 50% in consideration to the
stability concerns of the operation. However, the fraction of the diesel fuel injected
during the main injection is just the consequence of the preceding event of pilot
injection and thereby excluded in this optimization study. The effect of methanol
injection rate in this reactivity controlled combustion regimehas been studied through
the overall reactivity, RO (or CNO) of the dual fuel operation, the calculation of which
has been shown in the previous section (Sect. 13.2). The lower and upper limit of
reactivity was evaluated corresponding to the maximum and minimum energy share
ofmethanol in this dual fuel operationwith diesel as shown inFig. 13.3. Formaximum
energy share of methanol, the lowest overall reactivity was observed as 15.4; while
for minimum energy share, the highest overall reactivity was observed as 35.8 in the
preliminary investigation. Thus, the range of RO in this case of optimization study
has been determined as 15–36.

The present study considers NOx, soot, UHC, CO2 emissions as the response
parameters along with COVIMEP as a measure of combustion stability and exergy
efficiency for mapping the sustainability characteristics of RCCI operation. The
respective constraints applicable to each response parameters have been illustrated
in the following section (Sect. 13.4.1.1).

PES=Pilot energy
share
MES=Methanol
energy share
DES=Diesel energy
share in main
injection

Fig. 13.3 Reactivity variation at different energy share
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In typical optimization case of studies (Bose et al. 2017; Shirneshan et al. 2016),
the most prevalently response surface designs have been employed, wherein the
emphasis is given on the fitted surface. But how well the surface follows the
actual characteristics of the system is very crucial and hence the necessity of evalu-
ating the design suitability. The evaluation criteria for the design matrix have been
comprehensively demonstrated in the succeeding section of Sect. 3.1.

13.3.1 Evaluation of Design Space: Quality Metrics

As per the deliberations attributed in the previous section (Sect. 13.3), the quest of
achieving the optimal zone of operation is significantly reliant on the employment
of proper experimental design. Accordingly, the extensive evaluation of the design
space is critically important for ensuring the deployment of appropriate experimental
design for a particular optimization case of study. The present optimization study to
this effect has engaged a comprehensive set of measures to quantify the quality of
the design space employed in the experimental design. The literature to this context
indicates that for the assessment of the employed designs, the most of the studies
(Lucas 1976; Dette and Wong 1995; Borkowski and Valeroso 2001; Ye and Zhou
2013) incorporated the measures of Co-efficient of determination (R2), Condition
number of matrix, scaled D-optimality criteria and G-efficiency.

The “Condition number of correlation matrix” as a metric to measure the multi-
collinearity in the design matrix has been employed in this study. The condition
number of score one indicates that the designmatrix is orthogonal and no collinearity
exists amongst the model terms in the design. In case of comparing the performance
of a design with different numbers of run, the present study has employed the scaled
D-optimality criterion, which aims for the maximization of the determinant of the
information matrix I´I of the design. The optimal number of experimental runs out
of all the possible runs in the design matrices can be opted through the measure of
D-optimality criterion. Themathematical expression for choosing the optimal design
matrix I0 is expressed in the equation (Eq. 13.11).

∣
∣l′0I0

∣
∣ = max

(∣
∣l′l

∣
∣
)

(13.11)

Another metric for choosing from the several equivalent designs, G-efficiency
has been employed in this study, which expresses the average prediction variance
in terms of the percentage of highest prediction variance. The G-efficiency can be
defined as the expression demonstrated in the equation (Eq. 13.12).

G − eff . =
(

nm
nd × Vmax(I)

)

(13.12)
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where, nm and nd are the number of model terms and the number of design runs,
Vmax is the highest variance of prediction existent in the design matrix I.

In the preliminary stages of experimentation, for screening and characterization
purposes, the factorial designs are mostly preferred, wherein the emphasis is given
on the main and interaction effects between the model terms only. In such situations
estimation of powermetric is ideal for selecting the suitable designmatrix. But in case
of an optimization study such as response surface designs, the evaluation of power
metric is inappropriate to use, instead a prediction basedmetric of Fraction of Design
Space (FDS) statistics can be employed for estimating the design suitability. Fraction
of Design Space (FDS) technique is basically utilized to determine the maximum
possible fraction of volume of design space that can be used under the threshold
limit of prediction variance. Zahran et al. (2018) mentioned in their study that for
attaining the comprehensive idea of the performance of a design matrix, the volume
of design space must be considered. The FDS plot encapsulates the distribution
of mean standard error at different volume fraction of design space. The standard
error at each fraction of volume can be estimated through the following equation
(Eq. 13.13). For comparing the design with different number of runs, the present
study has estimated the standard error at 80% of volume or 0.8 volume fraction of
the design space, which is the minimum FDS score for optimization case of study.

Std . EFDS =
(

d/tα/2,df
)

s
(13.13)

where, d is the acceptable error limit or interval half-width and s is the anticipated
standard deviation.

13.3.2 Model Evaluation Metric

The subsequent metamodels developed under RSM iterative platform for each
response variables must be examined across a comprehensive set of metrics to eval-
uate the model accuracy in predicting the response parameters along with the relia-
bility in estimation and the model uncertainty before approving it as a robust system
characterization platform of high precision. The study incorporates the correlation
metric of coefficient of determinationR2 (Chakraborty et al. 2016;Castelli et al. 2013)
(Eq. 13.14) and Nash–Sutcliffe efficiency NSCE (Yassin et al. 2016) (Eq. 13.15) as
the common benchmark for the model assessment. The Nash–Sutcliffe efficiency
improves upon the limitations of R2 by including a measure which is sensitive to the
differences in themodel estimatedmean and variance of the observed andmodel esti-
mated values. The study further employs the Symmetric mean absolute percentage
error, SMAPE (Eq. 13.16) for estimating the absolute error in the prediction of
response values (Armstrong 1985). Besides, for the estimation of model perfor-
mance independent to dimensional bias, the present study has employed a relative
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error metric of Root relative square error, RRSE (Eq. 13.17) that allows a compar-
ative venture of examining estimation quality of different meta-modelling mecha-
nisms simultaneously across all response categories being modeled (Ebrahimzade
et al. 2018).

R2 = 1 −
(∑n

i=1 (expi −predi)2
∑n

i=1 (expi)2

)

(13.14)

NSCE = 1 −
{ ∑n

i=1 (expi −predi)2
∑n

i=1 (expi − expav)2}
}

(13.15)

SMAPE = 1

n

n
∑

i=1

2 × ∣
∣expi −predi

∣
∣

∣
∣expi

∣
∣ + |predi| (13.16)

RRSE =
√
√
√
√

∑n
i=1

(

predi − expi
)2

∑n
i=1

(

expi − expav
)2 (13.17)

where, n denotes the number of samplings and expi, predi and expav are the
experimental, predicted and average of experimental values respectively.

The above deliberations mainly focused on the attempt of evaluating the fore-
casting capability of the model evolved from the RSM platform. The present study
has further adopted the Theil uncertainty, U(II) estimation (Eq. 13.18) in line with
the work of Bliemel (1973) to enumerate the uncertainty in prediction, existent in
the developed metamodels of respective response categories.

Thiel U(II) =

√
[
∑n

i=1

(

expi −predi
)2
]

√
[
∑n

i=1

(

expi
)2
]

(13.18)

13.4 Multi-objective Optimization (MOOP) Endeavors

The optimization regime in any engineering field is fundamentally devoted in the
task of finding the optimal set of control variables which offer the maximum or
minimum values of the objective functions defined in the respective optimization
study. The objective functions are basically the mathematical expressions of the
physical problem, emulating the responses of the output variables. But, the real
world optimization problems primarily pose multiple yet contradictory criteria to
be addressed simultaneously (Deb 2001). Optimization under such paradigms, char-
acteristically induce challenges in that, the computed solutions need to satisfy the
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conditions of optimality as set by the decision maker (DM) for all the involved objec-
tives simultaneously (Osyczka 1985). As the included objectives being contradictory
in their nature, efforts to optimize an objective would inherently cause a penalty in
the path of attaining optimality of the other. Formulation or selection of a global
objective function for optimization recourse to a given problem under such contra-
dicting individualities is the pivotal step in the entire optimization endeavour. The
objective function in such cases should effectively embody the desired indices of
the problem at hand without compromising the underlying physics of the problem
through appropriate system identification techniques.

Optimization of multiple conflicting objectives in a multi-dimensional design
space is difficult; as such multi-objective optimization yields multiple optimal solu-
tions instead of a desirable single optimum as seen in typical single objective opti-
mization (SOOP) domains, due to the inherent contradictory nature of the objectives
that need to be satisfied simultaneously. Instead, a set of compromising solutions,
generally known as the Pareto optimal (Ehrgott 2012) solutions are obtained which
signify the best trade-off between the conflicting requirements. The essence of such
multi-objective optimization is characterized by the concepts of Pareto optimality
(Pareto et al. 1896), named after the contributions of Vilfredo Federico Damaso
Pareto, the Italian economist. The Pareto optimal solutions are the non-dominant
solutions in which none of the optimal solutions are dominant or superior to any
other solutions to the objectives in the search space. These Pareto optimal solutions
provide the best possible trade-off scenario in the conflicting objectives, wherein the
non dominated solutions deny any chance of obtaining a better solution which may
improve one objective without compromising the others. To this end, the preliminary
task in a typical MOOP endeavor is to search for non-dominant optimal solutions as
many as possible in the entire design space, which eventually visualize all the trade-
off relations between the objectives that exist in the design space of multiobjective
optimization recourse.

13.4.1 Methodology

The comprehensive demonstration of the present study has been presented in thework
flow depicted in Fig. 13.4. The optimization iterations in this present study have been
carried out in the Design Expert environment. The exploration of the design space
in search of the solutions satisfying the multiple objectives was initiated subsequent
to the development and critical evaluation of the metamodels corresponding to each
response parameters of interest. The objective functions and the design constraints
invoked in the optimization routine applicable to the present investigation have been
enumerated in the following Sect. 13.4.1.1. However, such search routine delivers
a multitude of non-dominated trade-off solutions, out of which identifying the best
compromised solution is quite complicated for the decision makers. The non domi-
nated solutions are a groupof Pareto solutions signifying the best negotiation amongst
the contradictory objectives set in an optimization study. Thus, selection of the best
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Fig. 13.4 The workflow of the entire optimization study

compromised solution amongst the numerous non dominated solutions evolved in
an optimization study often becomes a challenging task for the designer. To this
end, multi criteria decision making analysis was undertaken to determine the optimal
choice of the control parameters which yields the best compromised response values.
The study further engaged desirability approach in the MCDM endeavor to locate
the optimal Pareto set, wherein the maximum score of overall desirability denotes
the optimal Pareto solution for the given set of investigation.

13.4.1.1 Design Constraints

Equations 13.19 and 13.20 represent the objective functions of the present multi-
objective optimization study, wherein Eq. 13.19 represent the minimization problem
of NOx, soot, UHC, CO2 and COVIMEP and Eq. 13.20 represent the maximization of
exergy efficiency respectively.
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Maximize
{[
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] = fRSM [�(R0,PIM ,PIA,MIA)] (13.20)
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Apart from the operational limitations identified and quantified as the limits of
decision parameters as deliberated in the preceding section (Sect. 13.3), the present
study invokes the pertinent design constraints of emissions regulations as well as
the stability indicator in the optimization iterations for finding the non-dominated
solutions. Equations (13.21a–13.21e) demonstrate the constraints invoked for each
response parameters in optimization iterations in this study.

0 < NOx < 945, NOx (ppm) (13.21a)

0 < Soot < 19, Soot (mg/m3) (13.21b)

CO2 > 0, CO2 (% ) (13.21c)

0 < COVIMEP ≤ 5, COVIMEP (%) (13.21d)

Exergy eff. > 0, Exergy eff. (%) (13.21e)

The respective constraints of NOx in ppm (Eq. 13.21a) and soot in mg/m3

(Eq. 13.21b) corresponding to EPA Tier 4 norms was estimated at the baseline single
injection operation by following the work of Benajes et al. (2016). However, the
constraints corresponding to EPA Tier 4 emissions regulations are set for NHC and
PM as shown in Eqs. 13.22a and 13.22b.

NHC < 7.5 (g/kWh) (13.22a)

PM < 0.3 (g/kWh) (13.22b)

13.4.1.2 Multi Criteria Decision Making (MCDM)

The quest of obtaining the optimal solution in the multi-objective optimization
endeavor frequently experience the multitude of non-dominated solutions, out of
which estimating the optimal one is a task of great hurdles, in which a careful prac-
tice of systematic diagnosis is required in the decisionmaking. Such practice of multi
criteria decisionmaking regime often employs the desirability approach as evident in
many literatures of multi-objective optimization studies (Kumar et al. 2016; Odu and
Charles-Owaba 2013). To this effect, the present study has incorporated the desir-
ability method inMCDM strategy to find the optimal set of Pareto solution which can
provide the optimal responses of desired level. In this scope of optimization study,
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Table 13.2 Different criteria set for multi-criteria decision making

Weightage given

Criteria Highest priority NOx Soot UHC Exergy efficiency CO2 COVIMEP

S1 NOx 5 1 1 1 1 1

S2 Soot 1 5 1 1 1 1

S3 Exergy efficiency 1 1 1 5 1 1

S4 All equal 1 1 1 1 1 1

S5 NOx + soot 5 5 1 1 1 1

five different criteria has been set according to the objectives of this study as demon-
strated in Table 13.2, each of these criteria poses different emphasis on the response
parameters. The highest priority was given to NOx in the set criteria of S1, while S2
corresponds to the highest priority in soot. Similarly, the highest emphasis on exergy
efficiency was given to the criteria of S3. While, S5 criterion poses equal emphasis
on each of the response parameters, S6 gives the highest priority to NOx and soot
simultaneously. This criteria as depicted in Table 13.2 has been utilized for both the
experimental as well as Pareto solutions obtained from the optimization iterations to
estimate the desirability score and thus compare the optimal results obtained from the
optimization study with the experimentally observed best results. The set of Pareto
solution scoring the highest desirability is considered as the best compromised set
of solution for the entire scope of investigation satisfying all the desired objectives
of this study.

Deployment of desirability function in the regime of multi-objective optimization
problem is evident in extensive literatures, however it was first proposed byHarington
(1965) and later modified by Derringer and Suich (1980) and Kim and Lin (2000).
The method investigates the decision parameters which provide the best desirability
for the respective response variables. In this method, the objective functions for each
response variables are converted into scale free desirability scores (di) (Eq. 13.23
and 13.24), which are further aggregated into a single global desirability index (D)
through weighted geometric mean as shown in the equation (Eq. 13.25), in order
to unearth the global optimal operating condition. This desirability value di ranges
from 0 to 1, wherein 0 indicates that the response is completely unacceptable while,
1 represents the ideal score for the response to be accepted.

[di]maximize =
[

gi − gimin

gi max − gi min

]ti

, gimin ≤ gi ≤ gimax (13.23)

i = 1, 2, …., n; while n denotes the number of objectives. Whereas, gimax and gimin

are the maximum and minimum scores of gi respectively. For the condition of gi
<gimin, the [di] maximize becomes 0, while for gi >gimin the [di]maximize becomes 1.
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[di]minimize =
[

gimax − gi
gimax − gimin

]ti

, gimin ≤ gi ≤ gimax (13.24)

In case of minimization objective, for the condition of gi <gimin, the [di]minimize

becomes 1, while for gi >gimin the [di]minimize becomes 0.

D =
(

n
∏

i=1

dwi
i

) 1
∑n

i=1 wi

(13.25)

where, Des is the overall desirability and wi is the relative importance or weightage
given to ith objective.

Depending on the nature of objective function, the goal of the response parameters
can be set as maximize, minimize or set as target. The methodologies for estimation
of desirability of each response variables contingent to the goal of objectives have
been shown in the equations (Eqs. 13.23 and 13.24) in line with the study of Odu
and Charles-Owaba (2013).

The overall desirability function (D) (Eq. 13.25), is a measure of finding the
best global trade-off solution amongst the competing objectives in a multiobjective
optimization problem. However, the capability of discovering the best solution is
dependent upon the proper optimizer specification (min, max, and target) and the
selection of appropriate desirability objectives (weightage). In this case, the objec-
tives set for each response variable were allocated weightage depending on their
relative importance wherein, the weightage value ranges from 1 to 5. The minimum
importance is denoted by 1 while, the greatest importance is signified by 5. The set
of input factors which attains the optimal trade-off solutions are generally identified
by the highest overall desirability score, Dmax.

13.5 Results and Discussion

13.5.1 DoE Evaluation and Selection

The quest of achieving the optimal zone of operation corresponding to the desired
objectives of the study is significantly reliant on the precision of theRSMmetamodels
in mapping the responses of output variables of interest, which further immutably
and irrevocably depends on the quality of the design of experiment proposed by the
designer. Especially the situation of complex engineering problems, wherein system
non-linearity due to the interactions among the control variables are prevalent, pose
distinct challenges in gathering the necessary information about the system behav-
iors or the characteristics of the response parameters. The quality of the information
gathered through experimentation eventually depends on the quality of the proposed
design, which necessitates the relevant evaluation of the design matrix. To this effect,
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Table 13.3 Ranges of control parameters employed in design

Factor Name Type Minimum Maximum Coded low Coded high Mean Std.
dev.

A Reactivity Numeric 15.00 36.00 −1 ↔ 15.00 +1 ↔ 36.00 25.40 8.05

B PIM Numeric 10.00 50.00 −1 ↔ 10.00 +1 ↔ 50.00 30.57 15.62

C PIA Numeric 35.00 55.00 −1 ↔ 35.00 +1 ↔ 55.00 41.48 6.76

D MIA Numeric 5.00 25.00 −1 ↔ 5.00 +1 ↔ 25.00 18.52 6.95

Table 13.4 Particulars of the design of experiment

File version 12.0.1.0

Study type Response surface Subtype Randomized

Design type I-optimal Coordinate exchange Runs 35

Design model Quadratic Blocks No blocks

Build time (ms) 2804.00

the present case of optimization study has employed a comprehensive set of evalua-
tion measures to quantify the robustness of the design space employed in this study
as deliberated in the previous section (Sect. 3.1). The proposed DoE in this study has
been developed considering four factors and six response parameters under the rele-
vant constraints of the control parameters defined in the preliminary investigation.
Tables 13.3 and 13.4 demonstrate the details of the design of experiment undertaken
in this present case of optimization study.

The proposed designmatrix initially offers 25 number of design points, however to
enhance the robustness of the design space, additional design points have been incor-
porated in the design space with a regular increment of 5 extra random points. The
subsequent deliberation to this effect highlights the enhancement of the robustness
of the design space with the increasing design points. Figure 13.5 encapsulates the
scores of different evaluationmeasures for estimating the performance of the designs.
The D-optimality criteria as evident in Fig. 13.5 shows a decreasing trend with the
increasing number of design points, wherein the design (D35) with 35 number of
design points exhibit the lowest score of D-optimality as 3.8. Similarly, the condition
number demonstrates the decreasing trend till the D35 design, wherein the lowest
score was observed as 38.02. Furthermore, the mean standard error calculated at
80% fraction of design space follows the similar trend, wherein the minimum score
of the mean standard error was also found at D35 design. The FDS analysis of D35
design has been demonstrated in Fig. 13.6. However, the G-efficiency registered its
highest score of 48.3% at D40 design, which shows an increasing trend with the
design points. The pertinent design D35 to this end exhibits moderate G-efficiency
as observed in Fig. 13.5.

From the analysis of the performance of designs based on the evaluation measures
as deliberated above,D35 design undoubtedly exhibits the best overall characteristics
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For a robust design, the 
necessary trend should be- 

CoN 

G-eff. 

FDSSEM

D-optimal 

Fig. 13.5 Robustness evaluation of different designs

Fig. 13.6 Standard error mean at 80% FDS for D35 design

compared to the other equivalent designs and hence, the present study adopts the D35
design for carrying out the necessary experimental investigations.
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13.5.2 ANOVA Analysis

The ANOVA findings dictate how each response model is to be built. Basically,
it’s an approach that involves trial and error, and it’s distinct for each data type.
To ensure the model passes fitting diagnostic, the procedure sequence and points
selected must be well-tuned. Table 13.5 summarizes the ANOVA results for the
different response models. Every response model has importance in terms of F-
values and P-values, which show how each model influences the response. If the
model terms are significant, then the P-values shouldn’t be greater than 0.1. The
total significance of the response models was calculated using the greater F-value
and the lower P-value (<0.05). A smaller model may enhance the resilience of the
model when it includes a large number of unimportant model terms. ‘Adequate
Precision’ is the label for the particular model’s signal-to-noise ratio. It is preferred
to have a value higher than 4, and the final model will help you traverse the design
space. An equation derived from the collected data may be used to assess the effect of
each variable in detail, with different quantities being tested. It is important to state
the levels of the factors in their order of appearance. Due to the coefficients being
scaled to work with different units, and the intercept not being in the heart of the
design space, the equation cannot be used to quantify each factor’s influence. The
following Table 13.5 displays the P-values and F-values of the ANOVA analysis,
wherein the respective scores of R2, adjusted R2 and predicted R2 for each response
parameter were also displayed for model evaluation. Besides, Figs. 13.7, 13.8, 13.9,
13.10, 13.11 and 13.12 encapsulate the experimental versus predicted scores of the
response parameters, which demonstrate the competency of the developed models
in emulating the engine responses.

The subsequent mathematical expressions evolved from the developed meta-
models for each response parameters have been enumerated in the following
equations (Eqs. 13.26–13.31).

NOx = 4699.7 − 113.69 × Ro + 9.8 × PIM − 156.2 × PIA − 16.09 × MIA

+ 0.013 × Ro × PIM + 1.75 × Ro × PIA − 0.52 × Ro × MIA

− 0.43 × PIM × PIA − 0.149 × PIM × MIA + 1.95 × PIA × MIA

+ 1.34 × R2
o + 0.21 × PIM 2 + 1.2 × PIA2 − 0.98 × MIA2 (13.26)

UHC = (5630−264 × Ro + 18.18 × PIM−120.7 × PIA + 133.88 × MIA

− 0.34 × Ro × PIM − 2.69 × Ro × PIA + 0.397 × Ro × MIA

+ 0.483 × PIM × PIA − 0.5 × PIM × MIA − 3.1 × PIA × MIA

+ 5.8 × R2
o − 0.33 × PIM 2 + 3.2 × PIA2 − 0.67 × MIA2)(1/1.38) (13.27)
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Fig. 13.7 Predicted versus
experimental NOx

Fig. 13.8 Predicted versus
experimental UHC

Soot = (0.394 + 0.014 × Ro − 0.079 × PIM + 0.14 × PIA

− 0.133 × MIA − 0.0008 × Ro × PIM + 0.002 × Ro × PIA

− 0.005 × Ro × MIA + 0.0005 × PIM × PIA + 0.0003 × PIM × MIA

− 0.0005 × PIA × MIA + 0.001 × R2
o + 0.0007 × PIM 2

− 0.002 × PIA2 + 0.005 × MIA2)(1/0.32) (13.28)
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Fig. 13.9 Predicted versus
experimental soot

Fig. 13.10 Predicted versus
experimental CO2

CO2 = (−6.3 + 0.125 × Ro − 0.002 × PIM + 0.34 × PIA − 0.01 × MIA

+ 0.0012 × Ro × PIM + 0.0004 × Ro × PIA + 0.003 × Ro × MIA

+ 0.0002 × PIM × PIA + 0.0003 × PIM × MIA

+ 0.0002 × PIA × MIA − 0.003 × R2
o − 0.0001 × PIM 2

− 0.004 × PIA2−0.0009 × MIA2)(1/0.65) (13.29)



374 D. Kakati et al.

Fig. 13.11 Predicted versus
experimental COVIMEP

Fig. 13.12 Predicted versus
experimental exergy
efficiency

COVIMEP = 6.98 − 0.22 × Ro − 07.5 × 10−8 × PIM + 0.03 × PIA

+ 0.04 × MIA + 5 × 10−9 × Ro × PIM − 1.23 × 10−8

× Ro × PIA + 4.87 × 10−9 × Ro × MIA − 2.7 × 10−9

× PIM × PIA + 1.8 × 10−10 × PIM × MIA

− 3.9 × 10−9 × PIA × MIA + 0.001 × R2
o + 3.42 × 10−10 × PIM 2

+ 2 × 10−7 × PIA2 + 2.99 × 10−7 × MIA2 (13.30)
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Exg. eff . = 41.92 − 0.42 × Ro − 3.16 × 10−10 × PIM − 2.75 × 10−9 × PIA

− 2.5 × 10−7 × MIA + 2.42 × 10−12 × Ro × PIM − 3.19 × 10−11

× Ro × PIA + 5.15 × 10−11 × Ro × MIA + 1.23 × 10−11 × PIM × PIA

− 1.44 × 10−11 × PIM × MIA + 9.77 × 10−11 × PIA × MIA

+ 1.79 × 10−6 × R2
o + 9.49 × 10−13 × PIM 2 + 8.22 × 10−12 × PIA2

+ 2.7 × 10−11 × MIA2 (13.31)

13.5.3 Model Evaluation

In this study, the metamodels have been developed for each response variables
based on the response surface methodology for emulating the characteristics of the
responses for the entire scope of investigation. The prime motive of developing
metamodels in this study is to engage it as the objective function in the optimiza-
tion iterations. However, the reliability of the developed metamodels in emulating
the behavior of the output variables must be evaluated comprehensively before the
deployment in optimization study. Hence, the present study utilizes a set of compre-
hensive evaluation metric of correlation metrics, absolute and relative error metrics
and the uncertainty posed by the metamodels in predicting the responses considering
the pertinences of each metric as deliberated in the previous section (Sect. 3.2) in
this study. Subsequently, the analysis of NOx metamodel reveals the score of R2

as 0.939 and that of NSCE as 0.911 (Fig. 13.13), while the scores of SMAPE and
RRSE were observed as 0.325 and 0.374 respectively (Fig. 13.14). Besides, the eval-
uation of model robustness under the metric of Theil uncertainty has yielded the
subsequent score as 0.251, which demonstrates the greater reliability of the corre-
sponding metamodel in emulating the NOx trends. Similarly, the assessment of UHC
metamodel demonstrates significant model adequacy owing to the higher scores of
R2 and NSCE as 0.977 and 0.956 respectively (Fig. 13.13). The respective scores
of SMAPE and RRSE for the UHC metamodel were registered as 0.113 and 0.244
(Fig. 13.14), which establishes higher precision in emulating the UHC responses
observable at different matrix of decision factors. The Thiel uncertainty analysis for
the correspondingmetamodel further reveals the greater robustness of themetamodel
in estimating the UHC scores (Fig. 13.15). The subsequent analysis of the soot meta-
model also yielded higher degree of R2 and NSCE scores of 0.967 and 0.952 respec-
tively (Fig. 13.13). Besides, the SMAPE and RRSE scores of significantly lower
level of 0.234 and 0.42 respectively as evident in the figure (Fig. 13.14) indicates
the greater competence of the metamodel in predicting the soot scores. Furthermore,
the uncertainty analysis of the corresponding soot metamodel reveals the superior
model reliability on account of the significantly lower scores of Theil uncertainty as
evident in Fig. 13.15. The subsequent evaluation of the CO2 metamodel registered
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Fig. 13.13 Correlation metrics for each response models

the scores of R2 and NSCE as 0.953 and 0.945 (Fig. 13.13) respectively and that of
the error metrics of SMAPE and RRSE as 0.255 and 0.269, indicating the superior
competency of the metamodel in forecasting the non-linear trends of CO2 scores.
The reliability of CO2 metamodel was further fortified with the negligible scores of
Thiel uncertainty of 0.25 (Fig. 13.15). The scores of R2 and NSCE observed in the
succeeding analysis of the exergy efficiency profile demonstrates the better model
adequacy attributing to the lower scores of 0.979 and 0.966 respectively as evident
in Fig. 13.13. The lower scores of SMAPE and RRSE as evident in Fig. 13.14 further
highlight the superior forecasting capability of the metamodel. The lower footprint
of Theil uncertainty estimated as 0.143 for the metamodel of exergy efficiency as
evident in Fig. 13.15 approves the greater reliability in the prediction of respective
scores of exergy efficiency. The assessment of the stability profile of COVIMEP has
revealed the significantly higher scores of R2 and NSCE as 0.985 and 0.971 respec-
tively (Fig. 13.13). The further evaluation of the COVIMEP metamodel against the
error metrics of SMAPE and RRSE yielded significantly lower extent of 0.097 and
0.142 respectively, which demonstrates the significant competence of the metamodel
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Fig. 13.14 Error metrics for each response models

Fig. 13.15 Theil uncertainty for each response models
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in emulating the characteristics of COVIMEP and hence in predicting the respec-
tive scores accurately. Besides, the lower scores of Theil uncertainty (Fig. 13.15)
observed as 0.095 in the assessment of the metamodel of COVIMEP confirmed the
greater reliability in predicting the scores of stability indicator of COVIMEP.

13.5.4 Optimization Endeavor

13.5.4.1 Effects of Injection Timing on the Operating Range of RCCI
Regime

The present study undertakes a multi-objective investigation of the methanol
premixed diesel RCCI operation considering the sustainability aspects of such LTC
regime along with the obligatory emissions legislatives and the operational stability
criteria. In consideration of multiple objectives, the ranges of the tuning parameters
may differ for each response entities to satisfy the desired objectives in this study.
Besides, the variation of individual tuning parameters changes the entire region of
feasible operating zone as depicted in Figs. 13.16[a–d] and 13.17[a–d]. The primary
goal of this optimization study is to obtain the maximum exergy efficiency and the
operational stability and the minimum emissions under the preset constraints of

PIA=45
MIA=25

PIA=45
MIA=10

PIA=45
MIA=15

PIA=45
MIA=7

(a)

(c)

(b)

(d)

Fig. 13.16 Effects of main injection timing on feasible operating zone for optimization search
rouitne
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PIA=53
MIA=18

PIA=30
MIA=18

PIA=25
MIA=18

PIA=45
MIA=18

(a)

(c)

(b)

(d)

Fig. 13.17 Effects of pilot injection timing on feasible operating zone for optimization search
rouitne

coefficient of variations and the EPA Tier-4 emission legislations. The larger area
of the feasible region of operation enhances the scope of the optimization study by
increasing the search space for finding the optimal solution.

Figures 13.16[a–d] and 13.17[a–d] demonstrates the effects of injection timings
of PIA and MIA with respect to the overall reactivity and the premixed ratio of
diesel fuel on the feasible operating range of RCCI combustion constrained by the
emissions mandate and the stability criteria. It is clearly observed in Fig. 13.16 that
with the retardation ofmain injection timing, the stability indicator of COVIMEP shifts
towards the lower overall reactivity, which eventually indicates the potential of using
higher methanol participation ratio under the stable operating condition. It is also
evident in Fig. 13.16 that the slight retardation of the main injection timing resulted
in the extension of the reactivity range; however the constraint of soot emissions
allows the utilization of pilot injection mass percentage in the higher extent only.
Further retardation of the main injection timing reduces the overall feasible area for
the optimization studymainly due to the violation of the soot constraint. Similar trend
can be seen in Fig. 13.17, wherein with the retardation of the pilot injection timing,
the scope of RCCI operation increases due to the enlargement of the stable region of
operation. Themedium range of pilot injection timing is observed to bemore suitable
for achieving a broader feasible operational region as distinctly evident in Fig. 17c.
Though, at the extremely retarded point of pilot injection timing, the feasible range is
partially diminished due to the defiance of NOx constraint, restricting the operation at
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higher pilot injection mass percentage of diesel. Thus, it can be observed that during
the delayed injection timings of pilot injections, the feasible zone of operation ismore
sensitive to the NOx constraint, whereas during the retardation of the main injection
timings, the feasible operating region is primarily affected by the soot constraint.
Besides, both the pilot andmain injections are effective in achieving stable operations
in its delayed injections allowing further to lower the reactivity within the limits of
feasible zone of operation or in other words higher methanol participation ratio can
be utilized in the present RCCI domain.

13.5.4.2 Analysis of Desirability Based MCDM Approach

As evident in Table 13.6, the analysis of the strategy S1 reveals that the maximum
desirability of the optimization study is 0.8 which is 7.63% higher than that observed
in the experimental study, which corresponds to the simultaneous improvements of
23.1%, 92%, 72% and 24.49% for NOx, soot, UHC and COVIMEP compared to the
experimental investigation. However, the S1 strategy also incurs the penalties of
135% and 18.5% in CO2 and exergy efficiency respectively in this case of opti-
mization study. Furthermore, upon experimental validation of the optimal solution
observed in this strategy yielded an imperceptible deviation of 1.8%, 12%, -8.8%,
9.7%, -0.72% and -4.6% for NOx, soot, UHC, CO2, exergy efficiency and COVIMEP

respectively from the scores observed in the computational study. Similarly, the
subsequent strategy of S2 resulted in the improvement of the highest desirability by
1.8% compared to the experimental counterpart in this case. The analysis revealed
the reductions in the scores of NOx, soot, UHC and COVIMEP by 65.8%, 96%, 50%
and 27.72% correspondingly, while the deterioration in CO2 emissions and exergy
efficiency of 24.8% and 26.5%were also observed in this strategy with respect to the
results obtained in the experimental investigation. The experimental validation shows
strong agreement with the computationally observed results as very small variations
are registered in the subsequent analysis. The analysis of Strategy S3 on the other
hand registered a reduction by 19.5% in the maximum desirability score compared
to the equivalent experimental regime, which corresponds to the improvements of
32.7%, 56%, 25.3% and 17.6% in the corresponding scores of NOx, soot, UHC and
COVIMEP and the deterioration in the scores of CO2 emissions of 31.4% and exergy
efficiency of 14.11% respectively. The experimental validation corresponding to the
observed optimal solutions establishes the tremendous reliability of the RSM based
optimization study owing to the significantly lower footprint of the corresponding
variation of the scores. Similarly, the analysis of S4 strategy revealed a decrement
in the desirability score by 0.997% compared to the experimental endeavor, which
is due to the significant reduction of exergy efficiency by 27.76%. However, in case
of other response elements of NOx, soot, UHC, CO2 and COVIMEP, improvements
were registered instead as 65.39%, 37.1%, 38.2%, 15.2% and 26% respectively. The
experimental validation of the obtained solutions indicates very little variations in
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the respective scores of the response elements as enumerated in Table 13.6. Further-
more, the analysis of the Pareto solutions of maximum desirability studied under the
strategy of S5 yielded the highest score of 0.832 in the entire scope of investigation,
which is 3.92% higher than the observed highest desirability in the experimental
regime. In this strategy, no significant reductions in NOx and CO2 emissions were
observed, however the response elements of soot, UHC and COVIMEP demonstrated
the respective reductions of 96.2%, 49.3% and 15.95% and yet again in this case
also, the exergy efficiency deteriorated slightly by 2% compared to the experimental
recourse.

From the above deliberation, the highest desirability has been observed as 0.832
for the strategy S5 compared to the other criterion set in the MCDM technique, in
which the highest priority was given to NOx and soot emissions simultaneously. The
corresponding solutions for NOx, soot, UHC, CO2, exergy efficiency and COVIMEP

were respectively observed as 165 ppm, 0.11 mg/m3, 74 ppm, 6.13%, 28.22% and
3.5%, which have been found as the best compromised solution for the entire scope
of investigation. The optimal setting of the control variables for which the above
solution is observed, has been noted in the analysis as the pilot injection timing of
350 CA, main injection timing of 210 CA, reactivity of 32 and pilot mass injection
percentage of 20%. The Reactivity of 32 corresponds to the diesel fuel consumption
of 0.717 kg/h and methanol fuel consumption of 0.5 kg/h.

13.5.4.3 Confirmatory Test and the Uncertainty Analysis

The study further performed a confirmatory test to confirm the prediction capability
of the rsm metamodels for each response entities. The test has been performed under
95% confidence interval. In this test, a series of trials are recorded for the responses
at the identical combination of setting points and checked whether the average of
the measured scores of the sample lies within the prediction interval. If the mean of
the recorded scores is within the prediction nodes (lower and higher) of the confir-
matory experiment, then the model is confirmed to be reliable in prediction. In this
present study, the optimal setting as suggested in the numerical investigation has
been considered as the factor setting for the confirmatory test. Table 13.7 encapsu-
lates the lower and higher prediction intervals for each response variables along with

Table 13.7 Confirmatory test of the optimization results

Responses Predicted mean Standard dev. 95% PI low Data mean 95% PI high

NOx 164 1.44E−05 161 165 168

UHC 75 0.199 72 74 77

Soot 0.115 0.04 0.08 0.11 0.15

CO2 6.05 0.13 5.6 6.13 6.5

Exg. eff. 28.53 0.027 27.89 28.22 29.17

COVIMEP 3.53 3.7E−07 3.48 3.5 3.58
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the average of the recorded samples. The observations of Table 13.8 confirms the
prediction capability of the rsmmetamodels as the average scores for all the response
parameters are well within the prediction intervals in this confirmatory test.

The total uncertainty (TU) of the obtained optimal results consists of the uncer-
tainties associated with the experimentation, preparation of design of experiment
and the Theil uncertainty (modelling uncertainty) as displayed in Fig. 13.4 and
discussed in their respective sections. Root mean square method has been imple-
mented to compute the total uncertainty in this case of study as detailed in Table
13.8. The associated total uncertainties in each response entity have been expressed
in the following equations (Eqs. 13.32a–13.32f). Furthermore, it is also pertinent to
mention that the total uncertainty associated with the predicted response entities are
well within the prediction interval mentioned in Table 13.7.

NOx = 165 ± (TU%)NOx = 165 ± 0.61% (13.32a)

UHC = 74 ± (TU%)UHC = 74 ± 0.54% (13.32b)

Soot = 0.11 ± (TU%)Soot = 0.11 ± 1.17% (13.32c)

CO2 = 6.13 ± (TU%)CO2 = 6.13 ± 0.6% (13.32d)

Exg. eff . = 28.22 ± (TU%)Exg. eff . = 28.22 ± 1.9% (1332e)

COVIMEP = 3.5 ± (TU%)COVIMEP = 3.5 ± 1.13% (13.32f)

13.5.5 Discussions

The emissions regulations of EPA Tier 4 have been expressed in terms of NHC and
PM, which combine UHC with NOx as well as with soot emissions in the respec-
tive constraints. The present study on the contrary considers the emission elements
of NOx, soot and UHC as the individual entity. Due to the involvement of two
independent variables in the emissions mandates, it is not possible to estimate the
constraints for each individual entity and impose the same. Hence, the present study
allowsUHC to evolvewithout constraint to reduce the complexity of the optimization
study. Besides, the constraints of NHC and PM are expressed in g/kWh, necessitating
the conversion of the unit of individual entities of NOx, soot and UHC emissions
observed in the optimization study, which has been carried out by following the work
of Benajes et al. (2016) as discussed in the previous section (Sect. 13.4.1.1). To this
end, the subsequent conversion of NOx, soot and UHC scores observed as the best
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compromised solution in the optimization study and expressing it in NHC and PM
(Greeves andWang 1981) by following the equations (Eqs. 13.33 and 13.34) yielded
as 1.73 g/kWh and 0.08 g/kWh respectively, which apparently satisfies the respec-
tive constraints of NHC and PM imposed by EPA Tier 4 regulations. Pertinently,
the optimized RCCI operation in this study demonstrates 77% and 73.33% lower
footprint of NHC and PM compared to the limits specified in the EPA Tier 4 norms
as the constraints.

NHC = NOx + UHC (13.33)

PM = 1.024 × soot + 0.277 × UHC (13.34)

Furthermore, the emission of CO2 in the optimal solutionwas registered as 6.24%,
which turned out to be 0.49 kg for per kg of methanol consumption for this particular
case of RCCI operation. Thus, it is distinctly evident that for the complete cycle of
methanol production to its consumption, the net release of CO2 emission into the
environment is 42.3% negative consequent to the consumption of 0.85 kg of CO2

during methanol production (Matzen et al. 2015), which displays the potential of
such RCCI operation in attaining the goal of carbon negative in the facet of global
struggle against the carbon emissions. The conversion of CO2 from percentage to
kg/h has been carried out by following the equations (Eqs. 13.35 and 13.36).

CO2(kg/h) = CO2(%) × (ma + mf ) × 1.517

1000
(13.35)

mf = md + mm

(
LHVm

LHVd

)

(13.36)

where, ma and mf are the mass of air and fuel in kg/h respectively, while md and mm

denotes the mass flow rate of diesel and methanol.

13.6 Conclusion

The present study demonstrates a Design of Experiment based multi-objective RSM
optimization endeavor to calibrate and achieve the desired objectives set for the
response parameters through the precise tuning of the control parameters of the
methanol premixed diesel RCCI operation coupled with spilt injection strategy. In
this study, an attempt has been made to implement the concept of RCCI operation
in the conventional diesel engine by inducting low reactive fuel of methanol through
port injection.However, an accurate tuning of the response parameters is pre-requisite
to the proper implementation of such LTC operation in a conventional diesel engine
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due to the existing non-linearity in the system behavior. The study establishes a tech-
nically more correct way of determining the design space for carrying out the neces-
sary experimental investigations. The robustness of the design space was critically
evaluated through the comprehensive metrics of D-optimality criteria, G-efficiency,
condition number and the standard mean error at 80% of fraction of design space
(FDS). The optimization endeavor in this study has been further entrusted with the
respective emission mandates of EPA Tier 4, while maintaining or even improving
the efficiency of the RCCI operation at the same time, that too under the constraints
of stable engine operation. The Pareto solutions to this end, evolved from the RSM
optimization search routine delivers the potential trade-off solutions, out of which to
determine the best compromised solution, desirability approach has been employed
in this multi-criteria decision making endeavor. The optimal setting of the control
parameters to this end was observed in this study as the pilot injection timing of
350 CA, main injection timing of 210 CA, reactivity of 32 and pilot mass injection
percentage of 20%, which yielded the scores of the corresponding response param-
eters of NOx, soot, UHC, CO2, exergy efficiency and COVIMEP as 165 ppm, 0.11
mg/m3, 74 ppm, 6.13%, 28.22% and 3.5%. The best compromised solution observed
in this optimization study exhibits the desirability score of 0.832, following the corre-
sponding reductions of NOx, soot, UHC, CO2 emissions by 3.59, 96.2, 49.3, 2.5%
and the stability improvement of 15.95% indicated by COVIMEP. Besides, in respect
to the limits put by the EPA Tier 4 regulations, the present study reveals that while
satisfying the limits, the respective scores of NHC and PM displays a significant 77
and 73.33% lower footprint in comparison to the constraints specified in the regula-
tion. Furthermore, as envisaged in the present study, the CO2 emission for 1 kg of
methanol combustion in this RCCI operation that released into the environment is
observed to be 0.49 kg, which is 42.3% less than the amount of CO2 consumed in
the process of methanol production, which eventually displays the potential bene-
fits of such methanol premixed diesel RCCI operational regime in addressing the
carbon emissions crisis. To this end, the present optimization study delivers a plat-
form which can simultaneously address multiple objectives of lower emissions of
NHC and PM satisfying the strident emission norms along with lower CO2 emission
and the higher exergy efficiency under the strict restrictions of stable engine oper-
ation. Thus, under the prevailing challenges of global environmental concerns, the
energy starved countries like India has the huge opportunity to employ methanol in
the conventional diesel engine under the advanced LTC regime of RCCI operation.

Thus, the optimization results showed that the RCCI operation of premixed
methanol with diesel under split injection strategy exhibit significant NHC and PM
emissions reduction capability while maintaining high exergy efficiency at stable
operating conditions. Through the design of experiment based RSM optimization
study, the effects of different parameters have been studied under the respective
constraints of EPA emission norms and stability markers. However as a future scope
of this study, the customized design of experiment based RSM investigation could
further be extended to premixed methanol with biodiesel RCCI operation, wherein
the potential of biodiesel may be explored under the envelope of LTC regime. A
comparative study between the diesel and biodiesel based RCCI operation coupled
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with split injection strategy could further be carried out for assessing the relative
advantage of the RCCI operation of these two kinds.
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Chapter 14
Scope and Limitations of Ammonia
as Transport Fuel

Aaishi Ashirbad and Avinash Kumar Agarwal

Abstract Fuel requirement for the transport sector is a function of population
growth. Currently, the automotive industry is powered extensively by fossil fuels.
Diesel and gasoline-powered vehicles contribute heavily to environmental pollu-
tion by emitting carbon dioxides (CO2) and other pollutant species. Greenhouse gas
(GHG) emissions from fossil fuel combustion are significantly increasing since 1900.
Fossil fuels depletion depends on discoveries of new petroleum reserves; however,
the use of fossil fuels won’t be feasible in the foreseeable future due to GHG emis-
sions and other environmental concerns. To tackle these, several researchers have
focused on developing alternative fuels. Although low carbon fuels (energy) are
being explored for internal combustion engines (ICEs), nitrogen-based fuels are also
beginning to attract researchers worldwide. Ammonia has potential as a low carbon
fuel since it has a high-octane number and is carbon-free; therefore, it doesn’t produce
soot. Other nitrogen-based fuels are not viable low GHG alternatives for vehicles.
Despite higher NOx emissions, ammonia has potential for heavy-duty power gener-
ation and the marine sector. This is because, in these applications, the implemen-
tation of exhaust gas after-treatment is feasible. Significant challenges that hinder
ammonia’s growth in the automotive sector as fuel are (i) narrow flammability limits,
(ii) high ignition temperature, and (iii) low flame speed. Also, ammonia’s higher
heat of vaporization reduces the temperature when ammonia makes a phase transi-
tion from liquid to gas, reducing the in-cylinder temperature. Currently, vehicles are
not operated using ammonia as fuel because its production involves extensive use
of natural gas, which is not a zero-carbon fuel. Biogas is a sustainable carbon-free
feedstock for producing ammonia, which uses a carbon-free path from well-to-tank
(WTT). Ammonia can be produced from hydrogen, obtained from electrolysis of
water and nitrogen obtained from air. Since, the electricity could be generated from
renewable energy sources, ammonia can be considered as E-fuel. This chapter covers
production methods, properties, environmental and health aspects, storage and trans-
portation, and the potential of ammonia as a transport fuel in compression-ignition
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(CI) and spark-ignition (SI) engines. Pure Ammonia operation and dual-fuel modes
are extensively discussed for both CI and SI engines. Hydrogen as a combustion
improver is also covered towards the end of this chapter. However, for realizing the
potential of ammonia as fuel, it is important to determine feasible Ammonia induc-
tion and combustion techniques applicable to ICEs, which would enhance engine
performance in the entire operating range.

Keywords High octane number · Nitrogen-based fuels · Ammonia · Carbon-free
fuel · Alternative fuels

Abbreviations

AlN Aluminum Nitride
ASU Air Separation Unit
aTDC After Top Dead Center
BSFC Brake Specific Fuel Consumption
bTDC Before Top Dead Center
BTE Brake Thermal Efficiency
CFR Cooperative Fuel Research
CI Compression Ignition
CO Carbon Monoxide
CO2 Carbon Dioxide
COV Coefficient of Variation
DME Dimethyl Ether
GHG Greenhouse Gas
HAER Hydrogen-Ammonia Energy Ratio
HC Hydrocarbons
HCCI Homogenous Charge Compression Ignition
HRR Heat Release Rate
ICE Internal Combustion Engine
IMEP Indicated Mean Effective Pressure
LTC Low Temperature Combustion
MBT Maximum Brake Torque
NH3 Ammonia
NOx Oxides of Nitrogen
ON Octane Number
PM Particulate Matter
RPM Revolutions Per Minute
SCR Selective Catalytic Reduction
SI Spark Ignition
SMR Steam Methane Reforming
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SoI Start of Injection
SSAS Solid State Ammonia Synthesis
TDC Top Dead Center
WOT Wide Open Throttle

14.1 Introduction

Fossil fuels have emerged as the most suitable transport fuels because of their
easier availability, ease of transportation, and high energy density. Globally, over
100 million barrels of petroleum products are used every day (https://www.eia.gov/
energyexplained/oil-and-petroleum-products/use-of-oil.php), and their consumption
is increasing day by day. However, the burning of fossil fuels contributes signif-
icantly to global warming because of the emission of CO2. Overall, CO2 emis-
sions have increased by ~90% since 1970, with the consumption of fossils fuels and
industrial processes contributing ~78% of total greenhouse gas (GHG) emissions
(https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data). There
has been a significant increase (~70%) in global CO2 emissions from 1990 to 2020
in the automotive sector due to the extensive use of fossil fuels (Fig. 14.1). The CO2

emissions in the transport sector are estimated to increase by ~21% from 2020 to
2030.

The rise in GHG from the automotive industry has provoked many countries to
put emission restrictions in place. President of the United States, Barack Obama, had
set an upper limit on the CO2 emission levels from vehicles as ~80 g/km for 2025
and 60 g/km for 2030 (https://www.euractiv.com/section/transport/news/eu-gears-
up-co2-car-targets-for-2025-2030/).

Figure 14.2 shows how the earth’s average temperature has increased in the past
170 years, starting the industrial revolution in 1850. The upper and lower curves
represent the confidence intervals, whereas the middle red curve denotes the average
annual earth temperature. There is a sharp increase of ~0.7 °C above the reference
baseline (1961–1990). CO2 and other GHG emissions are the primary drivers of
such a temperature rise. Though a temperature rise of ~1 °C seems insignificant, it
severely impacts climate change.

There are two possible ways to control the GHG emissions from transport, (a)
electrification using carbon-free primary energy and (b) carbon-free alternative fuels.
Although electrification reduces CO2 emissions, most electricity is generated from
non-renewable sources, indirectly contributing toCO2 emissions. This leads to devel-
oping new alternative fuels to reduce our dependence on fossil fuels and reduce
transport costs by their localized production from carbon-free primary energy. This
is because the primary concern today is the CO2 being emitted into the atmosphere.
Several researchers investigated carbon-free alternative fuels, which can be handled
without significant modifications in the current infrastructure and ICE design. This
led to the idea of exploring alternative fuels in the natural nitrogen cycle instead of

https://www.eia.gov/energyexplained/oil-and-petroleum-products/use-of-oil.php
https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data
https://www.euractiv.com/section/transport/news/eu-gears-up-co2-car-targets-for-2025-2030/
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Fig. 14.1 Estimated CO2 emissions worldwide (In Million Metric Tons, MMT) (https://iea.blob.
core.windows.net/assets/ac80b701-bdfc-48cf-ac4c-00e60e1246a0/weo2009.pdf)

the carbon cycle. Ammonia is a carbon-free fuel and has high hydrogen to nitrogen
ratio. Anhydrous Ammonia can be pressurized to 10 bar and stored as a liquid at
room temperature (Xiang 2004). Liquid ammonia has a volumetric energy density
(22.5 MJ/kg), somewhat lower than methanol (22.7 MJ/kg) and DME (31.7 MJ/kg).
The cost per unit of energy of conventionally produced ammonia is 9.9 US$/GJ,
significantly lower than 21.8 US$/GJ of gasoline (Zamfirescu and Dincer 2009).

Furthermore, ammonia is widely used in applications such as the production
of fertilizer, explosives, etc. Therefore, the methods of Ammonia production and
distribution are already well established worldwide (Avery 1988). During the 1960s,
the US Army implemented the ‘Energy Depot Concept’ scheme to incorporate fuel
transportation issues for military purposes, and they explored ammonia as a fuel
in combustion engines (Rosenthal 1965; Grimes 1965). The primary objective was
safe handling of fuel supply to distant areas instead of discovering an alternate fuel
for better and clean combustion. Recently, there has been an inclination towards
exploring ammonia as a clean ICE fuel. The studies mainly include theoretical fore-
casts and experimental tests related to ammonia as fuel in CI and SI engines. The
research results have shown the possibility of using ammonia as a fuel in ICE with
minormodifications in the fuel injection system.However, comprehensive testing and
analysis are essential to improve engine efficiency, operability, and NOx emissions.

https://iea.blob.core.windows.net/assets/ac80b701-bdfc-48cf-ac4c-00e60e1246a0/weo2009.pdf
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Fig. 14.2 Earth’s average temperature relative to 1961–90 average temperature (https://ourworldi
ndata.org/co2-and-other-greenhouse-gas-emissions)

This chapter focuses on various production methods of ammonia, its effect on
health and the environment, storage and transportation infrastructure requirements,
and extensive exploratory studies in ICE.

14.2 Production Routes

14.2.1 Haber–Bosch Method

The main route for Ammonia synthesis is the Haber–Bosch process, where iron
oxide acts as a catalyst combining reactants, hydrogen, and nitrogen. The operating
temperature of the catalytic converter in the process is in the range of 380–500 °C
(Bartels 2008).

A schematic of the Haber–Bosch method is shown in Fig. 14.3. It works by
fixing nitrogen from the ambient air with hydrogen from the natural gas to produce
ammonia. A high-pressure environment is required to overcome strong triple bonds
of nitrogen. In this synthesis, natural gas acts as a hydrogen source and fuel.

https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
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Fig. 14.3 Schematic of Haber–Bosch Method

14.2.2 Methods for Producing Hydrogen

Alternative methods for producing ammonia need to be found to attain a carbon-free
Well-to-Wheel process. Some of these methods are discussed below. Figure 14.4
shows a general process flow diagram of different alternative methods.

14.2.2.1 Steam Methane Reforming (SMR)

In SteamMethaneReforming (SMR),methane in the natural gas is heatedwith steam,
and a catalyst is used to produce hydrogen, which is then used in the Haber–Bosch
method to produce ammonia.

Fig. 14.4 Various ways of executing energy sources with Haber–Bosch synthesis (Bartels 2008)
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SMR Reaction: CH4 + H2O + (�) → CO + 3H2

Water − Gas Shift Reaction: CO + H2O → CO2 + H2 + (�)

14.2.2.2 Thermochemical Process

Thermochemical splitting of water to produce hydrogen require high tempera-
ture heat (500–2000 ◦C). Concentrated solar energy on reactors or waste heat
from nuclear reactors are used to achieve this high temperature for producing
hydrogen. Then hydrogen is used along with nitrogen in the Haber–Bosch method to
produce ammonia (https://www.energy.gov/eere/fuelcells/hydrogen-production-the
rmochemical-water-splitting).

14.2.2.3 Electrolysis

Ammonia synthesized from water as the sole hydrogen source can be reasonable
when employing electrolysis. Electricity can be obtained from renewable sources or
by burning fossil fuels. The hydrogen produced by the electrolysis can be used in the
Haber–Bosch method (Bartels 2008). At anode, oxidation occurs producing O2 and
electrons whereas at cathode, reduction takes place providing electrons to hydrogen
cations to form hydrogen gas.

Anode: 2H2O(l) → O2(g) + 4H+(aq) + 4e−

Cathode: 2H+(aq) + 2e− → H2(g)

14.2.2.4 Air Separation Unit

Air SeparationUnit (ASU) is a popular process used to separatemajor constituents of
atmospheric air. It is based on different physical properties (molecule sizes, diffusion
rates, adsorption preference, boiling temperature etc.) of air constituents. It uses an
electricity source for electrolysis that provides nitrogen and hydrogen to the Haber–
Bosch Ammonia synthesis loop.

https://www.energy.gov/eere/fuelcells/hydrogen-production-thermochemical-water-splitting


398 A. Ashirbad and A. K. Agarwal

14.2.3 Alternative Methods

14.2.3.1 Two-Step Al2O3/AlN Thermochemical Process

A novel cyclic process is demonstrated to produce ammonia in two stages. In the
first endothermic stage, alumina is reduced to aluminum nitride (AlN) by carbon in a
dense nitrogen atmosphere. In the second step, AlN is hydrolyzed to form Ammonia
and Al2O3. The Al2O3 can be used again in the first step, and the CO produced
can be used for producing methanol. It is essential to use a carbon-free source for
the reduction of Al2O3 to AlN and CO to obtain a carbon-less source of methanol
production.

Al2O3 + 3C + N2 → 2AlN + 3CO

2AlN + 3H2O → Al2O3 + 2NH3

14.2.3.2 Solid State Ammonia Synthesis (SSAS)

In SSAS, water is decomposed at the anode, and hydrogen atoms adsorb the stripped-
off electrons. Hydrogen operates through the proton-conducting ceramic electrolyte.
At the cathode, the protons originate, regain electrons, and react with adsorbed (or
dissociated) nitrogen atoms to form NH3. This process requires nitrogen, electricity,
andwater to produce ammonia. SSAS is adaptable to renewable sources. It consumes
7–8 MWh per ton of NH3 production. In comparison, the Electrolysis and Haber–
Bosch processes consume 12 MWh per ton of NH3 production (Bartels 2008).

Anode:3H2O → 3

2
O2 + 6H+ + 6e−

Cathode:N2 + 6H+ + 6e− → 2NH3

14.3 Physical and Chemical Properties of Ammonia

Dry ammonia is a colorless and flammable gas. It has a pungent smell and is lighter
than air. It is soluble in water but ionizes partially in water to form weak alkali.
Since it is alkaline, it can undergo neutralization with acids to form salts. Ammonia
solution can react with metal ions to form metal hydroxide precipitate (https://pub
chem.ncbi.nlm.nih.gov/compound/Ammonia; Busby et al. 1976). It is highly stable
and decomposes in the presence of heated catalysts or electrical discharge. Therefore,

https://pubchem.ncbi.nlm.nih.gov/compound/Ammonia
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Table 14.1 Comparison of fuel properties of Ammonia with diesel and gasoline (Hodgson 1973;
https://www.euratex.co.uk/110411020.pdf; Mørch et al. 2011; Tillner-Roth and Baehr 1993)

Fuel/Properties Gasoline Diesel Ammonia

Energy content (LHV) (MJ/kg) 44.34 44.11 18.6

Density (kg/m3) 697.6 745.7 626

Research octane number (RON) 100 <20 >130

Cetane Number 0–5 45–55 −
Flammability-limits (vol/%) 0.95–6 0.43–0.6 15–28

Flash point (◦C) −42.7 73.8 −33.4

Autoignition temperature (◦C) 300 230 651

Flame velocity (m/s) 0.41 0.80 0.067

Minimum Ignition energy (mJ) 0.8 0.23 680

it is combustible in the air. Nitric oxide is obtained when the Ammonia-air mixture is
passed over the platinum–rhodium catalyst at 800 ◦C (Busby et al. 1976). Ammonia
readily donates one pair of electrons to other molecules. Hence, it is a strong Lewis
base. On the other hand, due to OH− ions, the aqueous solution of ammonia acts as
a weak base (Table 14.1).

Ammonia has lower energy content than conventional fuels, namely diesel, and
gasoline. It has a lower cetane number and flame velocity, making it challenging to
adapt as fuel in ICEs.

14.4 Effect on the Health and Environment

According to the world health organization (WHO), continuous exposure to ~25 ppm
of ammonia in the air does not affect the Ammonia levels in human blood. But
exposure to ~400 ppmof ammonia irritates the throat, nose, and eyes (https://www.tfi.
org/sites/default/files/documents/HealthAmmoniaFINAL.pdf). Ammonia is always
present in the human body, and there are no long-term health effects from inhaling
air with a low Ammonia level. However, ammonia is dangerous if inhaled above
the maximum acceptable level. Ammonia may cause lung injury, and the liquefied
ammonia can cause frostbite and damage to the eyes and skin. People who are
hyperreactive to respiratory nuisances or asthmatic are more prone to issues with
high Ammonia levels (Table 14.2).

Ammonia negatively affects biodiversity (https://www.rand.org/randeurope/res
earch/projects/impact-ofAmmonia-emissions-on-biodiversity.html). Some of the
major effects of excess ammonia are toxic damaging of leaves, altering the vulnera-
bility of plants to pathogens, drought and frost. Accumulation of excess nitrogen has
a significant effect on plant species diversity and composition. In addition, the Haber
Bosch process leads to eutrophication, which promotes abnormal growth of algae
that covers the water surface, preventing sunlight. As a result, it leads to biodiversity

https://www.euratex.co.uk/110411020.pdf
https://www.tfi.org/sites/default/files/documents/HealthAmmoniaFINAL.pdf
https://www.rand.org/randeurope/research/projects/impact-ofAmmonia-emissions-on-biodiversity.html
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Table 14.2 exposure guidance according to the National Fire Protection Association (Valera-
Medina et al. 2018)

Effect Ammonia in air (by volume) (ppm)

Readily detectable odor 20–50

No harm on health over long exposure 50–100

Severe irritation to eyes, nose and throats 400–700

Dangerous, half-hour exposure may be severe 2000–3000

Serious edema, strangulation, asphyxia, rapidly fatal 5000–10,000

loss because submerged species cannot get enough sunlight for the photosynthesis
process. Also, Ammonia production consumes a significant fraction of natural gas
produced. Vapours of ammonia are harmful to swine, dairy and poultry livestock.
Also ammonia vapours react with air moisture to form ammonium and ultimately
return to ground in rainfall. Ammonium combinewith negative soil clays and organic
matter which otherwise cause the accumulation of contaminants.

14.5 Storage and Transportation

Even if all ammonia in a factory is used up to control the interruptions in operation,
it is common to have storage facilities for at least 15 days. Hence large Ammonia
storage would be required for Industrial installations if operated on ammonia. Pres-
surized storage and semi-refrigerated storage are cost-effective for up to 2000 tons.
The spherical semi-refrigerated tanks can be used for higher-pressure storage and
cylindrical tanks with hemispherical ends for the lower pressure storage of ammonia.
There are two types ofAmmonia storage tanks. Thefirst is a double-wall construction,
kept at a slightly higher pressure than the atmosphere and filled with perlite insula-
tion with dry air, nitrogen, or inert gas. The second is a single-wall construction with
foam glass insulation. The maintenance costs are usually low for a double-wall tank,
even though its upfront cost is higher than the single-wall tank (Hignett 1985). On the
basis of different withstandable pressures, storage tanks are classified as pressurized
(unrefrigerated), storage spheres and fully-refrigerated storage tanks. Unrefrigerated
pressurized tanks operate at ambient temperature and can withstand pressure upto
18.25 bar. Storage sphere tanks operates from −1 to +2 ◦C and can withstand pres-
sure in the range of 3.8–5.15 bar. Fully-refrigerated ones operate at −33 ◦C and are
designed for pressure of 1.117 bar. Pressurized tanks can store upto 270 t, storage
spheres from 450 to 2750 t and fully refrigerated ones upto 45,000 t (Nielsen 1995).

Ships with well-covered tanks maintained over atmosphere pressure and temper-
ature ~33 °C are commonly used for overseas transportation of ammonia (Hignett
1985). The ships have cooling facilities, similar to a storage facility. For trans-
portation of anhydrous ammonia, pipelines connected from manufacturing plants
to the marine terminals for factories producing finished manure are used. There are
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three major pipelines for ammonia transportation worldwide. One of these has a
capacity to deliver 8000 t per day. Generally, rail transportation is preferred over
pipeline transportation for shorter distances. Transportation of anhydrous Ammonia
through trucks is the most expensive method. Therefore, it is used mainly for nearer
locations (<150 km). Overall, transport of ammonia through pipeline appears to
be considerably cheaper than rail, while truck transport is the most expensive.
However, many distribution locations can be accessed by truck rather than the rail-
road. Ammonia transportation through the railroad is preferred over pipelines or
waterways in most developed countries (Hignett 1985). Ships are required for trans-
portation of ammonia and hydrogen as a part of upcoming FuelEU Maritime initia-
tive (https://www.offshore-energy.biz/industry-groups-tell-eu-to-incentivize-green-
hydrogen-and-ammonia-as-fuels-of-the-future/).

14.6 Ammonia for Compression Ignition Engines

14.6.1 Pure Ammonia as Primary Fuel

Pearsall et al. (1967) studied direct injection of ammonia in a Vee-Twin engine.
According to this study, a compression ratio of 35:1 was required for the combustion
of ammonia. However, combustion did not happen even at a high compression ratio
of 30:1. Regular glow plugs failed to initiate Ammonia combustion. Hence, high-
temperature glow coils were used, which were found suitable. Starkman et al. (1967)
experimented with pure ammonia and diesel in a 606 cc Waukesha CFR engine.
CR of the engine was varied from 10:1 to 34:1 by altering the plug movement back
and forth in the ante-chamber. The engine was controlled such that it could easily
switch to either diesel or ammonia without an interruption. They confirmed that
Ammonia combustion was possible in a CI engine at a nominal CR using spark
plugs. This was because of the high ignition temperature and high vaporization
heat of ammonia. Persall et al. (1967a) observed no combustion despite solving the
vaporization issues of ammonia by installing a heat exchanger and modifying the
fuel injection system. When liquid ammonia was direct-injected with port-injected
gaseous ammonia, combustion sustained up to 1200 rpm; however, the engine could
not self-sustain at the engine speeds beyond 1200 rpm (Pearsall 1967a). There are
limited studies available in the open literature on pure Ammonia operation because
fuel properties are unsuitable for the CI engines. Hence, pure ammonia is challenging
to implement due to high CR requirements.

https://www.offshore-energy.biz/industry-groups-tell-eu-to-incentivize-green-hydrogen-and-ammonia-as-fuels-of-the-future/
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14.6.2 Port Injection of Ammonia Vapours with Diesel
as Primary Fuel

Retier and Kong (2010) introduced vapor Ammonia into the engine intake port with
diesel as the primary direct-injected fuel to initiate combustion. Due to ammonia’s
high resistance to autoignition, the dual-fuel approach was investigated in this study.
The study shows experimental results for constant Ammonia flow rates, where diesel
fueling was adjusted to achieve desirable load.

The main objective was to determine ammonia’s contribution to the engine output
(torque) at a constant speed of 1400 rpm. Results showed continuous improvement
in torque due to Ammonia combustion. At 20% engine load, diesel fueling rate was
low, and ammonia replaced nearly half of the total energy. This study demonstrated
that ammonia could be implemented in CI engines without significant changes in the
existing design.

Experiments were performed for Ammonia implementation to compensate diesel
energy to achieve peak torque regardless of diesel fuel flow rate (Reiter and Kong
2010). The engine only produced a certain fraction of peak torque by diesel fuel
flow in the experiments. For a particular load on diesel, the Ammonia flow rate
was monitored to generate the same torque (280 ft-lb) as 100% diesel. During the
experiment (Reiter and Kong 2010), engine loads of 20, 40, 60, 80, and 100% were
monitored by adjusting the diesel fuel flow rates. Engine torque constantly increased
with increasing Ammonia flow rate. For a constant engine torque, at low diesel
fueling, the Ammonia requirement was large, and there was a reduction in engine
torque due to inadequate Ammonia supply. The engine setup could use higher energy
content of nearly 95% from ammonia to attain peak torque (Reiter and Kong 2010).

The flow rate of ammonia was significantly higher than the diesel flow rate,
particularly at low loads to provide enough energy. A higher Ammonia flow rate
at 50% load was due to its low energy content on a mass basis. The brake specific
fuel consumption (BSFC) of diesel was high at low diesel load due to the poor
part-load efficiency of conventional diesel engines. At high diesel load (>60%), the
quantity of ammonia introduced was small, and the premixed air-Ammonia mixture
was too lean to burn effectively. Hence, lower combustion efficiency led to higher
BSFC of Ammonia. Ammonia BSFC followed an opposite trend than diesel w.r.t.
the engine load. For load under 15%, higher diesel BSFC accounted for weak part-
load efficiency in a conventional diesel engine. However, when the load increased
past ~70%, the Ammonia supply remained low, and the premixed Ammonia-air
mixture was too lean. As a result, the combustion efficiency of ammonia was low,
resulting in higher BSFC. Hence, operating an engine at extreme ends of Ammonia
concentrations needs to be avoided to prevent lower efficiencies.

Bro and Pederson (1977) compared Ammonia gas in port injection with ethanol,
methanol, and methane in dual fuel CI engines having diesel as the primary fuel.
Ammonia was the least desirable fuel among all the gases tested due to its high
unburned Ammonia emissions. Ammonia-fueled engine showed the highest ignition
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delay and negligible improvement in the power output due to the slower combustion
rate of ammonia (Pearsall and Garabedian 1967).

Pearsall et al. (1967) compared the performance of an Ammonia-diesel dual-fuel
engine with baseline diesel. The indicated-thermal efficiency of ammonia was 51%,
whichwas higher than diesel (45%). The variations of specific fuel consumptionwith
indicated horsepower for various engine speeds. The lowest fuel consumption was
found at the lowest speed of 1200 rpm, whereas the highest occurred at the highest
speed of 2400 rpm (https://www.rand.org/randeurope/research/projects/impact-ofA
mmonia-emissions-on-biodiversity.html).

The reduction in NOx emissions was comparable to baseline diesel at
the same torque (https://www.offshore-energy.biz/industry-groups-tell-eu-to-incent
ivize-green-hydrogen-and-ammonia-as-fuels-of-the-future/). There was a drop in
combustion temperature due to ammonia; hence a reduction in NOx emission was
observed. Hence, there was no serious concern about NOx emissions from the
Ammonia combustion engines. This study indicated that lower NOx emissions could
be achieved if Ammonia substitution on an energy basis does not exceed 70%. HC
emissions showed an opposite trend toNOxemissions. Incomplete combustion due to
lower combustion temperature produced higher HC emissions Lower HC emissions
were found for a larger energy substitution by ammonia. CO2 emissions decreased
steadily with diesel replacement by ammonia. It can be found that as diesel load
reduced and Ammonia content increased, the CO2 emissions significantly reduced
compared to pure diesel (https://www.offshore-energy.biz/industry-groups-tell-
eu-to-incentivize-green-hydrogen-and-ammonia-as-fuels-of-the-future/). CO2 emis-
sion reduced drastically with Ammonia substitution. It reduced from 11 to 3% for
80% total energy replacement by ammonia. Due to lower combustion temperature,
Ammonia-diesel combustion generated higher HC emissions, except at low diesel
fueling conditions. Ammonia-diesel combustion resulted in relatively high unburned
Ammonia and NOx emissions because of ammonia’s nitrogen-rich nature. Hence,
Ammonia implementation is feasible only in heavy engines, such as for marine
transport, heavy-duty Gensets, etc., where enough space is available on the engine
for installing after-treatment systems.Advanced injection strategies can be developed
for ammonia to demonstrate superior engine performance and emission character-
istics. In addition, efficient and compact after-treatment systems can be designed to
reduce NOx emissions.

14.6.3 Direct Injection of Ammonia-DME Blends

Gross andKong et al. (Gross andKong 2012) investigated combustion characteristics
of Ammonia-DME blends in a single-cylinder, DI compression ignition engine. A
high-pressure mixing system was used to prepare blends of Ammonia and DME.
Ammonia and DME have high cetane numbers and vapor pressures; hence both
need to be pressurized to keep them in the liquid state.

Figure 14.5 shows that when ammonia was introduced, the operating range was

https://www.rand.org/randeurope/research/projects/impact-ofAmmonia-emissions-on-biodiversity.html
https://www.offshore-energy.biz/industry-groups-tell-eu-to-incentivize-green-hydrogen-and-ammonia-as-fuels-of-the-future/
https://www.offshore-energy.biz/industry-groups-tell-eu-to-incentivize-green-hydrogen-and-ammonia-as-fuels-of-the-future/
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Fig. 14.5 Operating curves for different fuel blends (Gross and Kong 2012)

reduced. A higher quantity of ammonia was needed to achieve the same engine load
due to ammonia’s lower heating value compared to diesel. In addition, chemical reac-
tion rates were slower due to ammonia’s relatively higher latent heat of vaporization.
Combustion further deteriorated because of the lower flame speed and peak combus-
tion temperature of ammonia. Therefore, the engine’s operating range was reduced
due to the addition of ammonia in the DME. Also, reduced power and increased
cyclic variations were observed compared to pure DME case.

Figures 14.6, 14.7, and 14.8 demonstrate a comparison of in-cylinder pressure
and HRR of 60, 80, and 100% (w/w) DME, respectively, at different load condi-
tions. Results showed that ammonia exhibited a longer ignition delay because of its
higher resistance to autoignition. However, ammonia’s presence did not influence
the combustion. Among all fuel blends tested, the combination of 40% NH3–60%
DME exhibited the lowest in-cylinder pressure. The peaks of HRR increased with
an increasing Ammonia content. From low load/ speed conditions (Fig. 14.6) to high
load/ speed conditions (Fig. 14.8), the difference in the peak pressures between 40%
NH3 and 60% DME w.r.t. other cases increased. Due to the short allowable time
for combustion, the in-cylinder peak pressure decreased for higher speed conditions.
The difference in ignition delays increased with an increasing Ammonia percentage.
Also, the variations in ignition delay or peak pressure were substantially lower at
low-speed conditions. According to a study (Ryu et al. 2014), the more was ammonia
in the blend, the more retarded injection was required. For a blend of 60% (w/w)
Ammonia, the injection was preferred in the range of 340–90° bTDC. The more
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Fig. 14.6 In-cylinder pressure and HRR for low speed/ load conditions (Gross and Kong 2012)

Fig. 14.7 In-cylinder pressure and HRRfor medium speed/ load conditions (Gross and Kong 2012)

Ammonia present in the blend, the more HCCI like combustion characteristics were
observed. Also, lower power and higher cyclic variations of 60% (w/w) ammonia
compared to 100% DME were observed.

NOx emissions for 20%NH3–80%DMEat low fueling conditions almost doubled
the emissions produced by 100% DME at the same operating condition (Gross and
Kong 2012). This increase in NOx emissions was possibly due to fuel NOx as the
combustion temperature was low when ammonia was combusted. Low combustion
temperature could also be justified by relatively lower in-cylinder pressures seen in
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Fig. 14.8 In-cylinder pressure and HRR for high speed/ load conditions (Gross and Kong 2012)

previous figures. Ammonia emission levels increased with the addition of ammonia
in the blend of Ammonia-DME at all engine speeds. Also, Ammonia emission levels
increased with an increasing engine speed. For 20%NH3–80%DME, soot emissions
were well below 0.01 g/kWh. For 40% NH3–60% DME, it is below 0.005 g/kWh,
and for 100% DME, it is well below 0.02 g/kWh. Hence, soot emissions decreased
with the addition of ammonia in the fuel mixture. Due to the carbon-free nature of
ammonia, as ammonia increased, a lower amount of carbon atoms were available
for soot formation. The overall CO and HC emissions for 20% NH3–80% DME and
100% DME were similar. In contrast, these emissions were lower for 40% NH3–
60% DME due to high injection pressure that improved the combustion and fuel–air
mixing (Gross and Kong 2012). According to a cost analysis report (Ryu et al. 2014),
both Ammonia and DMEmixture and diesel energy costs were comparable. In addi-
tion, the feasibility of Ammonia production from renewable sources of energy and its
zero-carbon nature can further encourage Ammonia usage in practical applications.
Hence, further growth in Ammonia engine expertise would enhance the potential of
the use of Ammonia in ICEs.

14.7 Ammonia for Spark-Ignition Engines

14.7.1 Ammonia in Port Injection and Direct Injection

Mozafari–Varnuspadrani (1988) investigated ammonia as fuel without significant
engine hardware modifications. The engine was operated at a constant speed of
2000 rpm, and ammonia was port-injected in the liquid phase. It was necessary to
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warm up the engine by operating it on methanol, and then ammonia was gradu-
ally port-injected to achieve stable combustion. Finally, a complete transition from
methanol to ammonia could be obtained. However, Ammonia combustion could only
be sustained at a compression ratio of 15:1 and that too in a narrow range of equiva-
lence ratio from 0.88 to 1.15. Still, the combustion remained erratic. It was possible
to run the engine on 100% Ammonia for up to 90 min in a test. In other tests, the
engine stopped after 10–15 min of operation. However, it emerged that the problem
was possibly related to the ignition system since, after some time, it emerged that
the spark plugs might have been damaged in the tests involving a high compres-
sion ratio. It was impossible to switch from methanol to 100% Ammonia in every
test due to ammonia’s narrow flammability limits. The highest BMEP and thermal
efficiency were obtained at a slightly rich mixture at an equivalence ratio of 1.05,
however, with a significantly lower BMEP and thermal efficiency than gasoline. At
an equivalence ratio of 1.05 and 0.885, unburned Ammonia emissions of 11.8 and
23.2% were measured, respectively (Mozafari-Varnuspadran 1988).

To overcome ammonia’s high resistance to autoignition, (i) stronger igniters, (ii)
extended spark plugs, and (iii) compacted combustion chamber could be used that
would enhance the combustion of Ammonia in SI-engines. The engine’s volumetric
efficiency could be maintained by direct injection of the fuel instead of conventional
port fuel injection. However, some problems exist in implementing such an injection
system. Traditional port injection systems use the storage pressure of the ammonia
to sustain the injected fuel flow. On the contrary, direct injection uses higher pressure
for delivering the fuel. There were several attempts to attain higher pressure for the
gaseous ammonia (Zacharakis-Jutz 2013). The first attempt pressurized the ammonia
using a liquid pump, then vaporized the fuel by passing it through a heating element
just before the injection. However, the design of the pump and regulator was not
feasible to implement this concept on the production-grade spark-ignition engines. In
the second attempt, vapor pressurewas increasedbyheating the tankdirectly, and then
the gaseous ammonia was drawn off the top of the tank. It was evident that the second
attempt was much better in handling a steady fuel injection pressure. According to
a study (Zacharakis-Jutz 2013), the spark-ignition engine doesn’t usually give a
tolerable performance when operated on 100% Ammonia.

14.7.2 Port Injection of Gaseous Ammonia

Granell et al. (2008) experimented with ammonia as a primary fuel and gasoline as a
combustion promoter in a variable compression ratio (CR), single-cylinder Coopera-
tive Fuel Research (CFR) engine. Gaseous Ammonia was port-injected, and gasoline
was direct-injected. Study (Grannell et al. 2008) exhibited the fuelmix sweep running
on the CFR engine at 8:1 CR with an intake pressure of 80 kPa. Ammonia was grad-
ually introduced until maximum brake torque (MBT) spark timing was achieved
without knock, and the upper limit occurred at 13% Ammonia and 87% gasoline on
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an energy basis. Ammonia content was increased until excessive roughness in the
engine was observed.

As we can see, the roughness (COVIMEP) increased rapidly when Ammonia quan-
tity reached 63%. The lower limit was determined by the rough limit on gasoline
proportion for a knock-free, smooth firing with MBT spark timing. Similarly, for
the CR 12:1, 1600 rpm, and intake pressure of 50 kPa, the MBT knock limit was
58% gasoline and 42% NH3, and the rough limit was 53% gasoline and 47% NH3

(Grannell et al. 2008).
This study shows that the rough limit is challenging to achieve when the allowed

gasoline Ammonia substitution is high. The COVIMEP curve did not cross ~2–3%
with furthermore Ammonia substitution. This study shows the effect of retarded
combustion timing for 100%gasoline since it was necessary to prevent knocking. The
rough limit in-cylinder pressure–volume curves show an ideal shape that indicates
MBT spark timing and combustion closer to the TDC.

There was a substantial efficiency gain for the above limits when the compression
ratio was raised to 10:1 from 8:1(Grannell et al. 2008). Net indicated efficiency curve
for a compression ratio of 10:1 (rough limit), 12:1, and 14:1 (knock limit) coincide
(Grannell et al. 2008). There was no visible improvement in efficiency beyond the
compression ratio of 10:1. Caris and Nelson (1959) reported that the burn duration
extended at high CRs and extended further as the CR was further increased. The
maximum efficiency was achieved at a lower CR due to the higher heat loss caused
by the pancake geometry of the CFR engine.

Experiments indicated that Ammonia/gasoline dual-fuel combustion could
provide energy equivalent to gasoline-only operation. Pressure and heat curves
showed that Ammonia/ gasoline combustion exhibited similar characteristics as a
traditional SI engine. Since ammonia has a lower flame temperature and flame speed,
the peak pressure was lower than baseline gasoline. However, higher knock resis-
tance of ammonia allows the use of a higher CR and thereby higher peak pressures.
As more Ammonia quantity is injected (longer injection duration), the combustion
duration decreases. This denotes the extent to which Ammonia addition is limited.
Ammonia does not increase the combustion rate to the extent same as gasoline. But
the combustion duration between gasoline/Ammonia and pure gasoline is compa-
rable. Thehigher the IMEP (load), the greater the proportionof gasoline that ammonia
could replace. The higher the speed between 1000 and 1600RPM, the smaller amount
of ammonia could replace gasoline. For a higher CR, a higher Ammonia proportion
is better. At the rough limits, the fuel has a strong dependence on load rather than
the CR.

According to a research study, a larger proportion of gasoline could be replaced
by Ammonia when IMEP >400 kPa (Grannell et al. 2008). There is no specific ratio
of ammonia and gasoline for every load and speed condition. Still, a fuel mix map
demonstrated the proportion of ammonia as a function of speed, compression ratio,
and engine load. Due to ammonia’s high knock resistance, the engine can operate at
higher IMEPs than baseline gasoline. At a higher load, the efficiency of Ammonia-
gasoline was higher due to maximum brake torque at higher IMEP. Therefore, in this
study, a CR of 10:1 was suggested for a gasoline-Ammonia engine.
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14.7.3 Direct Injection of Gaseous Ammonia

An engine having CR 10:1 was used to study the effect of direct-injected gaseous
ammonia with port-injected gasoline (Ryu and George). There was an increase in
engine power for the same injection duration since the Ammonia injection timing
was advanced (Fig. 14.9). This was observed precisely between 270 and 320° bTDC.
Furthermore, it was observed that despite identical injection duration, the retarded
injection timings resulted in a lower Ammonia flow rate. This was because the pres-
sure differences for gaseousAmmonia injection decreasedwith increased in-cylinder
pressure for retarded ignition timings. Hence the Ammonia flow rate was reduced.
At the far-right end, gasoline contributed 0.6 kW, whereas ammonia contributed to
2.1 kW to attain a 2.7 kW total power output i.e., ammonia contributed more energy
than gasoline. In Fig. 14.10, for the 3 kWbaseline gasoline engine, the early injection
timings (370 and 320° bTDC) behaved similarly, whereas the late injection timing
(270° bTDC) surpassed earlier injections (Fig. 14.10).

In Fig. 14.11, gasoline alone provided the baseline power, whereas ammonia was
added to achieve the maximum power output under various conditions. As the initial
gasoline quantity was increased, there was a reduction in power contribution from
ammonia. It was unexpected as there would be a uniform contribution from ammonia
in all baseline cases in a direct injection system. This was due to ammonia’s lower
combustion temperature and flame speed, resulting in lower engine power output.

Fig. 14.9 Engine power of different Injection duration of ammonia (gasoline contributes 0.6 kW
baseline output) (Ryu et al.)



410 A. Ashirbad and A. K. Agarwal

Fig. 14.10 Engine power of different injection timings (3 kW baseline output from gasoline) (Ryu
et al.)

Fig. 14.11 Contributions of gasoline and Ammonia to the engine power output (Ryu et al.)
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There was no difference in BSEC for baseline gasoline and gasoline-Ammonia dual-
fuel mode. However, due to lower flame speed and combustion temperature, there
was a slight reduction of the in-cylinder pressure while using ammonia.

In-cylinder pressure increased with an increasing engine load. However, it was
observed that gasoline experienced a slightly higher in-cylinder pressure peak for
specific performance modes (higher engine power) (Zacharakis-Jutz 2013). There
was a greater reduction in combustion efficiency due to reduced peak pressure from
gasoline-Ammonia compared to baseline gasoline. It was probably due to ammonia’s
slower flame speed, which increased the total combustion duration and reduced the
thermal efficiency.

BSNOx concentration was substantially higher with the use of Ammonia/ gaso-
line than baseline gasoline.With an increase in Ammonia injection in the combustion
chamber, NOx emissions in the exhaust increased because of fuel NOx andAmmonia
slip. However, with an increasing engine load, both the BSNOx and BSNH3 emis-
sions decreased, indicating a superior fuel economy at higher load conditions even
when ammonia was used (Ryu et al.). NOx emissions also increased with increasing
engine load; however, the brake-specific NOx emissions decreased with increasing
engine load. The BSNOx emissions were significantly higher than baseline gaso-
line combustion, possibly due to fuel-bound NOx. This was because the formation
of thermal NOx was unlikely due to lower flame temperatures during Ammonia
combustion.

There was an insignificant reduction in CO emissions. Due to ammonia’s combus-
tion inhibiting property, CO formation reduced, but the HC formation increased.
Therefore, for gasoline-Ammonia, it was expected that CO2 concentration would
also reduce. However, due to the higher requirement of ammonia at full throttle
condition of the CFR engine, the CO2 levels didn’t reduce by a significant amount
compared to the CO2 produced at idling.

14.7.4 Ammonia Dissolved in Gasoline

Another approach to use ammonia with gasoline is using thermostated vapor–
liquid equilibrium (VLE) in high-pressure cells, which can dissolve ammonia in
the gasoline. For example, the experiments showed that 4.5% v/v Ammonia could
be dissolved in gasoline at a pressure of 345 kPa and a temperature of 13.5 ◦C
(Haputhanthri 2014). The use of ethanol or methanol as an emulsifier can enhance
the solubility of ammonia in gasoline (Haputhanthri et al. 2015). Experiments showed
that gasolinewith 20%v/v ethanol and 12.9%v/vAmmoniawas a preferablemixture
for SI-engines using ECU-based controls. This mixture led to improved power at
high speed and similar power at a lower speed than baseline gasoline. The use of
Ammonia/ethanol/gasoline blends had a higher-octane rating; therefore, a higher
compression ratio in SI-engines could be used (Haputhanthri 2014).
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14.7.5 Ammonia-Hydrogen Blend

Many studies (Mørch et al. 2011; Haputhanthri et al. 2015; Starkman et al. 1966;
Frigo and Gentili 2013; Pearsall 1967b) recommended hydrogen as a combustion
improver in a SI engine fueled by Ammonia. Hydrogen’s combustion characteristics
are preferable when combinedwith ammonia. If used in correct proportion, hydrogen
can make up for ammonia’s slower flame speed and ignition requirements.

A SI engine was used for performing the experiments with hydrogen-Ammonia
blends (Mørch et al. 2011). By analyzing Figs. 14.12 and 14.13, It was found that
the highest efficiency was achieved at excess air ratio >1. The higher mean effective
pressure was achieved at an excess air ratio <1. By increasing the CR, mixtures of
Ammonia-hydrogen achieved similar mean effective pressure as baseline gasoline at
the CR knock limit. An increase in CR from 7.12 to 11.64 led to significantly higher
indicated thermal efficiency (ITE) for Ammonia-hydrogen than baseline gasoline.
The same power output was achieved with hydrogen-Ammonia mixtures with higher
efficiency. An increase in CR compensated for reduced airflow caused by intake air
dilution from the port injection of ammonia and hydrogen. There was no increase in
efficiency when CR was raised from 11.64 to 13.58, which led to effective pressure
rise (Mørch et al. 2011).

The lowest indicated thermal efficiency and pressures were found for a higher
proportion of hydrogen. This was due to an increase in the intake air dilution caused
by hydrogen’s lower density. However, 5% hydrogen addition on a volume basis
resulted in smoother engine operation, and 10% addition on a volume basis at stoi-
chiometric conditions was optimal in terms of highest efficiency and brake mean

Fig. 14.12 Indicated efficiency for varying CR, 1200 rpm (Mørch et al. 2011)
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Fig. 14.13 IMEP (kPa), 1200 rpm, at varying CR (Mørch et al. 2011)

effective pressure (Fig. 14.13). Another study (Stefano Frigo*, RobertoGentili 2013)
reported that 8% hydrogen addition on a volume basis (1% on a mass basis) was
sufficient.

HAER is defined as the ratio of energy contributed by hydrogen to ammonia
per cycle so that COVimep was maintained <10%. This was usually considered
the expected maximum value of cyclic variations for appropriate engine behavior
(Heywood 1988), even though modern engines hardly cross 5% COVimep. From
Fig. 14.14, it was noted that as the HAER dropped below 6%, the engine COVimep

quickly increased. The variations of HAER with rpm were significantly lower.
Accordingly, it was necessary to speed up the combustion process by hydrogen addi-
tion to the Ammonia-air mixture, with more load-dependent ratios than the engine
speed. The minimum HAER to obtain appropriate engine behavior (i.e., COVimep
should be under 10%) was roughly 11% at half load and 7% at full load (Fig. 14.15).

Study (Comotti and Frigo 2015) showed that emission measurements revealed
the most favorable operation at stoichiometric conditions and MBT timings in NO,
NO2, and N2O. The NO content was lower than that in the gasoline exhaust at
this condition. However, leaner conditions increased the formation of NO. The NO2
share in the NOx emissions was higher than gasoline (3–4% for NH3 and >2% for
gasoline).A slightly higherNO2 share in theNOx thanbaseline gasolinewas possibly
due to a higher concentration of NO2 in the flame zone when nitrogen was present
in the fuel. Subsequently, the flame quenching led to its transformation to NO in the
post-flame area. The Ammonia slip was in the range of 1000 ppm, which was higher
than the allowable 0.01 ppm in EUROVI emission norms (Comotti and Frigo 2015).
An exhaust gas after-treatment is necessary to comply with the legislative limits
of NOx emissions. In addition, a larger hydrogen flow rate is required to facilitate
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Fig. 14.14 COVimep versus HAER at 3000 and 4000 rpm, full load, lambda = 1 (Frigo et al. 2014)

Fig. 14.15 HAER versus rpm at the half and the full load (Frigo et al. 2014)
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combustion at lower speeds, including the cold-start conditions. A larger hydrogen
storage tank use can be used to address the need for hydrogen. Another method could
be electricity use and a larger heat exchanger, sufficient to produce an adequately
large amount of hydrogen.

14.8 Summary

Using Ammonia in ICEs causes several difficulties due to its fuel properties. The
drawbacks are (i) narrow flammability limits, (ii) low flame speed, and (iii) high igni-
tion temperature. This chapter presents some possible ways to resolve some of these
properties related challenges. Few issues of ammonia, such as high ignition temper-
ature, can be overcome by implementing a new ignition system or using a dual-fuel
mode in the ICEs. Lower flame speeds in the engine can be handled by adding a suit-
able combustion promoter. Hence engine operated by 100%Ammonia is not feasible.
The possibilities of ammonia as the only fuel and in dual-fuel mode with diesel or
DME in the CI engines are discussed. High compression ratios, high loads, and low
speeds are preferable for ammonia fueled engines. Pure ammonia is not suitable for
running a CI engine due to the requirement of high compression ratios, which may
lead to excessive knocking. Ammonia is used with high cetane number secondary
fuel to compensate its high ignition delays and low combustion efficiencies. The
performance characteristics of the engine mainly depends on the secondary fuel.
The use of multiple injections strategies can contribute to low NOx and unburned
ammonia emissions and will enhance combustion performance. Ammonia as fuel
and mixed with gasoline or hydrogen in the dual-fuel mode were also examined for
spark-ignition engines. Ammonia as fuel was not tested at such levels to make it
viable for the existing SI engines. The studies included in this chapter concentrated
more on combustion rather than the compatibility with existing engine designs.

Ahighly recommended future study could be on theAmmonia-hydrogenuse in the
ICEs. The use of hydrogen as a combustion improver could significantly improve
ignition. Because of the higher ON of the Ammonia-hydrogen mixture, a higher
CR in the SI engines is possible for operating the engine. It promotes indicated
thermal efficiency and power output from the engine. However, there might be a
problem during cold-start due to the need for hot exhaust and a certain engine speed
to decompose ammonia. This calls for a hydrogen storage tank that can be used during
the engine start-up. A significant amount of research is being done for assessing the
compatibility of ammonia with existing engine hardware. The prominent usage of
the Ammonia-hydrogen mixture might become feasible in the foreseeable future.
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