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ABSTRACT 

 

SYNGAS GENERATION FROM THERMOCHEMICAL CONVERSION OF 
LOCALLY AVAILABLE BIOMASS WASTE FOR AUTOMOTIVE 

 
(Keywords: syngas, thermochemical conversion, biomass, fuel, IC engine) 

 

The growth of the world population as well as the ever-advancing development of the 
developing countries into industrialized countries leads to an increasing demand for 
energy and raw materials. As energy production increases, the emissions emitted increase 
as well. To counteract this pollution, the states adopt measures to reduce air pollution. 
The car industry is also affected. Lowering both, CO and NOX is the challenge. One 
possibility for the internal combustion engine is the use of alternative fuels to achieve this 
goal. These can reduce the emissions incurred. One alternative fuel is synthetic gas which 
consist primarily of hydrogen, carbon monoxide and often carbon dioxide. Using this gas 
the unburned hydrocarbons will decrease and an increase in thermal efficiency is to 
observe. To produce syngas, there are many reforming processes, each with its own 
benefits and disadvantages. This project has the task of designing an inline reformer for 
producing syngas in a retrofitted Otto internal combustion engine with natural gas. The 
fuel supply of the internal combustion engine has to be completely converted to a natural 
gas - syngas mixture. The engines demand for fuel should inherit a maximum amount of 
15% syngas which will be mixed to the prime source, natural gas, after conversion. 
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ABSTRAK 

 

 

Pertumbuhan penduduk dunia serta pembangunan yang terus maju dari negara-negara 
membangun ke negara-negara industri membawa kepada peningkatan permintaan tenaga 
dan bahan mentah. Apabila pengeluaran tenaga meningkat, pelepasan emisi juga 
meningkat. Untuk mengatasi pencemaran ini, negeri-negeri mengambil langkah-langkah 
untuk mengurangkan pencemaran udara. Industri kereta turut terjejas. Menurunkan 
kedua-duanya, CO dan NOX adalah cabaran. Satu kemungkinan untuk enjin pembakaran 
dalaman adalah penggunaan bahan api alternatif untuk mencapai matlamat ini. Ini dapat 
mengurangkan pengeluaran yang dikeluarkan. Satu bahan api alternatif adalah gas 
sintetik yang terdiri terutamanya daripada hidrogen, karbon monoksida dan sering karbon 
dioksida. Menggunakan gas ini hidrokarbon yang tidak terbakar akan berkurangan dan 
peningkatan dalam kecekapan terma adalah untuk diamati. Untuk menghasilkan syngas, 
terdapat banyak proses pembaharuan, masing-masing dengan faedah dan kelemahannya 
sendiri. Projek ini mempunyai tugas merancang pembaharu sebaris untuk menghasilkan 
syngas dalam enjin pembakaran dalaman Otto yang dipasang dengan gas asli. Bekalan 
bahan bakar enjin pembakaran dalaman perlu ditukar sepenuhnya kepada campuran gas 
asli - syngas. Enjin permintaan untuk bahan bakar harus mewarisi maksimum syngas 15% 
yang akan bercampur dengan sumber utama, gas asli, selepas penukaran. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 BACKGROUND OF STUDY 

 

The rise in fossil fuel prices, their finite and non-renewable existence and the need for 

energy independence create a higher need for renewable and alternative energy sources. 

Hence, there is a need for renewable and environmentally friendly energy sources, which 

is sustainable, less costly and not contributing to current environmental problems [1, 2]. 

Biomass is a major renewable energy source which is environmental friendly with net 

zero CO2 emission to the atmosphere, and sustainable with time because of its short term 

replenishment unlike fossil fuels. Biomass is a highly heterogeneous solid fuel with 

complex chemical structures and ligno-cellulosic composition. Moreover, key 

characteristics of different biomass materials vary widely in terms of its chemical and 

physical properties, ligno-cellulosic composition, morphological characteristics, energy 

density, ash content, mass/bulk density, ash melting behavior, charring behavior etc. [2, 

3]. Because of these great variations of fuels in their characteristics they require specific 

gasification methods and fuel-based performance studies in order to determine the 

optimum conditions for gasification of a given biomass fuel. A number of studies had 

been carried out in literature to study the gasification performance of various solid fuels. 

Studies conducted in earlier times are found to mainly focus on gasification of coal and 

woody biomass feedstocks: coal [4-6], woody biomass [7-13], furniture wood [13].  
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1.2 PROBLEM STATEMENT 

One big problem humanity has is global warming, caused by greenhouse gases like CO2. 

The global warming causes the polar ice caps to melt. One consequence of this is the rise 

in sea level, which causes many areas of the earth to be flooded and therefore people to 

flee. A new wave of refugees will occur. By reducing greenhouse gases, we can make an 

important contribution to the environment and our well-being. CO2 is one of the big 

influencer on global warming. The automotive sector is producing a big amount of CO2. 

As this greenhouse gas is produced by fossil fuels at the motor combustion process, 

measures must be taken to reduce this harmful gas.  As hydrogen is one of the possible 

solutions to reduce the greenhouse gases in a natural gas fired vehicle, on the other hand 

this technology is in its initial stage and not very common in use. Syngas is believed to 

take the role of hydrogen in the automotive sector. However, the physical and chemical 

characteristics and ligno-cellulosic composition of different biomass fuels widely vary 

resulting in variations on the performance and output from gasification of each biomass. 

Hence, the gasification performance of a given biomass material need to be studied in 

order to determine the range of operating conditions suitable for its optimum conversion 

and to determine its potential as a gasification fuel. 

 

1.3 SIGNIFICANCE OF THE STUDY 

 

Due to an increase in domestic consumption of fossil fuels, Malaysia is declared net 

importer of crude oil since early 2015. Malaysia has proven reserve of natural gas at its 

current level 83 trillion cubic feet. Malaysia is placed 2nd and in the top 15 highest natural 

gas producer in South East Asia and in the world, respectively. Despite the prospect of 

natural gas, decline in the export of crude oil and the government incentives towards 

NGV, the market share of the natural gas in the transport sector is still too low with less 

than 2% share [24]. At macro level, the prototype will have bigger role in promoting the 

use of natural gas in the transport sector, public transport in particular. Thereby Malaysia 

can retain annual net crude oil exporter. As a result, the national revenue of the country 

as well as crude oil market dependence will be improved. At micro level, liquid fuel based 

public transport vehicles will be encouraged to use NGV thereby improving their income. 

Besides, the performance improvement on the exiting NGV fueled vehicles will improve 

the fuel consumption. While this is the case on the energy side, emissions and well-being 
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of the citizens will be improved with the expansion of NGV vehicles. Therefore, 

promotion of the technology will have impact both at micro and macro-economic levels. 

 

1.4 OBJECTIVE 

 

The gasification performance of a given biomass material need to be studied in order to 

determine the range of operating conditions suitable for its optimum conversion and to 

determine its potential as a gasification fuel. The current research focuses on the 

performance study of downdraft gasification of OPF and parametric investigation on the 

influence of various operating conditions on resulting syngas composition and heating 

value. 

 

 

1.4.1 Specific Objective: 

 

The Research will have three specific objectives:  

Specific Objective 1: For characterization of the biomass feedstock  

Specific Objective 2: To investigate variation of gasification performance and output with 

various operating conditions and feedstock characteristics 

Specific Objective 3: To facilitate performance prediction of downdraft gasifiers, over a 

range of operating conditions and feedstock characteristics, in terms of product gas 

composition and heating value 

 

 

1.5 SCOPE OF STUDY 

 

The study is conducted is to investigate the effect of biomass input of the product of 

syngas through the thermochemical conversion. Three different biomasses are to be 

characterized through Pre- processing: Pre- processing of feedstock involves chipping 
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and pulverizing to a size of dimension less than 1 mm diameter and drying. Cutting to 

size: Biomass chipping machine and proper granulator will be used to pulverize the fuel 

to proper size. 3. Characterization: Characterization of sample from the different biomass 

materials will be done using standard proximate analyzer, CHNS analyzer and bomb 

calorimeter in the lab. The proximate analysis will determine the physical composition 

volatile matter (VM), fixed carbon (FC), Ash, and moisture content (MC)) and a CHNS 

machine will be used to measure the elemental composition (carbon, hydrogen, nitrogen, 

sulfur and oxygen). Whereas the heating value of the solid fuel will be determined using 

a bomb calorimeter. Further parametric Study: The parametric study to investigate 

influence of the operating conditions will be done by carrying out experiments for various 

values of the operating conditions (temperature, air fuel ratio, moisture content and 

particle size). 
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Abstract: Energy sustainability and environmental issues pose greater challenges on different primary
energy sectors as the global energy demand increases and it is projected to further increase with
an upsurge in population. On the other hand, energy sources from conventional fossil-based fuels
are depleting, forcing explorations in challenging and difficult locations. As a result, the use of
alternative fuels received dramatic consideration to substitute these conventional fuels, of which
natural gas took the significant share. However, the share of natural-gas vehicles in the current vehicle
market is quite small, and it is estimated to be below 5%. This paper reviews the current resource
scenarios including proven and potential reserves, current production, and consumption, along with
the fueling infrastructure, distribution, and storage. It also provides summary of the development
of fuel-injection technologies aimed to enhance the performance of gas engines. More attention
was also given to natural-gas engines and their limitations. Parameters affecting the performance
and combustion of compressed natural gas (CNG) in spark-ignition (SI) engines are thoroughly
assessed, among which compression ratio and injection timing play major roles in the optimization of
CNG-fueled engines. Furthermore, different technologies that help close the performance gap between
conventional liquid-fuel and natural-gas engines and future directions of the research are presented.

Keywords: natural gas; transport; SI engine; compression-ignition (CI) engine; performance; emissions

1. Introduction

Due to an increase in pollution from automotive vehicles running on conventional liquid fuels,
alternative fuels that could result in similar performance became potential candidates to be used as
substitutes in short and long-term plans [1]. In the upcoming years, alternative fuels are expected to
substitute conventional fuels concerning environmental and energy security issues. While the future
trend in the transportation sector is inclining toward electric vehicles, a leap jump is unlikely due
to existing infrastructure and resources. There is a need for an alternative transitional fuel that can
lead toward 21st century ambitions of zero-carbon emission. As a result, natural gas has become the
leading candidate to fill the gap in recent trends [2].

Natural gas has been used as vehicle fuel since the 1920s. Significant development of natural
gas was seen during the oil shocks in 1974 and 1979. Natural gas has become the most favorable
energy source capable of matching the energy density and combustion-related issues in the engine [3].
Natural gas is also a leading candidate for transportation vehicles in many countries mainly due

Energies 2018, 11, 2934; doi:10.3390/en11112934 www.mdpi.com/journal/energies
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to its vast abundance, its price, lower emission rates, and suitability of use in conventional diesel
and gasoline engines. In fact, natural-gas combustion produces the lowest greenhouse-gas emissions
of fossil fuels, together with a minimal level of suspended particles [4]. As a result, natural gas
received great acceptance for fueling vehicles in recent years, and this is likely to rise in the coming
years [5]. Over the last few years, the discovery of shale gas and an advancement in unconventional
gas production prompted further focus to natural gas. The discovery of natural gas geographically
and globally diversified the production of natural gas. According to the International Energy Outlook
2016 (IEO2016) and Annual Energy Outlook 2016 (AEO2016), shale gas is expected to claim up to 30%
of the global natural-gas production share by 2040.

Despite all the advantages of fuel and its increasing volume of production, the market share of
natural-gas vehicles is too low, comprising only 1.27% [6], and the growth rate is forecasted at 5–7%
annually [7]. This weak growth does not match the rapidly increasing growth of transportation vehicles.
The attributes to this are a common misconception, operational problems associated with retrofitted
engines, storage size, and safety, in addition to a lack of advancement in fuel-conversion technologies,
and a greater expectation for the fuel-conversion efficiency in a pollution and energy-saving context
being among other contributing factors. Over a two-decade period, there was significant research
work to overcome such challenges. Moreover, there were a few review works compiling the works
that highlighted the investigation and development of natural-gas vehicles, mainly based on the
fuel-conversion technologies and their limitations [8–11]. However, these reviews barely touched the
research data in the last decade, except for an effort by Khan et al. (2016) in their bibliographic review [12].

Therefore, the aim of the current review is to highlight the progress on the development of
natural-gas-fueled engines for the transportation sector and their technological limitations. This review
work targeted the expanding global resource of natural gas, the fueling infrastructure development,
the natural-gas fuel-conversion technologies and their technical and operational limitations, and finally,
in the conclusions and perspective section, focused on the latest advanced technologies and future
technological trends.

2. Natural-Gas Resources: Global Perspective

The world’s energy demand increased in last decade, and different energy sources are utilized
to fulfill the need [13,14]. Conventional fossil fuels, including coal and oil, took the lion’s share of
the energy sources over the last few years [15]. However, this proved to have many disadvantages in
terms of emission and human health, especially in cities with high population [16,17]. Many efforts
were made to combat this growing issue, one of which was the use of alternative fuels in different
sectors [18,19]. Table 1 shows world energy consumption by fuel over the past 15 years. Globally,
natural gas is the third major energy source, where its use increased over the last decade as opposed
to coal and oil. Supply from the major shareholders of energy sources, coal and oil, was observed to
decrease in the last ten years, from 33.49% to 32.94% for oil and from 29.84% to 29.20% for coal.

Table 1. Global energy consumption by fuel in 2005, 2010, and 2015 adapted from the World Energy
Council (WEC) [20].

Fuel Type
Consumption in Percentage

2005 2010 2015

Oil 35.96 33.49 32.94
Gas 22.89 23.7 23.85

Hydro 6.05 6.44 6.79
Solar 1.01 0.06 0.45
Coal 28.61 29.84 29.20

Nuclear 5.73 5.14 4.44
Wind 0.22 0.63 1.44

Other renewables 0.54 0.70 0.89
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Due to the reduced reserves of petroleum resources, alternative fuels such as natural gas would
lighten the dependency on conventional fossil fuels. This was predicted to increase the natural-gas
demand by up to 50% in 2035 from 2010 [21]. Natural gas is a cleaner energy source that reduces the
carbon emissions by 20–30% as compared to conventional fuels. Moreover, natural gas is regarded
as the primary fuel source for gaining energy security in the long term [22,23]. It was reported that
natural gas would be a potential fuel for sustainable energy sources after 2050 [24,25].

2.1. Proven Natural-Gas Reserves

Globally, there is an abundance of natural resources [26]. Table 2 shows a comparison of natural-gas
reserves between 2005, 2015, and 2017. Natural-gas reserves amounted to 186.9 trillion cubic meters
(tcm) in 2015, and there were 157.3 tcm in 2005, showing more than a 15% increase in a decade.
The largest reserve in 2015 was found in the Middle East, which holds 42.8%, followed by Europe
and Eurasia (30.4%), the Asia-Pacific (8.4%), Africa (7.5%), North America (6.8%), and South and
Central America (4.1%). Many end sectors are motivated by the abundant resources of natural gas [27].
The proven reserves are much greater than that for conventional liquid fuels in 2017: 193.5 tcm versus
270 billion cubic meters (bcm), which further encourages the comprehensive utilization of natural gas.

Table 2. Global proven natural-gas reserves, in percentage: comparison between 2005, 2015, and 2017,
adapted from British Petroleum (BP) [28].

Region
Proven Reserves in Percentage

Year 2005 Year 2015 Year 2017

Middle East 46.2 42.8 40.9
Europe and Eurasia 27.3 30.4 32.1

Asia-Pacific 8.2 8.4 10.0
Africa 8.9 7.5 7.1

North America 5.0 6.8 5.6
South and Central America 4.4 4.1 4.2

Total (in trillion cubic meters) 157.3 186.9 193.5

Natural gas is being discovered in different geographical regions of the globe [29]. There are two
forms of natural-gas reserves: conventional and unconventional [30]. Unconventional natural-gas
reserves are categorized into four: coalbed methane or coal-seam gas, shale gas, gas from tight
sandstones or tight gas, and methane hydrates (least known). Conventional gas is produced from
permeability reservoirs, while shale gas is produced from lower permeable mudstone. Coalbed methane
is expensive due to the requirement of water disposal, while tight sands need high developmental costs.
Among proven global natural-gas reserves, 4% of them are unconventional gas, including shale gas,
coal-seam gas, and tight gas. The Asia-Pacific holds 30% of the unconventional gas reserves, North
America holds 25%, and 17% of the total unconventional reserves were found in the former Soviet
Union. This increased unconventional gas shares to 15% from 12% in 2007 [31].

2.2. Global Potential Reserves

Natural-gas resources are believed to be enormous with vast recoverable reserves worldwide.
The global natural-gas reserves were estimated to be 186.9 tcm in 2015, as shown in Table 2, representing
only 22% of the total gas reserves worldwide according to Economides et al. (2011). According to this
report, there is a potential of 662.33 tcm of gas reserves that can be recovered, and this amounts to
78% of the world’s total proven plus potential reserves [32]. The substantial quantity of natural-gas
resources emboldens applications of natural gas in different sectors.

Despite the enormous amount of recoverable gas available worldwide, there are technical
challenges that are encountered during gas production. Recent advancement of technologies, such as
hydraulic fraction and horizontal drilling, are widely utilized to alleviate the problems. As a result,
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a huge amount of shale gas is being produced. Song et al. [33] studied how natural gas can be produced
from methane hydrates via thermal stimulation or depressurization, and using both simultaneously.
With advanced technology in many countries, the use of natural gas as an energy source is feasible
and expected to intensify significantly, which would finally support countries in shifting from coal
and oil dependencies soon. Chong et al. [34] stated that natural gas is a strong candidate for an energy
source in the future compared to coal and oil. They highlighted that natural gas could also be explored
from hydrate resources, which are considered as the largest sources of carbon.

2.3. Current Production Capacity and Consumption

Production of natural gas was instigated from coal in Britain in 1785, followed by drilling
from the earth’s core [35]. Fei et al. [36] described that natural gas could be produced from fossil
resources or anthropogenic resources. Currently, natural gas is produced from both unconventional
and conventional gas resources. Hydraulic fracturing (HF), which involves removing gas from the
rock following drilling in depth, contributed to the higher production of natural gas recently [37].
Natural-gas production grows by an average of 2.5% every year. Almost equivalently, world
natural-gas consumption also increased in the last decade [38]. The global consumption growth
was estimated at 1.7% in 2015. Natural-gas production and consumption were both observed to
increase in the last decade at averages of 2.4% and 2.3%, respectively. The highest production growth
was observed in North America with an estimate of 3.9% in 2015.

The huge production in North America was mainly due to shale gas, which accounts for
approximately 32% of the total reserves in the United States (US) [32]. The development of shale
technology (a mechanism of recovering reserves which were thought to be unrecoverable) strengthens
the production of natural gas in North America [39]. Table 3 shows the top five natural-gas-producing
countries in 2015. The largest producer of natural gas was the US with 767.3 bcm, followed by Russia
(573.3 bcm), Iran (192.5 bcm), Qatar (181.4 bcm), and Canada (163.5).

Table 3. Top five natural-gas-producing countries in 2015 [28].

Country Production Amount (bcm) in 2015

United states 767.3
Russia 573.3

Iran 192.5
Qatar 181.4

Canada 163.5

Natural-gas production is increasing in many other countries. Nwaoha et al. [40] indicated
a decline in the production of oil, but growth in the utilization of natural gas globally. However,
production dropped by 1.7% in Europe and Eurasia [41]. Though domestic natural-gas production is
decreasing in Europe, consumption has increased with a higher number of imports, making it 15.3% of
the total global consumption in 2011 [42]. Dilaver et al. [43] reported an increase in natural-gas
consumption in Europe, and their model showed an increasing trend in the future long-term
natural-gas demand. Their analysis revealed that natural-gas consumption of the Organization
for Economic Co-operation and Development (OECD)-Europe would be in the range of 572 to 646 bcm
by 2020, indicating that natural gas would remain as a primary fuel source in the region. Natural-gas
consumption for the European Union (EU) would be 641 bcm in 2020 [44]. Different policies related to
the environment supported the wider usage of natural gas in various sectors in the region [45].

Natural gas would play a significant role as a fuel for satisfying the energy demands
due to its advantage in the long term in terms of price and its benefit in alleviating climate
changes [46–48]. The last half of a decade saw dramatic growth in natural-gas production with the
new technology of recovering reserves that were once thought to be unrecoverable reserves [49]. Two
new extraction techniques, hydraulic fracturing and horizontal drilling, which allows the drill shaft
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to move horizontally underground, resulted in a boom in natural-gas production recently [50,51].
Melo-Martín et al. [52] reported growth in natural-gas production from unconventional sources using
recent technologies. Natural-gas production and consumption increased in many parts of the world,
and it is projected to further increase in the years to come [53].

Figure 1 compares the production of natural gas by type in the US, China, and Canada in the
year 2012 and 2040. It reveals how shale technology would further increase natural-gas production
worldwide. The production of natural gas from shale reserves was almost nil in China and Canada,
as opposed to that in the United States in 2012. However, it was predicted that the production of
gas from this reserve would be practical in many countries in 2040, increasing world natural-gas
production in the coming years. Asche et al. [54] discussed that significant production of shale gas,
currently considered an unconventional gas, would probably be regarded as a conventional reserve.
Bazilian et al. [55] also stated the massive production of shale gas in North America and recommended
researches on applicability.

Energies 2018, 11, x FOR PEER REVIEW  5 of 44 

 

recent technologies. Natural-gas production and consumption increased in many parts of the world, 
and it is projected to further increase in the years to come [53]. 

Figure 1 compares the production of natural gas by type in the US, China, and Canada in the 
year 2012 and 2040. It reveals how shale technology would further increase natural-gas production 
worldwide. The production of natural gas from shale reserves was almost nil in China and Canada, 
as opposed to that in the United States in 2012. However, it was predicted that the production of gas 
from this reserve would be practical in many countries in 2040, increasing world natural-gas 
production in the coming years. Asche et al. [54] discussed that significant production of shale gas, 
currently considered an unconventional gas, would probably be regarded as a conventional reserve. 
Bazilian et al. [55] also stated the massive production of shale gas in North America and 
recommended researches on applicability. 

 
Figure 1. Production of natural gas by type in the United States, China, and Canada: comparison 
between 2012 and 2040 (trillion cubic feet) [56]. 

Shale gas is predicted to take over the dominant share in US natural-gas consumption, from 
0.396 bcm/day in 2011 to 0.62 bcm/day in 2020 [32]. The production of shale gas increased tenfold 
annually in the US over the last half of a decade [57], and it is expected to reach three times the current 
production in 2020. Fukui et al. [58] showed the experience curve for hydraulic fracturing of 
unconventional natural-gas production, and reported that hydraulic fracturing increased the 
production of natural gas and lowered wellhead gas price recently. Arora et al. [59] conducted a 
simulation study showing the growth in world economic activity from 2014 to 2035 as a result of 
natural-gas production from shale reserves and exports from the US. 

Heidari et al. [60] surveyed natural-gas consumption in Iran, and concluded that natural gas has 
a significant impact on the country’s economic growth. Clark et al. [61] showed an increased 
consumption of natural gas in the US by about 4.8% due to a different policy encouraging the use of 
natural gas. China’s numerous policies supporting the use of natural gas led to significant demand 
and progress [62]. As a result, the annual natural-gas output increased by 12.1% in China from 2000 
to 2014, while consumption grew by 15.1% annually. Cabalu et al. [63] indicated that increasing gas 
efficiency in addition to developing technologies for the vast production of natural gas would reduce 
imports and improve the energy security of Asian region. 

Figure 2 depicts the global consumption of natural gas by sector from 2014 to 2020. An integrated 
equilibrium modeling system and a large-scale simulation model were used by the US Energy 
Information Administration (EIA) and International Energy Agency (IEA), respectively, to forecast 
natural-gas consumption. Natural gas provides the second major energy source for power 
generation. Natural gas consumption in the transport sector was estimated to be 11%, and this is 
projected to increase in the future. As the global greenhouse emissions emanate from the 
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Shale gas is predicted to take over the dominant share in US natural-gas consumption, from
0.396 bcm/day in 2011 to 0.62 bcm/day in 2020 [32]. The production of shale gas increased tenfold
annually in the US over the last half of a decade [57], and it is expected to reach three times the
current production in 2020. Fukui et al. [58] showed the experience curve for hydraulic fracturing
of unconventional natural-gas production, and reported that hydraulic fracturing increased the
production of natural gas and lowered wellhead gas price recently. Arora et al. [59] conducted a
simulation study showing the growth in world economic activity from 2014 to 2035 as a result of
natural-gas production from shale reserves and exports from the US.

Heidari et al. [60] surveyed natural-gas consumption in Iran, and concluded that natural gas
has a significant impact on the country’s economic growth. Clark et al. [61] showed an increased
consumption of natural gas in the US by about 4.8% due to a different policy encouraging the use of
natural gas. China’s numerous policies supporting the use of natural gas led to significant demand
and progress [62]. As a result, the annual natural-gas output increased by 12.1% in China from 2000
to 2014, while consumption grew by 15.1% annually. Cabalu et al. [63] indicated that increasing gas
efficiency in addition to developing technologies for the vast production of natural gas would reduce
imports and improve the energy security of Asian region.
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Figure 2 depicts the global consumption of natural gas by sector from 2014 to 2020. An integrated
equilibrium modeling system and a large-scale simulation model were used by the US Energy
Information Administration (EIA) and International Energy Agency (IEA), respectively, to forecast
natural-gas consumption. Natural gas provides the second major energy source for power generation.
Natural gas consumption in the transport sector was estimated to be 11%, and this is projected to
increase in the future. As the global greenhouse emissions emanate from the transportation sector,
representing 20% of total emissions, natural gas is being considered as an alternative fuel in the
transportation sector with minimal greenhouse-gas (GHG) emissions. Economic benefit and energy
security encourages the use of natural gas as vehicle fuel [64,65].
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The technology of using natural gas in vehicles is widely adopted and well established. Moreover,
the competitive price of natural gas is also another factor attracting more natural-gas vehicles [67,68].
For instance, the European Union’s Green Paper is set to substitute 20% of the fossil-fuel consumption
for alternative fuels in the year 2020 [69]. In tandem, China is encouraging the broad adoption of
natural gas in vehicles as the country faces higher urban pollution. China’s fossil fuels resulted in
higher GHG emissions, representing 26.4% of the global emissions [70,71]. The country plans to replace
10% of the energy source with natural gas by 2020. Among many applications of natural gas, which
include industrial use, commercial use, fertilizer production, power generation, and residential use,
priority is given to natural-gas vehicles as this would reduce major urban pollution and improve
quality of life. Moreover, to meet high-population needs, there will be substantial growth in the number
of transportation vehicles [72]. This raises energy sustainable issues and environmental challenges [73];
thus, the country largely promotes the use of natural-gas vehicles.

2.4. Natural Gas in the Transportation Sector

Natural gas as vehicle fuel is the most promising way of achieving sustainable transport
systems [74]. The abundance of natural gas could satisfy the fuel needed by transportation sectors [39].
Moreover, natural gas would offer reduced emissions of 20–30% for CO2, 70–90% for CO, 75–95% for
NO2, 89% for volatile organic compounds, 90% for particulate matter, and 99% for SO2 than that of
diesel fuel. Moreover, natural gas is considered as an efficient and clean fuel [75,76]. As a result, more
than 86 countries are using natural gas to power vehicles [77].

Natural-gas vehicles are increasing in number worldwide. Figure 3 shows the number of global
natural-gas vehicles over the last two decades. There were around 26.13 million natural-gas vehicles
worldwide in June 2018. The number of vehicles was only 9.5 million in 2009, and this was only 1%
of the total number of vehicles in the same year. It was predicted that the number of natural-gas
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vehicles will be more than 30 million by 2021, getting more attention as an energy source for the
transportation sector.Energies 2018, 11, x FOR PEER REVIEW  7 of 44 
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Figure 3. Total worldwide number of natural-gas vehicles from 2000 to June 2018 [78].

Figure 4 shows the statistics of the number of global natural-gas vehicles (NGVs) by region.
The number of NGVs is highest in the Asia-Pacific, followed by South America, North America, Europe,
the Middle East, and Africa. Around 15 million natural-gas vehicles are found in the Asia-Pacific,
where the region saw significant growth in the number of NGVs over the last decade. In contrast, even
though natural-gas consumption increased by 4% in 2015 compared to 2014 in Europe, amounting to
426.3 bcm produced [79], the share of NGVs is extremely small compared to other sectors: residential,
industry, and power. Engerer et al. [80] studied the options of using natural gas in vehicles in Europe,
where natural-gas vehicles are few compared to their number in Asia and Latin America, due to its
dependence on gas imports. As a result, the transportation sector is almost completely fueled by
conventional liquid fuel, covering approximately 90% [81]. Osorio-Tejada et al. [82] reported that
one-quarter of the GHG emissions in Europe emanate from the transport sector. Recently, European
countries widely encourage the use of natural gas as a vehicle fuel to combat the overgrowing
greenhouse-gas emissions. The governments have tax-reduction incentives in place, encouraging
consumers to use natural-gas vehicles widely. In terms of import issues, it was proposed that an
improved efficiency of natural gas would reduce the consumption and import costs at times of deficit,
thereby expanding the broad adoption of NGVs in the region. Bilgin et al. [83] recommended that
energy policies allowing more and diversified suppliers of natural gas could be regarded as one of the
options to improve energy security in Europe.

The number of vehicles in Latin America has increased over the last decade. The motive of
reducing imports of oil led to some Latin American countries searching for natural-gas vehicles in
1980. However, the advancement came with some incentives, such as reducing taxes compared to
gasoline and diesel vehicles. In areas of highly polluted cities, the ban on the use of conventional
fuels is inclusive of natural gas too. More importantly, shifting conventional liquid-fuel engines to
compressed natural gas (CNG)-fueled engines does not affect the appearance of the vehicle, and as a
result, it does not change the physical appearance for customer consideration.

Table 4 shows the top 10 countries by natural-gas vehicle population. The largest number of NG
vehicles is found in China, totaling around six million and representing 23.2% of the total number
of NGVs worldwide. Hao et al. [84] reviewed natural-gas vehicles in China. They reported that
natural gas would be a potential fuel for sustainable transportation in China. The growth is substantial
in the Asia-Pacific and Latin America, where more attention was placed on using NG as a vehicle
fuel in different countries. For instance, a high increase in the number of CNG-fueled vehicles was
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observed in Thailand, an increase of 400,000 NGVs from 2008 to 2010, where most of them were
buses and cabs [80]. The lower price of natural gas, more than half of that of diesel and gasoline,
contributed to NGV growth. Iran is the most significant user of natural gas in the Middle East,
where the country has the second largest reserves. The growth in the number of natural-gas vehicles
in Asia is due to a noticeable investment in infrastructure public-sector intervention and support
programs. In Columbia, natural gas was first used in public transport, before it got attention for private
cars, and the country encouraged stimulus incentives for the conversion of conventional vehicles to
NGVs, which finally increased the NGV fleet from 11,500 in 2003 to 72,100 in the year 2006. Likewise,
oil-producing countries encouraged the use of natural-gas vehicles to improve their oil export volume.
Price reduction, allowance for the conversion from liquid-fuel vehicles to NGVs, and tax cuts were
some of the measures taken by various countries, though different policies were used in many countries
to encourage the usage of natural gas.
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Table 4. Top 10 countries by natural-gas vehicle (NGV) population [78].

Country NGV Population % of NGVs Globally Data Month/Year

China 6,080,000 23.2% January 2018
Iran 4,502,000 17.2% October 2017

India 3,090,139 11.8% March 2018
Pakistan 3,000,000 11.5% November 2016

Argentina 2,185,000 8.4% October 2016
Brazil 1,859,300 7.1% November 2015
Italy 1,004,982 3.8% March 2018

Columbia 571,668 2.2% March 2018
Thailand 474,486 1.8% July 2016

Uzbekistan 450,000 1.8% June 2013

In many countries, natural-gas conversion mainly occurs in diesel-fueled vehicles such as bus
fleets and large trucking operations. It was assumed that natural gas will meet 50% of diesel demand
by 2020, overtaking a 20-year diesel demand growth of 3.7% [32]. Moreover, the price of natural gas is
lower than that of diesel fuel, which would help NG take over the diesel market in the future. Small
modifications in fuel injection and ignition systems can contribute to a change from conventional
gasoline vehicles to natural-gas vehicles. However, the biggest problem relies on fueling infrastructure,
which is considerably smaller than that for conventional fuels.
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3. Natural-Gas Fueling Infrastructure

The natural-gas supply system is the main feature considered when it comes to intensifying the
number of natural-gas vehicles, for which refueling stations play the leading role [39]. Natural-gas
refueling stations are the primary concern for users of natural-gas vehicles [85]. Fueling stations are
also the main hindrance for the widespread use of natural-gas vehicles. However, a higher growth
in the number of refueling stations was observed and reported. There were more than 28,955 fueling
stations at the end of 2016, and a linear increase was foreseen for the coming years. The global trend in
the number of natural-gas refueling stations over the last two decades is shown in Figure 5a. Higher
growth was observed in the last decade, before which the number of fueling stations was quite small.
With the growth in the number of NGVs, the number of fueling stations is increasing rapidly in many
regions. Figure 5b illustrates the number of refueling stations by region as of 2016. The Asia-Pacific has
more than 16,000 fueling stations, making it the region with most number of stations. This geographic
region also saw fast growth in the number of natural-gas fueling stations. In contrast, slow growth
was observed in other regions, which, in one way or another, affected the broad adoption of natural
gas as a vehicle fuel. Engerer et al. [80] discussed the influence of lack of infrastructure on the growth
rate of the number of NGVs in Europe as the region, except for Italy, experienced a slower growth rate
in the number of NGVs during the last decade.
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Table 5 shows the top 10 countries in terms of refueling stations. Currently, China has the highest
number of fueling stations with around 8400 reported in January 2018, with more stations undergoing
construction. However, this is considerably smaller than the number of refueling stations for gasoline
and diesel fuels in the country. The number of refueling stations in Pakistan represents approximately
11.5% of the total number of stations present globally, and reached over 3416 in November 2016.
Semin et al. [86] highlighted the expansion of the natural-gas refueling infrastructure in Malaysia
and reported a higher growth rate in the number of natural-gas vehicles in the country. Furthermore,
replacing liquid fuel would reduce GHG emissions in the country. The number of vehicles per fueling
station (the ratio of vehicles to fueling stations) is the main aspect to be considered when determining
the expansion in the number of natural-gas vehicles. Refueling time and waiting duration are another
two key issues encountered when adopting the use of natural vehicles. A number of refueling stations
approximately 10–20% of that for gasoline would eliminate the refueling issues, as the price of NG is
usually 40–60% lower than that of gasoline [87]. The smaller ratio of vehicles to fueling stations would
also encourage automotive manufacturers to develop dedicated CNG vehicle models.

Table 5. Top 10 countries by the number of fueling stations [78].

Country NGV Population Fueling Stations Ratio of Vehicles to Stations

China 6,080,000 8400 724
Iran 4,502,000 2400 1875

India 3,090,139 1424 2170
Pakistan 3,000,000 3416 878

Argentina 2,185,000 2014 1085
Brazil 1,859,300 1805 1030
Italy 1,004,982 1219 824

Columbia 571,668 813 703
Thailand 474,486 502 945

Uzbekistan 450,000 213 2113

3.1. Types of Refueling Station

Similar to the vehicle performance parameters, refueling stations and services could be of
importance for NG vehicle operation. There are two types of natural-gas fueling station: CNG refueling
stations and liquid natural gas (LNG) refueling stations. CNG refueling stations require additional
infrastructure compared to gasoline or diesel stations. This mainly includes large compressor and
cooling systems to compress the gas to 24 MPa, which increases the initial construction cost of CNG
stations [74]. It was reported that constructing one refueling station requires a huge amount of
investment. LNG fueling stations cost twice that required for CNG fueling stations, making it a barrier
for developing the infrastructure. CNG can also be filled by LNG, whereby L-CNG refueling stations
are used involving gasification prior to CNG sales machines [88].

Unlike CNG refueling stations, LNG refueling stations do not require a compressor. As a result,
there is less noise emission than CNG stations. Moreover, it is comparatively compact in shape and
requires easier installation as the parts can also be assembled in a factory. The number of LNG refueling
stations is increasing in many countries. The number of refueling stations in the US and China rose by
3% and 32%, respectively, in the years from 2010 to 2015 [89]. Supplying LNG through LNG tankers
is more economical than on-site liquefaction. CNG can also be supplied to LNG stations if there is a
small-scale liquefaction plant. Arteconi et al. [69] investigated the use of LNG in vehicles, and problems
existed with supply systems. It was reported that solving the limitation of refueling stations through
either government subsidies or incentives could help natural gas meet the demand required by the
transportation sector, and this could be achieved with limited additional investment. For instance,
a European project called GasHighWay is aiming to solve refueling barriers [90]. The European
commission plans on building LNG fueling stations at every 400 km, and it is targeting to alleviate the
barrier of using LNG as an alternative fuel for heavy-duty vehicles in the region [91].
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3.2. Natural Gas Quality

Natural gas is non-toxic to human beings and animals. In the event of leakage, it tends to disperse
into the atmosphere due to its lightweight characteristics as compared to air. If the leakage also happens
in a confined space, the displacement of oxygen is expected, which may slightly affect respiration;
however, its lightweight nature helps make lower points have sufficient oxygen, while displacement
is only expected at the highest point. Its energy-to-carbon ratio is the high compared to other fossil
fuels. Its octane number is the highest (110/130) [92] compared to diesel (92/96) and gasoline (95/98),
which helps increase the compression ratio, thus leading to higher efficiency [93]. Its autoignition
temperature is approximated to be 540 ◦C, whereas it is 225 ◦C for diesel. More importantly, it is
insensitive to climate conditions as it does not freeze until −165 ◦C. Bakar et al. [10] reviewed the
advantages of CNG with vehicles regarding environmental issues. On average, there is more than
50% reduction in emissions, excluding CO2, reported with the combustion of natural gas, with almost
zero little matter [11,94]. The noise level was also detected to be quite small, and natural gas further
reduces noise by about −5 to −8 decibels, which improves quality of life in urban areas. It is easily
incorporated with biomethane produced from biomass without modification in the engine design or
infrastructure. It has higher calorific values, which, in some regions, results in it being named H-gas
referring to high-calorific gas [95].

Natural gas is mainly composed of methane with an approximate percentage of 99% [96]. In many
samples, methane constitutes 92% of natural gas, whereas the remaining components are higher-level
hydrocarbons and some contaminants [97,98]. A composition of methane as low as 70% can also be
found in natural gas [99]. Table 6 shows the compositions of different samples of natural gas.

Table 6. Composition of natural gas in different samples [10].

Volume Fraction (%)

Composition (Formula) Sample 1 Sample 2 Sample 3 Sample 4

Methane (CH4) 94 92.07 94.39 91.82
Ethane (C2H6) 3.3 4.66 3.29 2.91

Propane (C3H8) 1 1.13 0.57 Nil
Iso-butane (i-C4H10) 0.15 0.21 0.11 Nil
N-butane (n-C4H10) 0.2 0.29 0.15 Nil

Iso-pentane (i-C5H12) 0.02 0.1 0.05 Nil
N-pentane (n-C5H12) 0.02 0.08 0.06 Nil

Nitrogen (N2) 1 1.02 0.96 4.46
Carbon dioxide (CO2) 0.3 0.26 0.28 0.81
Hexane (C6 + (C6H14)) 0.01 0.17 0.13 Nil

Oxygen (O2 Nil 0.01 <0.01 Nil
Carbon monoxide (CO) Nil <0.01 <0.01 Nil

Total 100 100 100 100

Natural gas also receives more attention in safety, environmental, and efficiency contexts
compared to conventional fuels [100]. Liu et al. [101] reported that synthetic natural gas could
be used in CNG vehicles. Currently, an increase in natural-gas demand motivated higher synthetic
natural-gas production.

Natural-gas properties play a significant role in gas engineering, among which density is the main
property. Esfahani et al. [102] used a least-square support vector modeling approach to determine the
density of natural gas. The density of natural gas was predicted as a function of molecular weight,
temperature, and pressure. The model predicted the density of natural gas in pressures ranging from 1
to 690 bar, temperatures from −3.9 to 238 ◦C, and gas molecular weights from 16 to 130. They observed
higher effects of molecular weight on gas density compared with the consequences of pressure and
temperature. Jarrahian et al. [99] illustrated the measurement of viscosity of natural gas at high
temperature and pressure. They predicted the viscosity of natural gas in a wide range of temperatures
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(up to 444 K), pressures (up to 138 MPa), and compositions, which helps during the design process of
surface facilities and the management of natural gas [103]. Major effects of the molecular weight of gas
on viscosity compared to pressure and temperature were also observed by Yousefi et al. [104], who
developed a model that predicted the viscosity of natural gas. Another critical parameter that affects
natural-gas transportation in the pipeline is the dew point, which causes condensation and pressure
drop, thereby affecting transportation efficiency. Skylogianni et al. [105] developed a model to measure
and predict the dew point of natural gas, so s to avoids hydrocarbon condensation and increase
transportation efficiency. Pezhman et al. [5] investigated the thermophysical properties of natural gas,
so as to optimize natural-gas production. Table 7 shows the properties of CNG as compared to the two
conventional transport fuels.

Table 7. Combustion and physical properties of compressed natural gas (CNG), diesel, and gasoline.

Properties CNG Diesel Gasoline

Composition, weight %

Carbon 75.0 82.5 [106]
84–87 [107]

87.0
85–88 (c) [107]

Hydrogen 25.0 12.75 [108]
33–16 [107]

13.0
12–15 [107]

Oxygen 0.0 0.0 0.0

Nitrogen 0.0 0.0 0.0

Molecular weight (g/mol) 16.04 184.43 [106]
~200 [107] 100–105 [107]

Density at 15 ◦C and 1 atm (kg/m3) [107] 0.75 803–887 719–779

Specific gravity at 15 ◦C and 1 atm [107] 0.424 0.81–0.89 0.72–0.78

Stoichiometric air–fuel ratio
Molar Basis 9.7 50.03 1 59.5 2

Mass Basis [107] 17.2 14.7 14.7

Stoichiometric volume occupation in cylinder, % 9.35 N/A 2 3

Lower calorific value
MJ/Nm3 38.0 36,046 32,317

MJ/kg 47.1 44.41 42.9

Stoichiometric mixture energy
density (MJ/Nm3)

Mixture aspirated 2.9 3.61 4 3.55 5

Air Aspirated 3.60 N/A N/A

Flammability limit, % vol. of fuel
in air [107]

Lower 5.3 1 1.4

Higher 15.0 6 7.6

Laminar flame velocity (cm/s) 38 [11] 82.17 [109] 48.93 [110]

Latent heat of vaporization at 15 ◦C, MJ/Nm3 [107] N/A 26.08 33.5

Latent heat of vaporization at 15 ◦C, MJ/kg [107] N/A 0.233 0.35

Theoretical adiabatic flame temperature, K 2220 2300–2350 [111] 2411

Autoignition temperature, K [107] 813.15 588.7 530.37

Octane number [107]
Research octane number (R) >127 [112] N/A 90–100

Motor octane number (M) 122 [112] N/A 81–90

Mean ((R + M)/2) N/A N/A 86–94

Cetane number [107] N/A 40–55 5–20

Minimum ignition energy in air, MJ [113] 0.285 0.243 0.243

Storage pressure, MPa 20.6 0.1 0.1

Boiling point (atmospheric pressure), ◦C −162 250–350 35–200
1 Calculated from diesel fuel with 86.5% C and 13.25% H. 2 Calculated from gasoline with C8H18. 3 Volume
percentage of fuel in vaporized stoichiometric mixture [107]. 4 Heating value of stoichiometric mixture, a mixture in
vapor state [107]. 5 Heating value of stoichiometric mixture, a mixture in vapor state [107].

3.3. Fuel Treatment and Distribution

The transmission of natural gas through pipelines is one of the major challenges for the popular
utilization of NGVs. The presence of carbon dioxide and hydrogen sulfide along with water forms an
acidic solution, which is very corrosive and leads to severe damage in the pipelines, and hence, leakage of
the natural gas. The presence of water, on the other hand, would cause slug flow following condensation
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in pipelines. As high as 70% CO2 could be present in some natural-gas fields. Therefore, it is necessary
to remove some acidic gas prior to transportation to meet pipeline specifications of 2–3% CO2 or not
more than 50 ppm CO2 in LNG production. By removing the acidic gases, the gas volume reduces,
and the sold gas stream calorific value can be increased [114]. Currently, there are some mechanisms
to remove these acidic gases via sweetening technologies to prevent corrosion. The utilization of these
technologies depends on natural-gas feed conditions, size and location of natural-gas treatment plants,
plant economics, ambient conditions, process control, and environmental aspects [115].

There are some mechanisms that are popular in this area, such as physical and chemical absorption,
membrane separation, and low-temperature separation. The most suitable process for the removal of
CO2 from LNG is low-temperature separation as the distillation temperature for the gaseous products
and dehydration is achieved. Moreover, CO2 can be solidified and removed at a temperature below its
solidification temperature, and achieves a higher degree of fractionation by adding additives. Membrane
processes are also another eco-friendly alternative with little loss of amine solution. The most common
membrane used is cellulose acetate, and the process depends on the gas components, membrane
material, and the process conditions [116]. This technology is able to remove chemical species without
phase change, and requires low thermal energy and simple process flow [117]. Membrane technology
is normally used for purification and desalination of water, and is widely used to remove carbon
dioxide, nitrogen, and hydrogen sulfide, which is highly toxic and corrosive. Higher compression-gas
pressure is also required to overcome the hydrodynamic resistance caused by the permeation of acidic
gases through nanoscale pores [118]. In the amine absorption process, the crude natural gas enters the
separator in order to remove the free liquid prior to entering the absorber. The lean amine solution then
enters the absorber and reacts with acidic gases and dissolves in the liquid phase. The acidic gas stream
is cooled and flashed back to recapture water, which is then flowed back into the regeneration column
to prevent water loss. However, the disadvantages of this process are the occurrence of corrosion during
absorption, degradation when oxygen combines with amine solutions, and foaming due to condensed
hydrocarbons, suspended solids, and other impurities [119].

Furthermore, inorganic solvents in carbonate-based absorption can chemically absorb CO2.
The process is regenerable, requiring low desorption energy; however, it has a lower rate of
carbon-dioxide absorption that can be enhanced by adding piperazine. In addition, the gas stream can
also be passed through trays with caustic solution in sodium-hydroxide-based absorption. The CO2

forms a non-regenerable solution (Na2CO3) that must be removed in the process. The liquid desiccant
absorption process (physical or chemical) is the most common technology used in the removal of acidic
gases from natural gas worldwide. The acidic gas reacts with aqueous alkaline amine solution, and
hence, purifies the processed gas. This process is mainly enhanced by lower temperatures, higher amine
concentrations, and circulation rate. Furthermore, solid desiccant adsorption processes can handle lower
gas-processing capacities. Its working principle involve either adhesive force or a chemical process [118].

The production of natural gas can be increased; however, the ability to distribute to the end
user needs significant attention and consideration. The distribution of natural gas is one of the
concerns. Natural gas can be transported to refueling stations either via pipeline or LNG tanker.
The transportation of NG is mainly performed via underground pipeline to minimize the harmful
effects [95]. Pipelines are an efficient way of transporting natural gas [120]. The transportation
of natural gas via pipelines is common, which reduces the cost of liquefying the natural gas, and
also reduces the transportation risk on the road [121]. Moreover, liquefaction requires advanced
technology. Pipelines are generally the main pathways for transporting natural gas domestically and
across countries [122]. To fulfill the increasing number of vehicles run by natural gas, there are many
pipelines under construction in many regions. Recently, a higher growth in the number of pipelines
was also observed worldwide. For instance, the overall length of China’s pipelines reached 50,000 km
from 16,000 km in ten years, and is expected to reach 100,000 km in 2020. Different policies are also in
effect to boost the distribution line, and a higher pipeline utilization rate would help meet increasing
natural-gas demands [123].
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Distribution systems play a significant role for natural gas to be widely used. Natural gas can also
be transported as LNG. LNG involves the use of a liquefaction plant to convert gas into a liquid phase,
after which it is stored in a cryogenic tank at −160 ◦C [124–126]. LNG transportation is frequent in
many regions [127]. Three-quarters of Asia’s imported natural gas is as LNG, 50% of which belongs to
Japan [128]. LNG imports are also increasing in Europe. Dorigoni et al. [129] predicted a tremendous
increase in natural-gas usage in Europe by 2025 and compared the effectiveness of LNG imports, where
the current LNG cost is higher than that of pipeline transport. However, their model also predicted
a lower LNG price than that of pipeline gas if liquefaction, transportation, and regasification costs
could be reduced in the future. The increase in LNG infrastructure across Europe was also reported in
another study [130].

Currently, though there is a huge supply of natural gas from unconventional reserves, liquefaction
facilities hinder the export capacity [131]. Wang et al. [132] studied the potential of natural-gas
transport in Asia. They reported that pipelines carry 70% of the natural gas, and the remaining
30% is transported as LNG. CNG pipelines are mentioned as not being a good option for long-term
utilization. As such, LNG could be considered a better option. However, this depends on the market
demand and consumption capacity. It was reported that transporting natural gas in pipelines is more
efficient [133]. For unforeseen circumstances and problems in pipelines, LNG is a better consideration,
and its usage recently increased [134,135]. This diversification could potentially minimize issues
related to supply [136]. Similarly, natural-gas storage plays a significant role in the development of NG
vehicles. As the global consumption of NG increases, constructing a bigger storage system is required
to alleviate deficiency issues, especially during times of peak demand.

Table 8 shows LNG and pipeline shares in the global gas market. The LNG share in the global
gas trade market is increasing and was forecasted to overtake that of pipelines after 2020, resulting
in an increase in the number of LNG vehicles. Wang et al. [137] proposed that there would be a
dramatic growth in the number of LNG vehicles in China. A higher rate of LNG export from the
US as a result of shale-gas production was forecasted [138,139]. The distribution phase is one of the
main bottlenecks for LNG vehicles, though the technology of refueling, storage, and burning are well
established. Two methods can be used to supply LNG to the refueling station. The first method is
through purchase at regasification terminals, which depend on distance, and it was found not to be
economical for very long distances, as heat can change the liquid to gas. The second method is through
liquefaction on site [69]. For long distances, the latter might be an economical and feasible option;
however, the main issue involves the availability of small-scale liquefaction.

Table 8. Liquid natural gas (LNG) and pipeline shares on the global gas trade market, adapted from
Reference [140].

Natural Gas Transport Type
Year

2000 2015 2040

LNG 26% 40% 53%
Pipeline 74% 60% 47%

Total (tcm) 525 695 1150

3.4. Fuel Storage and Range

The storage of natural gas raises some disadvantages compared to liquid fuel, as it is in
gaseous form at standard temperature and pressure conditions. The energy content per unit volume
(storage energy) of natural gas is lower than liquid fuels. Natural gas can be made ready for use in
vehicles in two forms: compressed natural gas (CNG) and liquid natural gas (LNG). LNG and CNG
both indicate the stored forms of natural gas [141,142]. Most natural-gas vehicles worldwide operate
with CNG as opposed to LNG [4]. Anderson et al. [39] illustrated that liquefying natural gas is an
option to consider for enhancing the performance of natural gas, which lacks initial energy content in
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its normal condition. LNG was found to result in a similar performance to that of diesel-fueled engines,
and as a result, it was found attractive for heavy-duty vehicles. A cryogenic tank is required to store
LNG at −165 ◦C. Another option of restraining natural gas to an adequate size is by compressing it to
20–22 MPa, which reduces its standard gaseous volume 100-fold. Pressurizing the CNG in a sealed
storage container increases the energy density closer to that of liquid fuels. By doing so, it reduces
the need for a larger tank in the car. Compressing the gas to the level mentioned above requires a
hard certified tank, such as one made from steel or carbon fiber. Moreover, testing every five years is
required to reduce accidents caused by cylinders. As the energy density of natural gas is 25% lower
than that of gasoline, the tank usually takes up more space in the trunk of vehicles. The compression
of natural gas, therefore, alleviates the issue of spacing in vehicles. It was reported that space problems
in small vehicles is no longer an issue as small fuel tanks are suitable for storage in small vehicles [143].
CNG fuel characteristics are listed in Table 7.

Table 9 shows differences between CNG and LNG. LNG vehicles (1% of the total number of
vehicles) are lesser in number compared to CNG vehicles (5% of the total number of vehicles).
Hao et al. [84] reported that China started using LNG as vehicle fuels in 2009, whereas CNG was widely
used beforehand. Eighty percent of CNG vehicles were modified from gasoline-fueled vehicles, while
20% were initially manufactured as CNG vehicles due to consumer cost contemplation. Modifications
involve the installation of a CNG tank and an engine retrofit. Modified CNG vehicles were found to
be more attractive than manufactured CNG vehicles as the follow-up costs were higher in the case of
the latter. For LNG vehicles, 70% were heavy-duty transports (HDTs), and the other 30% were buses.
Comparatively, LNG vehicles are more expensive (20% higher than diesel), typically due to the cost
incurred by LNG tanks.

Table 9. Differences between compressed natural gas (CNG) and LNG [132].

Properties CNG LNG

Fluid state Gas Liquid
Pressure 100 to 250 bar 1 bar

Temperature 30 ◦C to −40 ◦C −163 ◦C
Loading Dehydrate, compress Treat, liquefy, store

Loading/Offloading Gas under pressure As liquid
Compression Ratio ~250–350:1 ~600/1
Containment D/t ~25 to 60 ~1000

Material Fine-grain normalized C-Mn steel,
Fibre-reinforced plastic (FRP) Aluminum, Stainless, Ni Steel

Storage capacity plays a significant role in the range of CNG vehicles. CNG vehicles have reduced
driving distance, typically between 150 and 200 km, and the gas tank takes 10–20% of the luggage space.
Upon replacing gasoline engines, CNG vehicles must cover a minimum range of 450 km, compensating
for the coverage range of gasoline vehicles between 450 km and 800 km with a storage capacity of
45 to 110 L [85]. The storage capacity and pressure determines the range of vehicles following the
optimization of engine efficiency. The pressure at the filling station of CNG is usually 24 MPa [144].
To achieve the range mentioned above, the storage capacity needs to be in the range of 170 to 280 L,
which is almost three times that of the average of its gasoline counterpart, thereby reducing space for
passengers and cargo. Moreover, the storage tank should also withstand mechanical damage due to
accidents, and external degradation due to environmental conditions, including heat.

CNG vehicles still currently lack individual consumer market penetration. Decreased range,
the reduced number of refueling stations, purchasing price, and difficulties during servicing are some
of the barriers for adopting CNG as a vehicle fuel [39]. The purchasing price is higher for CNG
than for gasoline. For example, the price for a Honda Civic was 18,500 USD for gasoline, while it
was USD 26, 500 for a factory CNG vehicle. The lower cost of fuel is believed to offset the initial
purchase price of the vehicle, and this is more feasible in a larger fleet, as there would be bulk purchase
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sharing refueling and maintenance facilities. CNG does require modification when used in gasoline
engines. Converting gasoline vehicles to CNGVs is technically possible by separately fitting a fuel
supply system and injecting into the same cylinder. It can also be used in a diesel engine with small
modifications. However, the theoretical performance of CNG may not be achieved, as engine internals
have some effects. The simpler conversion of conventional vehicles into CNG vehicles augmented the
number of natural-gas vehicles by 2.5% per year over the last four decades in different vehicle types,
including light or heavy vehicles, commercial trucks, street sweepers, trains, and buses. A significant
regulator is required when delivering CNG from storage to four-stroke engines, and a gas injector
assisted by a metering valve is also needed for injecting gas into the combustion chamber.

3.5. Natural Gas from Other Sources (Renewable CNG and Biomethane)

In addition to the promising reserves and relatively low prices, some countries also decided to
produce biomethane for transportation to avoid potential problems related to supply to the international
market. This is widely practiced in some regions in an effort to tackle energy and supply security caused
by geopolitical pressure and instability, and as a result, the use of biogas in different parts of the world
is estimated to double current production in 2022 [145]. Biogas is produced via anaerobic digestion,
which is a biochemical conversion mechanism of biomass into useful fuel. The process involves the
digestion of human, animal, and plant waste with anaerobic organisms in the absence of oxygen in the
digester [146,147]. Biogas can also be produced via anaerobic fermentation in landfill, which is referred to
as landfill gas. There are three main stages in biogas production: hydrolysis, acidification, and methane
formation. Consequently, the product contains methane in prime amounts ranging from 50% to 60%,
while the remainder is mostly composed of CO2 comprising 30% to 40%. It has a small amount of other
impurities including water, albeit not exceeding 4%. As the methane content in biogas is high, it can
be directly used for heat and electricity generation. However, as the methane concentration determines
the energy content, upgrading to a higher proportion of methane, called biomethane, is vital for its
application as a transport fuel. Upgrading biogas to biomethane removes CO2, which purifies the gas and
constitutes its energy content as a fossil-fuel-derived natural gas. Biomethane production was reported to
be suitable for different engine modes, and its share in the transportation sector is estimated to reach 27%
by 2050 from a 2% share at present [148]. Moreover, it was found that the application of biomethane in the
transportation sector is as economically competitive as heat and electricity generation from biogas [149].

Membrane separation, chemical and physical absorption, pressure swing adsorption (PSA), and
cryogenic processes are some recent technologies being used to upgrade biogas to biomethane. In
conjunction with these technologies, a prior stage is required to remove or reduce other impurities
including H2O, siloxanes, and H2S. Absorption relies on the solubility of compositions in the biogas.
As CO2 is more soluble than CH4, it can be separated via absorption, which can be categorized into
high-pressure water scrubbing, organic physical scrubbing, and chemical scrubbing. The category is
based on the solvent used for the absorption process. Water is used as the solvent in water scrubbing,
organic solvents, such as selexol, are used in organic physical scrubbing for dissolving purposes, while
chemical scrubbing uses chemicals to absorb and chemically react with CO2 [148]. In pressure swing
adsorption, CO2 due to its lower molecular size compared to CH4 can be removed into the adsorbent
material using elevated pressure and separated from CH4. Regeneration processes would then help
remove the adsorbed CO2 by applying lower pressure [150]. Currently, membrane separation has a
larger market due to its economic benefits. The principle of cryogenic separation mainly arises from
different boiling temperatures of CO2 (−78.2 ◦C) and methane (−161.5 ◦C) at 1 bar; thus, the separation
of the two gases can be achieved while liquefying [151]. Biomethane with above 95% methane content
was achieved using these technologies, which is then suitable to be used as vehicular fuel.

There is a recent initiative of producing methane through power to a gas solution in view
of storing excess renewable electricity [152], CO2 capture, and flue gas treatment [153]. Methane
can be produced through this solution in two steps. A surplus of electricity is supplied to the
electrolysis process where high-temperature steam is injected, and oxygen and hydrogen are separated.
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Hydrogen is then combined with carbon dioxide in a methanation reaction. The technological,
economic, and environmental feasibility of such an initiative is still under investigation. The methane
produced from this process is another potential alternative fuel for internal combustion engines.

4. Natural-Gas Engines and Their Limitations

Since the 1940s, natural gas has been used as a source of energy for heat and electricity, and as
a raw material in the chemical industry. In the transportation sector, it has been used to fuel
vehicles for decades. This was intensified in the last two decades due to the mass production of
lightweight high-pressure storage cylinders [11]. However, the market share of natural-gas vehicles
is low, amounting to only 15.2 million of the 1.2 billion total vehicles [6]. This is in contrast to the
multifaceted benefits of the fuel and its abundant availability. Even though research shows a growing
trend in the market share of natural-gas vehicles in the next 20 years, with an annual growth of 5–7%
pushing the market share to 35 million in 2025 [7], natural gas is far below the capacity of replacing other
fuels in transportation sector. This section presents the types of engine using natural gas as a source of
energy, and their limitations. Natural gas is commonly used in automotive vehicles with two methods
of fueling, compressed natural gas (CNG) and liquid natural gas (LNG). Details of these two fuels are
stated in Section 3, Table 9. This section focuses on CNG-powered engines and their limitations.

CNG is most commonly utilized in spark-ignition (SI) engines. This is due to the higher
autoignition temperature, as shown in Table 7, requiring higher ignition energy only attainable
through a spark. In recent studies, there were efforts to utilize CNG as a diesel substitution in
compression-ignition (CI) engines in a dual-fueling mode. This was mainly motivated by the higher
emissions of particulate matter (PM) and nitrogen oxides (NOx) in diesel-fueled compression-ignition
engines. Figure 6 shows the various combustion modes for CNG in internal combustion (IC)
engines [154]. The utilization of CNG in compression-ignition (CI), dual-fueling compression-ignition
(DFCI), and homogeneous-charge compression-ignition (HCCI) engines, along with their recent
progress, is the focus of a separate review. The current work focuses on the utilization of natural gas in
spark-ignition engines and its technological and operational challenges. The latest advancements in
research and development using CNG in diesel engines is also briefly discussed.
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The ignition and flame initiation process of an SI engine should be discussed in detail for a better
picture of the combustion phenomenon of both liquid and gaseous fuels. In an SI engine, combustion
is initiated by a spark discharge, which is imposed by an electrical ignition system. The initiation and
formation of a self-sustaining flame kernel in the combustion of such an engine comprise complex
processes that can have many phases. These stages are categorized as pre-breakdown, and the plasma
and initial combustion phases [155–157]. The fundamental requirements for the ignition system are to
create a self-sustaining flame kernel to have enough voltage to break the gap resistance between the
electrodes. The ignition system should have enough energy-storage capacity to create a sufficiently
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sized ignition kernel, and there should be a sufficient duration of voltage release [155]. The minimum
ignition energy required by different fuels in air varies. As shown in Table 7, the minimum ignition
energy required by CNG is higher than that of gasoline. The required minimum energy of ignition
systems can be the function of an equivalence ratio (ϕ). For a lean local air/fuel mixture, the required
minimum ignition energy can be higher. The mixture ϕ does not directly affect the initial plasma
kernel; however, the inflammation process and thickness are significantly affected by the local ϕ.
Hence, a lean mixture demands a larger plasma kernel before inflammation becomes apparent. The
work of Aleiferis et al. [158] also showed that, for a given spark energy, the longest discharge duration
produced the highest initial flame-kernel growth rate.

The regular combustion process of SI engine can be categorized into three distinct phases
according to the energy release and fuel burn rate as shown in Figure 7a,b, and as discussed in
Reference [155]. The first phase is the flame development process, during which a small fraction of fuel
is burned (up to 10%). The flame size in this phase, especially in the early stages, is tiny and highly
influenced by the turbulent flow surrounding it, by the ϕ of the mixture, and by heat transfer due to
early flame contact with spark electrodes. The turbulent flame then propagates at a fast rate until the
combustion chamber limits its expansion. Up to 90% of the total fuel energy is released at the end
of the fast-burning phase [155]. The process ends with the completion phase, which can be long or
unable to achieve a complete combustion depending on the ϕ of the mixture and other factors.
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The performance parameters that affect the combustion of fuels in SI engines are the ϕ or its
inversely proportional air–fuel ratio (λ). It increases along with the ratio of the actual fuel–air
ratio to the chemically correct (stoichiometric) fuel–air ratio. Accordingly, mixtures can be lean
(ϕ < 1), rich (ϕ > 1), or chemically correct (stoichiometric) (ϕ = 1). The ratio of the total volume
(also known as maximum cylinder volume) to the clearance volume (minimum volume) of the
engine cylinder is defined as the compression ratio (γ). The compression ratio is an influential
parameter in both spark-ignition and compression-ignition engines, heavily affecting thermal efficiency.
Even though thermal efficiency increases with an increase in compression ratio for both spark- and
compression-ignition engines, the typical γ for a gasoline engine is traditionally limited to the range of
8–11, and 12–23 for a diesel engine. With an increase in the γ of an SI engine, the temperature of the
air–fuel mixture rises above the autoignition temperature of the fuel-in-air mixture, leading to knock
and surface pre-ignition. The compression ratio of diesel engines, however, is limited by the strength
of the engine cylinder and the engine block material.

A proper understanding of the thermodynamic process of internal combustion engines depends
on the accuracy of experimental work. Pressure and temperature measurement are the most common
tools to analyze the combustion process that can be obtained through experiment. Other experimental
observations need complicated and expensive measurement systems and devices, such as flame
imaging, to understand the development, in-cylinder flow, spray behavior, and mixture distribution.
The most widely used equipment to measure the combustion pressure is a pressure transducer that
enables the study of pressure variation throughout the cycle. Observations and detailed analysis
of pressure readings from a pressure transducer are utilized to gather further information about
the rate of heat release (HRR), indicated mean effective pressure (IMEP), mass fraction burn (MFB),
and combustion efficiency. In-cylinder pressure (P) is usually presented against degree crank angle
(CAD) or cylinder volume (V). The pressure is built during the compression stroke (also called motoring
pressure) and increases drastically due to the combustion process (also known as combustion pressure).
It then drops as soon as the expansion stroke starts, and the built-up pressure is transformed into
mechanical power, before the exhaust valve opens.

The area inside the cycle is considered IMEP. IMEP is defined as the average pressure exerted
on the piston head during the working cycle developed by the combustion. The pressure difference
between the pressure developed during the motoring cycle and the pressure generated during the
working cycle is defined as the pressure built by the combustion process, used to calculate the heat
released from the combustion.

4.1. CNG in Spark-Ignition Engines

Gasoline is used in spark-ignition engines. The transportation sector is currently under close
surveillance due to an increase in emissions of CO2, CO, hydrocarbon (HC), and NOx from the exhaust
tail of these engines. Even though liquid fuels have advantages over their gaseous counterparts, such as
a higher calorific value [160], ease of storage and transportation, and requiring smaller combustion
chamber volumes, they are under scrutiny due to the gaseous emissions, as stated above. From Table 7,
it can be seen that CNG as a fuel has a lower carbon content compared to its gasoline counterpart,
leading to lower emissions of CO2 in addition the fact that CNG is utilized in an air-tight fueling
system. The evaporative emissions from CNG are minimal compared to those of liquid fuels used
in SI engines. Likewise, gaseous fuels such as CNG take a brief time to fully atomize with the air.
On the other hand, liquid fuels need more time for the air–fuel atomization. This is due to extra time
required for the evaporation of spray droplets (physical delay). As a result, liquid fuels emit more HCs,
especially with an increase in engine speed. It is said that CNG/LNG vehicles emit 10–20% lower
GHGs compared to gasoline vehicles [161].
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4.1.1. Mixture-Aspirated SI Engine

The supply of air–fuel ratio in spark-ignition engines is either via a carburetor, old technology,
or through a fuel-injection system [162]. In the carburetor system, a mixture of air and fuel
proportionated by the pressure difference in the venturi of the carburetor is inducted into the combustion
chamber [163]. On the other hand, air alone enters through the inlet manifold and fuel is injected
into the port or directly into the combustion chamber in the injection system [162]. The carburetor is
completely replaced by a mixing chamber where CNG and air are mixed [164]. These types of engines
are retrofitted from carburetor-type gasoline-fueled spark-ignition engines to use CNG. Such engines
may operate as dual-fuel arrangements, where a CNG mixing chamber is installed after the carburetor,
which is controlled by a solenoid switch valve. Since the engine is designed for liquid gasoline, it has a
lower compression ratio. This is because of gasoline having a lower octane rating compared to CNG.

Table 7 shows the octane rating comparison of CNG and gasoline. When CNG is fueled in
a retrofitted gasoline engine, the combustion efficiency drops and combustion stability is highly
compromised. Jahirul et al. [165] reported a 19.25% reduction in brake power and 15.96% reduction in
brake-specific fuel consumption (BSFC) at 50% throttle position for the speed range of 1500–5500 rpm.
A 15.5% reduction in brake power and 9% reduction in BSFC were also reported by Rezapour et al.,
as shown in Figure 8 [166]. Moreover, fueling CNG in a retrofitted SI engine requires modifications
to the ignition system, valve trains, storage, and fueling system. Such limitations are addressed
when using diesel engines for a retrofitted CNG engine in SI engine mode, thereby allowing a
high-compression-ratio combustion chamber to be attained [167]. A comparative analysis of CNG and
gasoline on such retrofitted engines could not be found in the literature as base data for such engines
are available only with diesel fuel.
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In regular service, natural-gas engines consume 25–35% more energy than their diesel
counterparts [168]. Engines retrofitted from diesel engines for CNG fueling can only be operated in
mono-fuel operation, as fueling gasoline in such engines leads to severe knock and other operation
hurdles. The high compression ratio of an engine retrofitted from diesel results in higher NOx
emissions [169,170]. In addition to the issue of the compression ratio, as CNG displaces the air during
the fuel–air mixing, there is an enormous compromise in the volumetric efficiency in the carbureted
and indirect-injection fueling systems [11,171–174]. Specifically, in the carburetor system, there is air
restriction due to the throttling effect. Therefore, the application of CNG in a mixture-aspirated SI
engine is coupled with engine performance reduction. It was reported that natural gas gives 10% lower
power output compared to equivalent gasoline-fueled vehicles [175–177]. On top of this, the precision
of controlling the air–fuel mixture through a carburetor system was in question for a longer period.
Adding electronic components did not show improvement; rather, the construction of such a system
proved to be challenging [178]. It was at this point that the fuel-injection system was adopted from
the compression-ignition engine fueling system. There are other mechanisms which improve the
performance of CNG-fueled engine with a direct-injection (DI) fueling system, discussed in detail in
the next section.

4.1.2. Spark-Ignition Direct-Injection Engines

Fuel delivery systems have seen various changes throughout the years, and recently incorporated
advanced technologies. The development of fuel delivery started from a conventional carburetor
system before arriving at the recent DI system. The limitations of a carburetor system are discussed
in Section 4.1.1, and are examined further in References [179,180]. In the fuel-injection technology,
fuel-and-air mixing is performed by forcing the fuel through a narrow nozzle with the help of high
pumping pressure. The fuel injection system for SI engines is broadly classified as direct and indirect
injection. The direct-injection system injects the fuel at high pressure directly into the combustion
chamber, while, in the indirect-injection system (port-injection, manifold-injection, and multipoint
fuel-injection systems), the fuel injector delivers fuel at some point near the combustion chamber.
All indirect-injection systems like the carburetor fueling system have performance loss issues when
they are fueled with gaseous fuels. The fuel-injection design would avoid problems related to balancing
multiple carburetors and would gain even distribution in the inlet manifold. Some advantages of
the fuel-injection system involve higher volumetric efficiency, high precision with air–fuel mixture
control, and thereby, a better response to change, better fuel distribution and atomization, ability to
integrate with feedback control, and the use of greater overlap [181]. Furthermore, the introduction of
post-combustion control of emissions, such as catalytic converters and oxygen sensors, demanded a
closed-loop control system and precise metering of the fuel–air mixture [182]. Electronic fuel injection
systems now supersede the early injection systems that are mechanical. Single-point fuel injection
(SPI) came after the carburetor system, followed by multipoint injection (MPI), and direct injections.
The technological trend of the development of fuel-injection systems is shown in Figure 9.

The injector in a single-point injection system sprays fuel at atmospheric pressure, and as a
result, the pressure regulator can constantly maintain gauge pressure. The single-point fuel-injection
system (throttle-body fuel injection) is considered cheaper than multipoint fuel injection. It can result
in a power reduction of 10% compared to a multipoint injection system [170]. CNG engines with
single-point injection systems encounter lower IMEP, amounting to 13.8% at rated speeds compared
to gasoline engines [183]. The fueling level of multipoint injection is controlled by the duration of
injection pulses and fuel supply pressure, allowing for multipoint injection to gain higher power
output compared to single-point injection (SPI) [184]. The fuel injector of the multipoint-injection
systems senses the inlet manifold unlike the single-point-injection system, so as to maintain a constant
differential pressure across the injection [179]. Moreover, the MPI system uses a more sophisticated
system compared to SPI, one of which is the engine control unit (ECU) that monitors and controls the
injection parameters, including injection timing, injection duration, and the amount of fuel required by
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each cylinder [9]. It was reported that CNG engines employing MPI systems resulted in 3 to 5% better
performance than SPI CNG systems. However, CNG engines employing MPI had a 10.4% lower IMEP
than gasoline engines using MPI systems [36]. Multipoint fuel injection is not uncommon in today’s
vehicles. Multipoint injection suffers at high load, where uniform fuel distribution cannot be achieved.
As a result, the direct-injection system (DI) is considered as the most recent sophisticated fuel-injection
system [185]. A typical spark-ignition direct-injection (SIDI) engine consists of a high-pressure fuel
pump, injector, and ECU, where the ECU controls the amount of fuel injection and injection parameters,
such as injection pressure and injection time [186]. It was reported that DI CNGs had increased engine
torque at all engine speeds compared to MPI CNGs, due to higher volumetric efficiency, enhanced
in-cylinder flow motion, and improved combustion with faster flame propagation [187]. The direct
injection of CNG offers advantages regarding power output, an extension of lean limit, and unburned
hydrocarbon (UHC) emission levels; it also increases IMEP by between 9% and 15% of that generated
by the manifold injection [188,189].

Direct fuel injection leads to much better control of charge stratification, while simultaneously
allowing homogeneous stoichiometric or lean mixtures to be formed by injecting fuel early during the
induction stroke. This flexibility of controlling the timing and quantity of fuel injection electronically
has advantages of reducing exhaust emissions while maintaining high power output with much better
fuel economy than conventional port-injected engines [190,191]. The advanced high-pressure fuel
injection in the DI system helps the engine operate efficiently with short response times and with
injection quantities appropriate for a broad range of engine sizes. While regulating injection parameters
such as injection pressure, injection timing, and spray angle controlling the mixture preparation, it also
helps reduce emission and increases the power output of the engine [192].
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The previous research and development of NGVs relied on retrofitting existing engine set-ups.
Due to extensive studies on fueling technology and CNG in general, original equipment manufacture
(OEM) engines are more reliable [194]. Direct-injection CNG engines are mostly designed based on the
fuel properties of CNG, thereby eliminating performance loss associated with engine retrofitting [195].
However, CNG has a low flame speed (38 cm/s) and narrow combustible range (5.3–15%), and it
requires a high ignition energy (0.285 MJ), as shown in Table 7. These factors lead to incomplete



Energies 2018, 11, 2934 23 of 44

combustion, and thus, lower performance and higher CO and total hydrocarbon (THC) emissions [154].
Such outcomes are more exaggerated at lower speeds and low-load operation conditions [192].
There were different improvement strategies employed over the years to optimize the performance
and emissions of CNG-fueled SIDI engines. Section 4.2 discusses the relevant strategies and their
success rates.

4.2. Performance and Emission Optimization Strategies of CNG Fuel in the Latest SI Engines

Due to this fuel being abundant and having superior benefits to the environment, there are
multiple efforts to optimize the engine-operating parameters, based on the limitations of the fuel
properties. The parameters taken in to account for the optimization of the performance of DI
CNG engines include compression ratio, fuel-injection timing and duration, lean combustion, fuel
stratification, ignition timing and energy control, injection pressure, exhaust gas recirculation (EGR),
boost pressure, optimization of intake and exhaust valve lift, and adding more flammable fuels
(hydrogen and syngas).

4.2.1. Effect of Compression Ratio

Increasing the compression ratio of the engine affects the pressure and temperature of the cylinder
before the fuel is injected and combustion begins. This further influences the thermal efficiency,
and thus, the fuel economy and emissions. Different researchers studied the effect of compression
ratio on the combustion, performance, and emissions of CNG fueling in direct-injection spark-ignition
engines [196–199]. Damrongkijkosol and Kerdsuwan (2006) investigated the effects of compression
ratio on the performance and emissions of CNG fuel in a four-cylinder four-stroke engine retrofitted
from a diesel engine. The compression ratio varied from 9.0 to 10.5 with 0.5 intervals. The engine was
operated in the range of 1000 to 4000 rpm. The CNG fuel performance and emissions at four different
compression ratios were compared, and a further comparative evaluation was done with the base
diesel fuel. Figure 10 shows the brake power of the retrofitted engine with CNG and diesel fueling.
With an increase in compression ratio and engine speed, the brake power increased [199].
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Similarly, the effect of compression ratio on the combustion, performance, and emissions of a
retrofitted single-cylinder engine (rated power was 4.5 kW at 1800 rpm in petrol mode, and 3.5 kW at
1500 rpm in diesel mode) fueled with CNG was investigated by Ramachandran and Waghmare [196].
The engine was operated at engine speeds ranging from 1200 to 1800 rpm. The compression ratio
varied from 8:1 to 13:1 with an interval of 1. It was reported that the engine did not experience
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knock over the range of compression ratios. Moreover, the peak pressure increased from 28.5 bar at a
compression ratio of 8:1 to 43 bar at a compression ratio of 13:1, as shown in Figure 11. In terms of
performance and emission, a similar trend to the findings of Damrongkijkosol and Kerdsuwan [199]
was reported [198]. Based on the autoignition temperature of CNG (813.15 K as shown in Table 7),
the compression ratio often goes as high as 17–18, based on the pressure–volume–temperature (P–V–T)
polytrophic compression relationship ideal gas. However, the maximum compression ratio for CNG is
bounded by the design of mechanical parts (mainly spark-electrode erosion) and the thermodynamic
efficiency of the engine. Most researchers agree that the maximum working compression ratio in SI
engines is 15 [8,9].
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4.2.2. Effect of Lean Charge Strategy

Another trend from diesel-engine operation in the CNG SIDI engines is the lean operation strategy.
In the search for reduced greenhouse gas emissions and overall fuel consumption, the lean combustion
strategy is an option explored in the research domain [192,200–202]. Lean combustion strategy works
under both homogeneous and stratified charge depending on the extent of leanness. When the overall
air–fuel ratio is maintained extremely lean, near to the lower flammability limit, the probability of an
ignited mixture having a sustained flame is small [203]. In such cases, the strategy is mainly modified
to have a fuel-stratification mechanism, so that a variable air–fuel ratio occurs around the combustion
chamber. The stratification provides a relatively rich mixture near the igniter and a uniformly mixed
ultra-lean mixture throughout the cylinder. Hagos et al. [192] reported an extension of the lean limit
of CNG fuel with the use of a stratification fueling strategy. An extension of the lean limit of up to
10% was also reported by Evans et al. [204], as shown in Figure 12 for a partially stratified charge
engine with a speed of 2000 rpm. Furthermore, the lean-burn strategy has superior performance
with regards to emissions, NOx in particular [200]. The challenges with lean charge involve engine
stability, as a result of reduced burning rate [9,200,202], and suitability only for part-load conditions
and low-MEP operation [8]. Even though gaseous fuels are known for their lower emission of THC,
lean-burn CNG has relatively higher emissions of THC, resulting from the unburned mixture in the
end zone [205]. The effect of the air–fuel ratio on the combustion efficiency and emissions is shown in
Figure 13. According to the review by Cho and He [9], the combustion instability under the lean-burn
strategy can be further improved by optimizing certain parameters. These are the in-cylinder air
motion, ignition energy, quality of natural gas, moisture content of induced air, residual fraction,
and mixture temperature during ignition, which is a function of the compression ratio.
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4.2.3. Effect of Injection Timing and Injection Pressure

There are various efforts reported in the literature to improve the performance of CNG SIDI
engines by injecting the fuel late after the inlet valve closes (IVC), thereby improving the volumetric
efficiency drop [162,206–210]. When fuel is injected after the inlet valve closes (IVC), the air-breathing
capacity of the engine does not get influenced by the type of fuel. However, there is insufficient time
for the fuel to completely mix with the air when the fuel is injected late, leading to a slow combustion
rate. For fast-burning fuels such as hydrogen and syngas, this fuel-injection strategy is adopted and
it currently attracts attention [159,211,212]. Aziz et al. (2010) used a dedicated CNG engine for the
study of the effect of injection timing on the combustion, performance, and emissions of SIDI engines.
The engine test-bed was a single-cylinder research engine (SCRE) with a compression ratio of 14.
The test was conducted at full-load conditions with the ignition point set at maximum brake torque
(MBT) for speeds of 2000–5000 rpm. A high-pressure injector (18 bar) was used in a central injection
system. The air–fuel ratio was set at the stoichiometric condition of 17.4 for CNG gas. Furthermore,
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300◦ before top dead center (BTDC) injection timing was used as a baseline to simulate port-injection
systems as a comparison for other direct-injection systems. By applying 300◦ BTDC injection timing,
fuel was injected during intake stroke, which is assumed to have the same mixture properties as port
injection systems. On the other hand, 180◦ BTDC was used to simulate direct injection and 120◦ BTDC
was used to simulate late injection after the IVC. Figure 14 shows the injection-duration mapping
for the three injections, with reference to the valve inlet valve opening and closing, and the start of
ignition. They reported that direct injection performed better across most operation conditions, while
port injection and late injection performed better at higher and lower speeds, respectively. Figures 15
and 16 show the performance and combustion trends of different injection timings, respectively [162].
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A similar study was conducted by Aljamali et al. [206] on a four-stroke four-cylinder
direct-injection spark-ignition engine by varying the injection timings on 120◦ BTDC, 180◦ BTDC, 300◦

BTDC, and 360◦ BTDC. The speed was varied from 1500 rpm to 4000 rpm with an interval of 500 rpm.
Maximum performance was found with the 120◦ BTDC at most engine speeds tested. At 4000 rpm,
180◦ BTDC was reported to perform better than the other injection timings. Better volumetric efficiency
and higher performance were reported when fuel was injected near the IVC [210].
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Zeng et al. [208] investigated the effect of injection timing on the combustion characteristics of
CNG fueling in an SIDI engine. The compression ratio of the engine under study was 8:1, and the
throttle was kept at 70% open. The engine was operated at 1200 rpm, and the ignition advance was
kept at 32◦ BTDC. Unlike the two studies discussed earlier, the injection duration was held constant,
and the start of injection was varied from 150 to 210◦ BTDC with a 10◦ crank angle (CA). The maximum
pressure, a higher heat release rate, and the shortest heat release duration were observed with 180◦

BTDC, similar to the observations of Aziz et al. [164] and Aljamali et al. [206]. They reported that
injection timing had considerable influence over the combustion characteristics, for late injection in
particular. Late injection affects the air-and-fuel mixing, as there is insufficient time before the onset of
ignition. A similar observation was also reported elsewhere by Aziz et al. [162] and Aljamali et al. [206].
Late injection was also reported to be associated with higher emissions of HC and CO.

Firmansyah (2007) investigated the effect of fuel-injection pressure on the combustion,
performance, and emissions of a CNG SIDI engine with a compression ratio of 14. The engine
was operated at wide-open throttle, and the speed was varied from 2000 to 5000 rpm. The injection
pressures considered in the study were 7.5 kPa, 12 kPa, and 18 kPa. It was shown that an injection
pressure of 18 kPa had better performance at speeds below 3500 rpm, while 12 kPa showed superior
performance at engine speeds higher than 3500 rpm. For the combustion process, IMEP values at
18 kPa were found to be the highest for all engine speeds, despite showing a slower burning rate
compared to that at 12 kPa. Furthermore, 18 kPa showed greatest variation at lower speeds, decreasing
as engine speed increased [213]. However, an insignificant effect was reported on the combustion
characteristics by a change in injection pressure by Song et al. (2017). The experiment was conducted
using various injection pressures of 5 kPa, 8 kPa, and 11 kPa [210].
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4.2.4. Effect of Ignition Timing and Ignition Energy Control

In addition to the optimization of injection timing and injection pressure, there are various
research studies on the optimization of ignition timing and ignition energy control. Ignition advances
for maximum brake torque (MBT) affect the properties of the fuel, the equivalence ratio, and the
burned-gas mixture. The engine design and operating conditions also have a significant impact
on the optimal conditions. As shown in Figure 7, combustion in SI engines starts slightly before
the compression of TDC and continues until slightly after TDC, ending after the point of peak
pressure [155]. All stages of combustion (flame development, flame propagation, and the secure
termination), as well as the length of the flame travel path across the chamber, influence ignition
advances for MBT. There is a lack of consistency on ignition advances for MBT of CNG in the literature.
Bell et al. (1993), as cited by Ehsan (2006), reported it as 15–20◦ CA more than that of gasoline [214,215].
This value was contradicted by Cho and He (2007), placing it at 2–10◦ CA more than that of gasoline [9].
This is mainly due to the lower laminar flame speed of CNG compared to gasoline (38 cm/s for CNG
compared to 49 cm/s for gasoline, as shown in Table 7). Maximum brake torque is attained by igniting
the fuel–air mixture so as to attain peak pressure at slightly after TDC, thereby maximizing the transfer
of expansion work from the combustion gas to the piston, while reducing the transfer of compression
work from the piston to the gas [155]. Figure 17 shows the effect of ignition advances on the conversion
efficiency of CNG fuel, as observed by Dimopoulos et al. [216]. The optimal ignition advance for
maximum fuel-conversion efficiency of CNG was reported to be from 28–32◦ BTDC. This result was
similar to results obtained by Bell et al. [215]. In a separate study, Khan et al. (2014) investigated the
effect of ignition timing on CNG at two different injection timings (60◦ BTDC and 90◦ BTDC). The 8.5:1
compression ratio two-cylinder four-stroke engine was run at 3000 rpm, and the ignition timings
evaluated were 50, 44, 34, 24, 22, and 20◦ BTDC. The performance and emissions of the engine were
studied. Ignition advances for MBT was reported at 40◦ BTDC and 34◦ BTDC for injection timings of
60◦ BTDC and 90◦ BTDC, respectively. The work did not specify the air–fuel ratio of the charge used in
the study [217]. Similarly, ignition advances for MBT increase with a decrease in fuel–air ratio (ϕ) from
the stoichiometric fuel–air ratio (ϕ = 1) [9]. This is due to the decrease in laminar flame speed with
an increase in the air–fuel ratio [218]. Figure 18 shows the variation in laminar flame speed of CH4

and NG under atmospheric conditions. The maximum laminar flame speed for NG (around 38 cm/s,
as also stated in Table 7) was obtained at ϕ = 1.1. The amount of energy and the rate of energy release
decreased with an increase in fuel–air mixture leanness. As a result, the laminar flame speed decreased.
With a lower laminar flame speed, the mixture required a longer duration to reach peak pressure.
If ignition timing is not well advanced, the position of peak pressure gets pushed far away from TDC,
leading to a decrease in the transfer of expansion work from the combustion gas [155].
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4.2.5. Effect of Boost Pressure

The volumetric efficiency loss due to the displacement of air by gaseous fuels can be compensated
by boosting the induced air, thereby increasing the breathing efficiency of the engine [219].
The volumetric efficiency of gaseous-fuel engines is also affected by the lack of evaporative cooling that
is associated with liquid fuels [220,221]. In terms of the fuel properties, CNG has a lower laminar flame
speed and a lower energy density compared to its liquid counterpart, as shown in Table 7. By doing
so, the fuel economy of the engine, and thus, the pollutant emissions from the engine can be reduced.
According to Hillstrom [222], CNG is the best candidate for such an optimization due to its higher
octane number. There are a number of studies on the effect of boost pressure on the performance and
emissions of CNG fuel in spark-ignition engines [92,169,222,223]. As cited in Cho and He [9], due to
a high boost pressure is needed to overcome the performance loss of CNG fueling in SIDI engines,
this forces the spark plug to work under more stress, leading to frequent failure [224]. As a result,
Chala et al. [92] recommended the use of lower boost pressure, in the range of 7.5 kPa, combined with
optimal fuel-injection timing for better performance and emissions, as shown in Figure 19.

Energies 2018, 11, x FOR PEER REVIEW  29 of 44 

 

 
Figure 18. Laminar flame speed (cm/s) versus equivalence ratio (ϕ) for CH4 and NG under 
atmospheric conditions [218]. 

4.2.5. Effect of Boost Pressure 

The volumetric efficiency loss due to the displacement of air by gaseous fuels can be 
compensated by boosting the induced air, thereby increasing the breathing efficiency of the engine 
[219]. The volumetric efficiency of gaseous-fuel engines is also affected by the lack of evaporative 
cooling that is associated with liquid fuels [220,221]. In terms of the fuel properties, CNG has a lower 
laminar flame speed and a lower energy density compared to its liquid counterpart, as shown in 
Table 7. By doing so, the fuel economy of the engine, and thus, the pollutant emissions from the 
engine can be reduced. According to Hillstrom [222], CNG is the best candidate for such an 
optimization due to its higher octane number. There are a number of studies on the effect of boost 
pressure on the performance and emissions of CNG fuel in spark-ignition engines [92,169,222,223]. 
As cited in Cho and He [9], due to a high boost pressure is needed to overcome the performance loss 
of CNG fueling in SIDI engines, this forces the spark plug to work under more stress, leading to 
frequent failure [224]. As a result, Chala et al. [92] recommended the use of lower boost pressure, in 
the range of 7.5 kPa, combined with optimal fuel-injection timing for better performance and 
emissions, as shown in Figure 19. 

  
(a) (b) 

Figure 19. Cont.



Energies 2018, 11, 2934 30 of 44
Energies 2018, 11, x FOR PEER REVIEW  30 of 44 

 

  
(c) (d) 

Figure 19. Performance (brake torque (a) and brake power (b)) and emissions (nitrogen oxides (NOx) 
(c) and CO (d)) of a CNG spark-ignition direct-injection (SIDI) engine at lower boost pressure [92]. 

4.2.6. Effect of EGR 

The use of exhaust gas recirculation (EGR) was also on the cards for CNG-fueled SI engines. 
EGR in lean-burn CNG-fueled SI engines is not suitable, as it severely affects the stability of 
combustion. This is caused by dilution of the fuel–air mixture with EGR creating trouble for the early 
flame to sustain and develop. In a stoichiometric air–fuel ratio, however, there are numerous studies 
on the effect of EGR on the combustion, performance, and emissions, both experimental and 
numerical [225–228]. Ibrahim and co-authors employed EGR with low and high boost pressure at 13 
(intake pressure of 113 kPa), 100 (intake pressure of 200 kPa), and 150 kPa (intake pressure of 250 
kPa). The EGR was cooled down before it was diluted with the mixture. They reported a decrease in 
NOx emissions, an increase in engine performance, and improved fuel economy [225,226]. Sen et al. 
[227] investigated the effect of EGR on the combustion cycle-to-cycle variation of CNG fueling at a 
stoichiometric ratio by varying the EGR from 0–20% in 5% intervals. The engine was operated at 2000 
rpm. The result indicated an increase in the cyclic variation of IMEP with an increase in the 
percentage of EGR. 

4.2.7. Effect of Valve Lift and Valve Timing 

Among the engine hardware-based studies, intake and exhaust valve-lift optimization is 
believed to enhance the combustion characteristics, engine performance, and emissions of CNG-
fueled engines. Optimization of the intake and exhaust valve lift contributes to the extent of 
turbulence on the engine mainly during the early flame-development stage, leading to a sustained 
flame and stable combustion [203,229]. Soid et al. [230] numerically investigated the effect of different 
valve timings on the performance of a methane-fueled small engine. This was done by varying the 
inlet and exhaust valve openings. A 5–10% improvement in performance was reported by retarding 
the exhaust valve opening by 10° CA. The effect of dissimilar valve timings on the turbulence in the 
combustion chamber and its impact on the flame propagation stage were investigated by Ramasamy 
et al. [229]. An improvement in the combustion characteristics (peak pressure) and flame propagation 
were reported with the use of dissimilar valve timings. 

4.2.8. Effect of Fuel Blending 

Fuel blending is common in liquid fuels for both SI and CI engines. This is mainly done for fossil-
fuel substitution and oxygenation. In gaseous fuels, with CNG in particular, the lower laminar-flame-
speed characteristics attracted researchers to add higher laminar-flame-speed fuels, such as hydrogen 
and syngas [218,231–235]. Figure 20 shows the effect of hydrogen blending in natural gas over a range 
of equivalence ratios. The addition of a small quantity of hydrogen was found to have less effect on 
the laminar flame speed. However, Mohammed et al. [233] reported a significant influence on the 
performance, emissions, and combustion of a CNG DI engine upon blending a small quantity of 
hydrogen, as shown in Figure 21. There are different success rates reported in the literature with 

Figure 19. Performance (brake torque (a) and brake power (b)) and emissions (nitrogen oxides (NOx)
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4.2.6. Effect of EGR

The use of exhaust gas recirculation (EGR) was also on the cards for CNG-fueled SI engines. EGR
in lean-burn CNG-fueled SI engines is not suitable, as it severely affects the stability of combustion.
This is caused by dilution of the fuel–air mixture with EGR creating trouble for the early flame to sustain
and develop. In a stoichiometric air–fuel ratio, however, there are numerous studies on the effect of
EGR on the combustion, performance, and emissions, both experimental and numerical [225–228].
Ibrahim and co-authors employed EGR with low and high boost pressure at 13 (intake pressure of
113 kPa), 100 (intake pressure of 200 kPa), and 150 kPa (intake pressure of 250 kPa). The EGR was
cooled down before it was diluted with the mixture. They reported a decrease in NOx emissions,
an increase in engine performance, and improved fuel economy [225,226]. Sen et al. [227] investigated
the effect of EGR on the combustion cycle-to-cycle variation of CNG fueling at a stoichiometric ratio
by varying the EGR from 0–20% in 5% intervals. The engine was operated at 2000 rpm. The result
indicated an increase in the cyclic variation of IMEP with an increase in the percentage of EGR.

4.2.7. Effect of Valve Lift and Valve Timing

Among the engine hardware-based studies, intake and exhaust valve-lift optimization is believed
to enhance the combustion characteristics, engine performance, and emissions of CNG-fueled engines.
Optimization of the intake and exhaust valve lift contributes to the extent of turbulence on the
engine mainly during the early flame-development stage, leading to a sustained flame and stable
combustion [203,229]. Soid et al. [230] numerically investigated the effect of different valve timings on
the performance of a methane-fueled small engine. This was done by varying the inlet and exhaust valve
openings. A 5–10% improvement in performance was reported by retarding the exhaust valve opening
by 10◦ CA. The effect of dissimilar valve timings on the turbulence in the combustion chamber and its
impact on the flame propagation stage were investigated by Ramasamy et al. [229]. An improvement in
the combustion characteristics (peak pressure) and flame propagation were reported with the use of
dissimilar valve timings.

4.2.8. Effect of Fuel Blending

Fuel blending is common in liquid fuels for both SI and CI engines. This is mainly done
for fossil-fuel substitution and oxygenation. In gaseous fuels, with CNG in particular, the lower
laminar-flame-speed characteristics attracted researchers to add higher laminar-flame-speed fuels,
such as hydrogen and syngas [218,231–235]. Figure 20 shows the effect of hydrogen blending in natural
gas over a range of equivalence ratios. The addition of a small quantity of hydrogen was found to
have less effect on the laminar flame speed. However, Mohammed et al. [233] reported a significant
influence on the performance, emissions, and combustion of a CNG DI engine upon blending a
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small quantity of hydrogen, as shown in Figure 21. There are different success rates reported in the
literature with hydrogen blending. Almost all research findings have a consensus that, technically,
the enriching of natural gas with higher laminar-flame-speed fuels improves the combustion and
performance of the engine [236]. However, this fuel-based improvement has operational limitations.
Hydrogen and hydrogen-rich syngas have storage-related concerns. They are associated with hydrogen
embrittlement. On the other hand, accompaniment with another high-pressure storage tank for the
high laminar-flame-speed fuels would lead to space limitations and high inertia.
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4.3. CNG in CI Engines 

The various strategies employed in the performance improvement of SIDI engines are mostly 
effective at low loads. However, with stringent emission regulations in high-torque diesel engines, 
significant interest is arising in dedicated CNG engines for heavy-duty transport applications. It is 
impossible to achieve ignition in compression-ignition engines due to the fact that CNG has a higher 
autoignition temperature. Therefore, CNG should be blended with a low-autoignition-temperature 
fuel such as diesel so as to achieve ignition in CI engines. Such arrangements can be done by either a 
mixed-fuel or dual-fuel arrangement. The US Environmental Protection Agency designates these two 
arrangements as similar. Technically, a small quantity of diesel is added in a mixed-fuel arrangement, 
which is sufficient only for the initiation of ignition, while up to 90% of the fuel induced is CNG. The 
Cummins Westport ISX12 is the latest engine running with a mixed-fuel-mode CNG engine. This 
engine is the latest CNG engine suitable for heavy-duty applications [237]. The engine is designed to 
run on CNG, liquid petroleum gas (LPG), and biomethane, and it is equipped with a maintenance-
free three-way catalyst after the treatment of gas. The engine is designed to work under stoichiometric 
conditions with cooled-EGR technology, thereby combining the benefits of a stoichiometric ratio and 
lean-burn combustion [237]. In a dual-fuel arrangement, however, CNG is used for diesel substitution 
while the engine is still able to run using 100% diesel mode. The main motivation in using CNG and 
other gaseous fuels in a diesel engine is for the possible substitution of diesel by a gaseous fuel, 
thereby reducing cost, minimizing pollutant emissions such as NOx and particulate matter, and 
further increasing the performance of the engine. One of the engine technologies in dual-fuel mode, 
approved by the US Environmental Protection Agency in 2013, is the Detroit Diesel S60 12.7-L engine. 
It was claimed that up to 60% diesel replacement, noise and PM reduction by 40%, and smoke 
reduction by 50% are some of the benefits [238]. However, Wagemakers and Leermakers [239] 
reviewed the effect of the dual fueling of diesel and various gaseous fuels on performance and 
emission. CNG, LPG, syngas, and hydrogen are some of the gaseous fuels considered in their review. 
They reported that all gaseous fuels, when applied to diesel-fuel combustion as a dual fuel, could 
decrease soot emissions except for syngas. A reduction in NOx emissions was reported when both 
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Figure 21. Effect of adding a small fraction of hydrogen on the performance and combustion of a CNG
SI engine. (a) Brake torque versus engine speed; (b) brake thermal efficiency (BTE) versus engine speed;
(c) in-cylinder pressure versus crank angle for various hydrogen-blending ratios; (d) flame-development
duration versus H2 percentage; (e) rapid-combustion duration versus H2 percentage [233].

4.3. CNG in CI Engines

The various strategies employed in the performance improvement of SIDI engines are mostly
effective at low loads. However, with stringent emission regulations in high-torque diesel engines,
significant interest is arising in dedicated CNG engines for heavy-duty transport applications. It is
impossible to achieve ignition in compression-ignition engines due to the fact that CNG has a higher
autoignition temperature. Therefore, CNG should be blended with a low-autoignition-temperature
fuel such as diesel so as to achieve ignition in CI engines. Such arrangements can be done by
either a mixed-fuel or dual-fuel arrangement. The US Environmental Protection Agency designates
these two arrangements as similar. Technically, a small quantity of diesel is added in a mixed-fuel
arrangement, which is sufficient only for the initiation of ignition, while up to 90% of the fuel induced
is CNG. The Cummins Westport ISX12 is the latest engine running with a mixed-fuel-mode CNG
engine. This engine is the latest CNG engine suitable for heavy-duty applications [237]. The engine
is designed to run on CNG, liquid petroleum gas (LPG), and biomethane, and it is equipped with
a maintenance-free three-way catalyst after the treatment of gas. The engine is designed to work
under stoichiometric conditions with cooled-EGR technology, thereby combining the benefits of a
stoichiometric ratio and lean-burn combustion [237]. In a dual-fuel arrangement, however, CNG is
used for diesel substitution while the engine is still able to run using 100% diesel mode. The main
motivation in using CNG and other gaseous fuels in a diesel engine is for the possible substitution
of diesel by a gaseous fuel, thereby reducing cost, minimizing pollutant emissions such as NOx
and particulate matter, and further increasing the performance of the engine. One of the engine
technologies in dual-fuel mode, approved by the US Environmental Protection Agency in 2013, is the
Detroit Diesel S60 12.7-L engine. It was claimed that up to 60% diesel replacement, noise and PM
reduction by 40%, and smoke reduction by 50% are some of the benefits [238]. However, Wagemakers
and Leermakers [239] reviewed the effect of the dual fueling of diesel and various gaseous fuels on
performance and emission. CNG, LPG, syngas, and hydrogen are some of the gaseous fuels considered
in their review. They reported that all gaseous fuels, when applied to diesel-fuel combustion as a dual
fuel, could decrease soot emissions except for syngas. A reduction in NOx emissions was reported
when both CNG and LPG were used as primary fuels. However, syngas and hydrogen increased NOx
levels compared to diesel combustion. Unburned hydrocarbons and CO demonstrated an increased
trend with all gaseous fuels. With regards to the effect of these fuels on efficiency, hydrogen and LPG
had a positive effect, while syngas and CNG had a negative effect.
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5. Conclusions and Perspectives

In the current review work, recent works focusing on natural-gas utilization in IC engines,
particularly spark-ignition engines, were discussed. Progress on the development of engine technology,
as well as influencing engine parameters and their impact on engine performance and emissions, and
the socio-economic prospect of the fuel were evaluated. Recently, in the automotive industry, the
application of CNG in SI engines is more customary than before. The driving force for such movement is
due to the technical superiority of the fuel as compared to its conventional counterparts. Technological
advantages under spotlight are the higher octane number, higher autoignition temperature, high
hydrogen-to-carbon ratio, gaseous phase under atmospheric conditions, and wider flammability limit.
The higher octane number of natural gas allows for high compression of the engine, which in turn,
results in enhanced power and higher total combustion efficiency. CNG/LNG vehicles reduce GHG
emissions by 10–20% compared to gasoline vehicles. The lower number of particulates from CNG
also results in reduced wear of the parts in relative motion compared to liquid fuels, and this, in turn,
reduces the maintenance of CNG engines, despite the higher compression ratio and higher combustion
temperature potentially slightly raising stress in the moving parts. The lower frictional loss in CNG
vehicles could also result in reduced noise. Moreover, natural gas has lower fuel consumption, which
is considered as economical for use as a fuel. In addition to the technical advantages, natural gas is
abundantly available. The recent expansion in the production of natural gas from shale (shale gas)
further increased the relevance of the fuel in the transportation sector. Globally, the production
potential and capacity advanced in recent years. As a result, the natural-gas resource potential map is
regularly being revised, even though such trends are marred by geopolitical complexities. On the other
hand, conventional fuels are having trouble complying with the ever-increasing emission restrictions.
This situation provides an upper hand to natural gas in tackling the GHG emission concerns.

The research and development of natural-gas-fueled IC engines focused on modified gasoline
engines. Consequently, the perception of the fuel with researchers and end users was slightly negative,
despite it having enormous economic, technical, and environmental benefits. The use of natural gas
can result in a significant reduction in maximum power, torque, and volumetric efficiency at fully open
throttle operation, which is attributed to the displacement of air by natural gas and the absence of
evaporation cooling. Natural-gas engines have a lower power output than gasoline-fueled engines,
mainly due to the lower energy content of natural gas, the displacement of air, and longer combustion
durations. CNG vehicles have a 10–20% reduction in power compared to their gasoline counterparts
after modification/retrofit. Comparatively, the natural-gas engine conversion from gasoline-fueled
engines requires some modifications on the ignition system and valve trains, as well as the storage and
fueling systems. Our transportation system was 100% reliant on conventional fuels. As a result, our
technological development and infrastructure are tailored to that mode. In designing alternative or
replacement fuels, the existing technological set-up and infrastructure should be taken into account.
There are close to 1.2 billion cars in operation. In addition to designing a new engine based on its fuel
characteristics, the adaptation and retrofitting of existing engines to accommodate CNG in either a
standalone mode or as a dual fuel is on the rise.

Low engine efficiency and power output are issues encountered with retrofitted natural-gas
engines. It was reported that natural gas results in a 10% lower power output compared to equivalent
gasoline-fueled vehicles. In regular service, natural-gas engines consume 25–35% more energy than
their diesel counterparts. Pumping loss and lower volumetric efficiency could arise due to the gaseous
nature of natural gas. More unburned fuel could also result as CNG burns slower than conventional
liquid fuels. Moreover, the cooling effect produced due to the vaporization of liquid fuel is absent
when using CNG. The higher temperature due to the higher compression ratio of CNG engines usually
results in higher NOx emissions. A sluggish start-up is another disadvantage of natural-gas engines,
although this effect could be minimized by adding hydrogen as a secondary fuel.

Since the development of tailored direct-injection CNG engines, optimal engine-operating
conditions were specified, and the performance and emissions of CNG DI engines became on par
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with their gasoline counterpart. Due to CNG being a gaseous fuel, fuel-and-air mixing is not an issue.
As a result, injection timing can be varied with the appropriate design of an injector. An injector with a
narrow-angle design was found to be suitable for natural-gas fuel by different researchers.

There are different mechanisms deployed in order to overcome the efficiency deficit when using
natural gas, such as working toward lean-burn combustion, supercharging, optimizing fuel-injection
parameters (injection timing, injection pressure, and injection duration), optimizing ignition energy,
ignition timing, and the optimization of valve timing. All these strategies have their strengths and
weaknesses, as discussed in Section 4.2 in detail. Lean-burn technology would increase engine efficiency,
and hence, the vehicle capacity range. Moreover, electronics like variable valve timing, skip-fire,
and new engine technologies can help enhance the performance of gas engines. However, these
enhancements are at the cost of engine torque. As a result, they are only suitable for small-load and
low-speed operations. Similarly, improvements resulting from late injection of the fuel were associated
with increased emissions of CO and HC. The combined effect of the engine-based mechanisms
mentioned above could slightly improve SI engine efficiency. However, this improvement cannot beat
the expectation of energy security and GHG emission concerns. As a result, fuel-based improvements,
such as mixing CNG with high laminar-speed fuels and coupling engines with steam reformers
for inline syngas mixing (research in its early stage), are on the table. A radical line of thinking
currently in the research-and-development stage is the use of CNG in high-pressure DI diesel
engines. This is achieved through mixed- and dual-fueling modes, where both CNG and diesel
are injected into the cylinder at various times. The pilot fuel (diesel) is injected to initiate the ignition.
In this arrangement, a maximum diesel replacement of up to 90% could be attained. The use of
natural gas in automotive engines is expected to accelerate in the coming years due to the stringent
regulations on liquid-fuel-based engines and the emergence of the latest strategies in fueling systems
and combustion mechanisms.
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123. Üster, H.; Dilaveroğlu, Ş. Optimization for design and operation of natural gas transmission networks.
Appl. Energy 2014, 133, 56–69. [CrossRef]

124. Ertas, A.; Anderson, E. Review of methanol and compressed natural gas (CNG) as alternative for
transportation fuels. J. Energy Resour. Technol 1991, 113, 101. [CrossRef]

125. Koza, D.F.; Ropke, S.; Boleda Molas, A. The liquefied natural gas infrastructure and tanker fleet sizing
problem. Transp. Res. Part E Logist. Transp. Rev. 2017, 99, 96–114. [CrossRef]

126. Shi, G.-H.; Jing, Y.-Y.; Wang, S.-L.; Zhang, X.-T. Development status of liquefied natural gas industry in china.
Energy Policy 2010, 38, 7457–7465. [CrossRef]

127. Wood, D.A. A review and outlook for the global LNG trade. J. Nat. Gas Sci. Eng. 2012, 9, 16–27. [CrossRef]
128. Vivoda, V. Natural gas in Asia: Trade, markets and regional institutions. Energy Policy 2014, 74, 80–90.

[CrossRef]
129. Dorigoni, S.; Graziano, C.; Pontoni, F. Can LNG increase competitiveness in the natural gas market?

Energy Policy 2010, 38, 7653–7664. [CrossRef]
130. Dorigoni, S.; Portatadino, S. LNG development across Europe: Infrastructural and regulatory analysis.

Energy Policy 2008, 36, 3366–3373. [CrossRef]
131. Erdős, P. Have oil and gas prices got separated? Energy Policy 2012, 49, 707–718. [CrossRef]
132. Wang, X.; Marongiu Porcu, M. The Potential of Compressed Natural Gas Transport in Asia. In Proceedings

of the International Petroleum Technology Conference, Kuala Lumpur, Malaysia, 3–5 December 2008.
133. Hafner, M.; Karbuz, S.; Esnault, B.; Andaloussi, H.E. Long-term natural gas supply to Europe: Import

potential, infrastructure needs and investment promotion. Energy Environ. 2008, 19, 1131–1153. [CrossRef]
134. Talus, K. Long-term natural gas contracts and antitrust law in the European union and the united states.

J. World Energy Law Bus. 2011, 4, 260–315i. [CrossRef]
135. Castillo, L.; Majzoub Dahouk, M.; Di Scipio, S.; Dorao, C.A. Conceptual analysis of the precooling stage for

lng processes. Energy Convers. Manag. 2013, 66, 41–47. [CrossRef]
136. Zhou, S.; Gao, J.; Yang, Y.; Li, B.; Petro, P. Development, problems and market share of the LNG industry in

China. Int. Pet. Econ. 2013, 6, 3.

http://dx.doi.org/10.1016/j.fuproc.2009.10.002
http://dx.doi.org/10.1016/j.jngse.2016.02.010
http://dx.doi.org/10.1016/j.egypro.2012.06.008
http://dx.doi.org/10.1016/j.cej.2011.07.007
http://dx.doi.org/10.1016/j.petrol.2012.06.016
http://dx.doi.org/10.1016/j.jngse.2016.07.034
http://dx.doi.org/10.1016/j.jngse.2016.06.030
http://dx.doi.org/10.1016/j.jngse.2016.06.051
http://dx.doi.org/10.1016/j.eneco.2014.02.010
http://dx.doi.org/10.1016/j.jlp.2017.02.016
http://dx.doi.org/10.1016/j.apenergy.2014.06.042
http://dx.doi.org/10.1115/1.2905782
http://dx.doi.org/10.1016/j.tre.2017.01.003
http://dx.doi.org/10.1016/j.enpol.2010.08.032
http://dx.doi.org/10.1016/j.jngse.2012.05.002
http://dx.doi.org/10.1016/j.enpol.2014.08.004
http://dx.doi.org/10.1016/j.enpol.2010.08.004
http://dx.doi.org/10.1016/j.enpol.2008.05.015
http://dx.doi.org/10.1016/j.enpol.2012.07.022
http://dx.doi.org/10.1260/095830508786939839
http://dx.doi.org/10.1093/jwelb/jwr015
http://dx.doi.org/10.1016/j.enconman.2012.09.021


Energies 2018, 11, 2934 40 of 44

137. Wang, Z.; Rao, L.; Yang, Y.; Gao, H. Natural gas vehicles will develop greatly in china. In Proceedings of the
International Petroleum Technology Conference (IPTC 2013), Beijing, China, 26–28 March 2013.

138. Medlock, K.B.; Jaffe, A.M.; O’Sullivan, M. The global gas market, LNG exports and the shifting us geopolitical
presence. Energy Strategy Rev. 2014, 5, 14–25. [CrossRef]

139. Paltsev, S. Scenarios for Russia’s natural gas exports to 2050. Energy Econ. 2014, 42, 262–270. [CrossRef]
140. Birol, F. G7 energy ministerial meeting. In Proceedings of the G7 Energy Ministerial Meeting, Rome, Italy,

9–10 April 2017.
141. Thomas, S.; Dawe, R.A. Review of ways to transport natural gas energy from countries which do not need

the gas for domestic use. Energy 2003, 28, 1461–1477. [CrossRef]
142. Wang, X.; Economides, A.M.; Porcu, M.M.; Economides, M.J. Compressed natural gas for Indonesia.

In Proceedings of the Asia Pacific Oil and Gas Conference & Exhibition, Jakarta, Indonesia, 4–6 August 2009.
143. Khan, M.I.; Yasmin, T.; Shakoor, A. Technical overview of compressed natural gas (CNG) as a transportation

fuel. Renew. Sustain. Energy Rev. 2015, 51, 785–797. [CrossRef]
144. Melaina, M.; Bremson, J. Refueling availability for alternative fuel vehicle markets: Sufficient urban station

coverage. Energy Policy 2008, 36, 3233–3241. [CrossRef]
145. Patrizio, P.; Leduc, S.; Chinese, D.; Dotzauer, E.; Kraxner, F. Biomethane as transport fuel—A comparison

with other biogas utilization pathways in northern Italy. Appl. Energy 2015, 157, 25–34. [CrossRef]
146. Salman, C.A.; Schwede, S.; Thorin, E.; Yan, J. Enhancing biomethane production by integrating pyrolysis

and anaerobic digestion processes. Appl. Energy 2017, 204, 1074–1083. [CrossRef]
147. Görling, M.; Larsson, M.; Alvfors, P. Bio-methane via fast pyrolysis of biomass. Appl. Energy 2013, 112,

440–447. [CrossRef]
148. Ullah Khan, I.; Hafiz Dzarfan Othman, M.; Hashim, H.; Matsuura, T.; Ismail, A.F.; Rezaei-DashtArzhandi, M.;

Wan Azelee, I. Biogas as a renewable energy fuel—A review of biogas upgrading, utilisation and storage.
Energy Convers. Manag. 2017, 150, 277–294. [CrossRef]

149. Patterson, T.; Esteves, S.; Dinsdale, R.; Guwy, A. An evaluation of the policy and techno-economic factors
affecting the potential for biogas upgrading for transport fuel use in the UK. Energy Policy 2011, 39, 1806–1816.
[CrossRef]

150. Augelletti, R.; Conti, M.; Annesini, M.C. Pressure swing adsorption for biogas upgrading. A new process
configuration for the separation of biomethane and carbon dioxide. J. Clean. Prod. 2017, 140, 1390–1398.
[CrossRef]

151. Pellegrini, L.A.; De Guido, G.; Langé, S. Biogas to liquefied biomethane via cryogenic upgrading technologies.
Renew. Energy 2017, 124, 75–83. [CrossRef]

152. Götz, M.; Lefebvre, J.; Mörs, F.; McDaniel Koch, A.; Graf, F.; Bajohr, S.; Reimert, R.; Kolb, T. Renewable
power-to-gas: A technological and economic review. Renew. Energy 2016, 85, 1371–1390. [CrossRef]

153. Castellani, B.; Rinaldi, S.; Morini, E.; Nastasi, B.; Rossi, F. Flue gas treatment by power-to-gas integration for
methane and ammonia synthesis – energy and environmental analysis. Energy Convers. Manag. 2018, 171,
626–634. [CrossRef]

154. Hassan, M.H.; Kalam, M.A.; Mahlia, T.I.; Aris, I.; Nizam, M.K.; Abdullah, S.; Ali, Y. Experimental test of a
new compressed natural gas direct injection engine. Energy Fuels 2009, 23, 4981–4987. [CrossRef]

155. Heywood, J.B. Internal Combustion Engine Fundamentals; McGraw Hill International: New York, NY, USA,
1988.

156. Arcoumanis, C.; Kamimoto, T. Flow and Combustion in Reciprocating Engines; Springer Science & Business
Media: Berlin, Germany, 2009.

157. Willems, H.; Sierens, R. Modeling the initial growth of the plasma and flame kernel in SI engines. Trans. Am.
Soc. Mech. Eng. J. Eng. Gas Turbines Power 2003, 125, 479–484. [CrossRef]

158. Aleiferis, P.G.; Taylor, A.M.; Whitelaw, J.H.; Ishii, K.; Urata, Y. Cyclic Variations of Initial Flame Kernel Growth in a
Honda Vtec-E Lean-Burn Spark-Ignition Engine; SAE Technical Paper 0148-7191; SAE International: Warrendale,
PA, USA, 2000.

159. Hagos, F. Combustion, Performance and Emissions Characteristics of Imitated Syngases in Direct-Injection
Sparkigntion Engine. Ph.D. Thesis, Universiti Teknologi Petronas, Seri Iskandar, Malaysia, 2013.

160. Gharehghani, A.; Hosseini, R.; Mirsalim, M.; Yusaf, T.F. A comparative study on the first and second law
analysis and performance characteristics of a spark ignition engine using either natural gas or gasoline. Fuel
2015, 158, 488–493. [CrossRef]

http://dx.doi.org/10.1016/j.esr.2014.10.006
http://dx.doi.org/10.1016/j.eneco.2014.01.005
http://dx.doi.org/10.1016/S0360-5442(03)00124-5
http://dx.doi.org/10.1016/j.rser.2015.06.053
http://dx.doi.org/10.1016/j.enpol.2008.04.025
http://dx.doi.org/10.1016/j.apenergy.2015.07.074
http://dx.doi.org/10.1016/j.apenergy.2017.05.006
http://dx.doi.org/10.1016/j.apenergy.2013.01.002
http://dx.doi.org/10.1016/j.enconman.2017.08.035
http://dx.doi.org/10.1016/j.enpol.2011.01.017
http://dx.doi.org/10.1016/j.jclepro.2016.10.013
http://dx.doi.org/10.1016/j.renene.2017.08.007
http://dx.doi.org/10.1016/j.renene.2015.07.066
http://dx.doi.org/10.1016/j.enconman.2018.06.025
http://dx.doi.org/10.1021/ef8011382
http://dx.doi.org/10.1115/1.1501912
http://dx.doi.org/10.1016/j.fuel.2015.05.067


Energies 2018, 11, 2934 41 of 44

161. Ou, X.; Zhang, X. Life-cycle analyses of energy consumption and GHG emissions of natural gas-based
alternative vehicle fuels in china. J. Energy 2013, 2013. [CrossRef]

162. Aziz, A.R.A.; Shahzad, R. Combustion analysis of a CNG direct injection spark ignition engine. Int. J.
Automot. Mech. Eng. 2010, 2, 157–170. [CrossRef]

163. Chandra, R.; Vijay, V.; Subbarao, P.; Khura, T. Performance evaluation of a constant speed IC engine on CNG,
methane enriched biogas and biogas. Appl. Energy 2011, 88, 3969–3977. [CrossRef]

164. Sonthalia, A.; Rameshkumar, C.; Sharma, U.; Punganur, A.; Abbas, S. Combustion and performance
characteristics of a small spark ignition engine fuelled with HCNG. J. Eng. Sci. Technol. 2015, 10, 404–419.

165. Jahirul, M.I.; Masjuki, H.; Saidur, R.; Kalam, M.; Jayed, M.; Wazed, M. Comparative engine performance and
emission analysis of CNG and gasoline in a retrofitted car engine. Appl. Therm. Eng. 2010, 30, 2219–2226.
[CrossRef]

166. Rezapour, K.; Mason, B.; Wood, A.S.; Ebrahimi, M. Bi-fuel SI engine model for analysis and optimization.
Univ. J. Mech. Eng. 2014, 2, 71–82. [CrossRef]

167. Poulton, M.L. Alternative Fuels for Road Vehicles; WIT Press: Southampton, UK, 1994.
168. Ouellette, P. High pressure direct injection (HPDI) of natural gas in diesel engines. In Proceedings of the

ANGVA 2000 Conference, Yokohama, Japan, 7–10 November 2000.
169. Tadesse, G.; Aziz, A.R.A. Effect of Boost Pressure on Engine Performance and Exhaust Emissions in

Direct-Injection Compressed Natural Gas CNG-DI) Spark Ignition Engine; SAE Technical Paper No. 2009-32-0135;
SAE International: Warrendale, PA, USA, 2009.

170. Tadesse, G. Effect of Boost Pressure on Performance, Combustion and Exhaust Emissions in Direct Injection
Compressed Natural Gas (CNG) Engine. Master’s Thesis, University Teknologi Petronas, Perak, Malaysia, 2009.

171. d’Ambrosio, S.; Spessa, E.; Vassallo, A.; Ferrera, M.; Peletto, C. Experimental Investigation of Fuel Consumption,
Exhaust Emissions and Heat Release of a Small-Displacement Turbocharged CNG Engine; SAE Technical Paper
0148-7191; SAE International: Warrendale, PA, USA, 2006.

172. Li, H. An Experimental and Analytical Examination of Gas Fuelled Spark Ignition Engine-Performance and
Combustion; University of Calgary: Calgary, AB, Canada, 2004.

173. Reynolds, C.C.O.; Evans, R.L.; Andreassi, L.; Cordiner, S.; Mulone, V. The Effect of Varying the Injected
Charge Stoichiometry in a Partially Stratified Charge Natural Gas Engine; SAE Technical Paper 0148-7191;
SAE International: Warrendale, PA, USA, 2005.

174. Da Silveira, B.H.; Benvenuti, L.H.; Werninghaus, E.; Coelho, E.P.; Silva, C.D.; de Oliveira, F.R.; Silva, J.C.S.
Development of a Concept Vehicle for Compressed Natural Gas; SAE Technical Paper 0148-7191; SAE International:
Warrendale, PA, USA, 2004.

175. Durell, E.; Allen, J.; Law, D.; Heath, J. Installation and Development of a Direct Injection System for a Bi-Fuel
Gasoline and Compressed Natural Gas Engine. In Proceeding of the ANGVA 2000 Conference, Yokohama,
Japan, 18–21 July 2000.

176. Abid, F.H. Comparison of performance characteristics of ng and gasoline-fuelled single cylinder SI engine.
Int. J. Comput. Appl. Sci. 2016, 1, 13–20.

177. Melaika, M.; Dahlander, P. Experimental Investigation of Methane Direct Injection with Stratified Charge
Combustion in Optical SI Single Cylinder Engine; SAE Technical Paper 0148-7191; SAE International:
Warrendale, PA, USA, 2016.

178. Ilves, R.; Olt, J. Study of prior art of spark ignition engine fuel supply system. Argon. Res. 2012, 10, 55–74.
179. Stone, R. Introduction to Internal Combustion Engines; Palgrave Macmillan: London, UK, 2012.
180. Mello, P.; Pelliza, G.; Cataluña, R.; da Silva, R. Evaluation of the maximum horsepower of vehicles converted

for use with natural gas fuel. Fuel 2006, 85, 2180–2186. [CrossRef]
181. Tuner, M. Combustion of Alternative Vehicle Fuels in Internal Combustion Engines; Report within Project;

A Pre-Study to Prepare for Interdisciplinary Research on Future Alternative Transportation Fuels; Financed
by The Swedish Energy Agency; Lund University: Lund, Sweden, 2016.

182. Nice, K. How Fuel Injection Systems Work. 2001. Available online: https://www.howstuffworks.com/
(accessed on 17 June 2017).

183. Loukanine, V.N.; Khatchiyan, A.S.; Shishlov, I.G.; Khamidullin, R.K. Analysis of different ways to develop
low-emission natural gas engines. In Proceedings of the NGV 2000, Yokohama, Japan, 17–19 October 2000.

184. Czerwinski, J.; Comte, P.; Zimmerli, Y. Investigations of the Gas Injection System on a HD-CNG-Engine;
SAE Technical Paper 0148-7191; SAE International: Warrendale, PA, USA, 2003.

http://dx.doi.org/10.1155/2013/268263
http://dx.doi.org/10.15282/ijame.2.2010.5.0013
http://dx.doi.org/10.1016/j.apenergy.2011.04.032
http://dx.doi.org/10.1016/j.applthermaleng.2010.05.037
http://dx.doi.org/10.13189/ujme.2014.020207
http://dx.doi.org/10.1016/j.fuel.2006.04.002
https://www.howstuffworks.com/


Energies 2018, 11, 2934 42 of 44

185. Choi, M.; Lee, S.; Park, S. Numerical and experimental study of gaseous fuel injection for CNG direct
injection. Fuel 2015, 140, 693–700. [CrossRef]

186. Chiodi, M.; Berner, H.-J.; Bargende, M. Investigation on Different Injection Strategies in a Direct-Injected
Turbocharged CNG-Engine; SAE Technical Paper 0148-7191; SAE International: Warrendale, PA, USA, 2006.

187. Cox, G.; DelVecchio, K.; Hays, W.; Hiltner, J.; Nagaraj, R.; Emmer, C. Development of a Direct-Injected Natural
Gas Engine System for Heavy-Duty Vehicles; Caterpillar, Inc.: Peoria, IL, USA, 2000.

188. Hayashida, M.; Yamato, T.; Sekino, H.; Sugahara, K. Investigation of Performance and Fuel Distribution of a Direct
Injection Gas Engine Using LIF Measurement; SAE Technical Paper 0148-7191; SAE International: Warrendale,
PA, USA, 1999.

189. Hassaneen, A.E.; Varde, K.S.; Bawady, A.H.; Morgan, A.-A. A Study of the Flame Development and Rapid Burn
Durations in a Lean-Burn Fuel Injected Natural Gas SI Engine; SAE Technical Paper 0148-7191; SAE International:
Warrendale, PA, USA, 1998.

190. Heywood, J. Internal combustion ENGINE Fundamentals; McGraw-Hill Education: New York, NY, USA, 1988.
191. Achleitner, E.; Bäcker, H.; Funaioli, A. Direct Injection Systems for Otto Engines; SAE Technical Paper 0148-7191;

SAE International: Warrendale, PA, USA, 2007.
192. Hagos, F.Y.; Aziz, A.R.A.; Sulaiman, S.A. Combustion characteristics of late injected CNG in a spark ignition

engine under lean operating condition. J. Appl. Sci. 2012, 12, 2368. [CrossRef]
193. Sahari, B.B.; Ali, Y.; Ahmadun, F.L.-R.; Abdullah, S.; Hassan, M.H.; Aris, I.; Abdullah, M.A.; Ahmad, M.F.;

Chelliah, V.; Taha, Z. Development of a prototype compressed natural gas direct injection vehicle—A Malaysian
experience. In Proceedings of the 12th IANGV Conference and Exhibition, Rome, Italy; 9–12 May 2010.

194. Nijboer, M. The Contribution of Natural Gas Vehicles to Sustainable Transport; 2079-2581; International Energy
Agency: Paris, France, 2010.

195. Kalam, M.; Masjuki, H. An experimental investigation of high performance natural gas engine with direct
injection. Energy 2011, 36, 3563–3571. [CrossRef]

196. Zheng, J.; Wang, J.; Wang, B.; Huang, Z. Effect of the compression ratio on the performance and combustion
of a natural-gas direct-injection engine. Proc. Inst. Mech. Eng. D-J. Automob. Eng. 2009, 223, 85–98. [CrossRef]

197. Ibrahim, A.; Bari, S. Effect of varying compression ratio on a natural gas SI engine performance in the
presence of EGR. Energy Fuels 2009, 23, 4949–4956. [CrossRef]

198. Ramachandran, A.; Waghmare, A. Experimental investigation of the effect of compression ratio on the
performance of a dedicated CNG engine. Int. Res. J. Eng. Technol. 2016, 3, 312–316.

199. Damrongkijkosol, C.; Kerdsuwan, S. Experiment Study on Influence of Compression Ratio onto Performance
and Emission of Compressed Natural Gas Retrofit Engine. Master’s Thesis, King Mongkut’s Institute of
Technology, Bangkok, Thailand, 2006.

200. Manivannan, A.; Chandrasekaran, S.; Ramprabhu, R. Lean Burn Natural Gas Spark Ignition Engine—An Overview;
SAE Technical Paper 0148-7191; SAE International: Warrendale, PA, USA, 2003.

201. Abbasi Atibeh, P.; Brear, M.J.; Dennis, P.A.; Orbaiz, P.J.; Watson, H.C. Lean limit combustion analysis for a
spark ignition natural gas internal combustion engine. Combust. Sci. Technol. 2013, 185, 1151–1168. [CrossRef]

202. Cartellieri, W.; Chmela, F.; Kapus, P.; Tatschl, R. Mechanisms leading to stable and efficient combustion in
lean burn gas engines. In Proceedings of the International Symposium COMODIA, Yokohama, Japan, 11–14
July 1994.

203. Aziz, A.R.A.; Anbese, Y.T.; Hagos, F.Y.; Heikal, M.R. Characteristics of early flame development in a
direct-injection spark-ignition CNG engine fitted with a variable swirl control valve. Energies 2017, 10, 964.
[CrossRef]

204. Evans, R. Extending the lean limit of natural-gas engines. J. Eng. Gas Turbines Power 2009, 131, 032803.
[CrossRef]

205. Chen, S.K.; Beck, N.J. Gas Engine Combustion Principles and Applications; SAE Technical Paper 0148-7191;
SAE International: Warrendale, PA, USA, 2001.

206. Aljamali, S.; Abdullah, S.; Wan Mahmood, W.M.F.; Ali, Y. The effect of injection timings on performance and
emissions of compressed natural-gas direct injection engine. J. Combust. 2016, 2016, 6501462. [CrossRef]

207. Wasiu, A.B.; Aziz, A.R.A.; Heikal, M.R. The effect of injection timing on the performance of natural gas
with a high carbon dioxide (CO2) content in a direct injection (di) gas engine. In MATEC Web of Conferences;
EDP Sciences: Ulis, France, 2014; p. 02027.

http://dx.doi.org/10.1016/j.fuel.2014.10.018
http://dx.doi.org/10.3923/jas.2012.2368.2375
http://dx.doi.org/10.1016/j.energy.2011.03.066
http://dx.doi.org/10.1243/09544070JAUTO976
http://dx.doi.org/10.1021/ef900452q
http://dx.doi.org/10.1080/00102202.2013.769785
http://dx.doi.org/10.3390/en10070964
http://dx.doi.org/10.1115/1.3043814
http://dx.doi.org/10.1155/2016/6501462


Energies 2018, 11, 2934 43 of 44

208. Zeng, K.; Huang, Z.; Liu, B.; Liu, L.; Jiang, D.; Ren, Y.; Wang, J. Combustion characteristics of a direct-injection
natural gas engine under various fuel injection timings. Appl. Therm. Eng. 2006, 26, 806–813. [CrossRef]

209. Liu, L.-X.; Huang, Z.-H.; Jiang, D.-M.; Ren, Y.; Wang, J.-H.; Wang, Q. Combustion characteristics of a direct
injection natural gas engine under various fuel injection timings. Trans. CSICE 2005, 5, 14.

210. Song, J.; Choi, M.; Kim, D.; Park, S. Combustion characteristics of methane direct injection engine under
various injection timings and injection pressures. J. Eng. Gas Turbines Power 2017, 139, 082802. [CrossRef]

211. Hagos, F.Y.; Aziz, A.R.A.; Sulaiman, S.A. Methane enrichment of syngas (H2/CO) in a spark-ignition
direct-injection engine: Combustion, performance and emissions comparison with syngas and compressed
natural gas. Energy 2015, 90, 2006–2015. [CrossRef]

212. Hagos, F.Y.; Aziz, A.R.A.; Sulaiman, S.A. Syngas (H2/CO) in a spark-ignition direct-injection engine. Part 1:
Combustion, performance and emissions comparison with CNG. Int. J. Hydrog. Energy 2014, 39, 17884–17895.
[CrossRef]

213. Firmansyah. Optimization of Injection Parameters in Compressed Natural Gas Direct Injection (CNG-DI) Spark
Ignition Engine; Universiti Teknologi Petronas: Tronoh, Malaysia, 2007.

214. Ehsan, M. Effect of spark advance on a gas run automotive spark ignition engine. J. Chem. Eng. 2010, 24,
42–49. [CrossRef]

215. Bell, S.R. Natural Gas as a Transportation Fuel; SAE Technical Paper 0148-7191; SAE International: Warrendale,
PA, USA, 1993.

216. Dimopoulos, P.; Rechsteiner, C.; Soltic, P.; Laemmle, C.; Boulouchos, K. Increase of passenger car engine
efficiency with low engine-out emissions using hydrogen–natural gas mixtures: A thermodynamic analysis.
Int. J. Hydrog. Energy 2007, 32, 3073–3083. [CrossRef]

217. Khan, M.A.H.; Qidwai, M.O.; Chausalkar, A. Effect of variable ignition and injection timing on emission
characteristics of SI engine using CNG and HCNG as fuel. Int. J. Adv. Mech. Eng. 2014, 4, 83–94.

218. Brower, M.; Petersen, E.L.; Metcalfe, W.; Curran, H.J.; Füri, M.; Bourque, G.; Aluri, N.; Güthe, F. Ignition
delay time and laminar flame speed calculations for natural gas/hydrogen blends at elevated pressures.
J. Eng. Gas Turbines Power 2013, 135, 021504. [CrossRef]

219. Kim, J.; Carley, D. Development of Direct Injection CNG Engine; Inha Technical College: Incheon, Korea, 2000.
220. Hagos, F.Y.; Aziz, A.R.A.; Sulaiman, S.A.; Mahgoub, B.K. Low and medium calorific value gasification gas

combustion in IC engines. In Developments in Combustion Technology; InTech: London, UK, 2016.
221. Tilagone, R.; Venturi, S. Development of natural gas demonstrator based on an urban vehicle with a

down-sized turbocharged engine. Oil Gas Sci. Technol. 2004, 59, 581–591. [CrossRef]
222. Hillstrom, D.R. Light Duty Natural Gas Engine Characterization; The Ohio State University: Ohio, CO, USA, 2014.
223. Ahmad, N.; Babu, M.G. Simulation and Experimental Studies on Combustion and Performance Characteristics

for a Turbocharged and Naturally Aspirated Multi-Cylinder Compression Ignition Engine; SAE Technical Paper
0148-7191; SAE International: Warrendale, PA, USA, 2006.

224. Hupperich, P.; Dürnholz, M. Time-Controlled Pilot Injection for Stationary and Heavy-Duty Gas Engines; SAE
Technical Paper 0148-7191; SAE International: Warrendale, PA, USA, 1997.

225. Ibrahim, A.; Bari, S.; Bruno, F. A Study on EGR Utilization in Natural Gas SI Engines Using a Two-Zone
Combustion Model; SAE Technical Paper 0148-7191; SAE International: Warrendale, PA, USA, 2007.

226. Ibrahim, A.; Bari, S. An experimental investigation on the use of EGR in a supercharged natural gas SI engine.
Fuel 2010, 89, 1721–1730. [CrossRef]

227. Sen, A.K.; Ash, S.K.; Huang, B.; Huang, Z. Effect of exhaust gas recirculation on the cycle-to-cycle variations
in a natural gas spark ignition engine. Appl. Therm. Eng. 2011, 31, 2247–2253. [CrossRef]

228. Nitnaware, P.T.; Ganvir, V.M. Design development and analysis of exhaust gas recirculation system for cng
fuelled si engine. IOSR J. Mech. Civ. Eng. 2015, 13, 27–35.

229. Ramasamy, D.; Zainal, Z.; Kadirgama, K.; Briggs, H.W.-G. Effect of dissimilar valve lift on a bi-fuel CNG
engine operation. Energy 2016, 112, 509–519. [CrossRef]

230. Soid, S.; Amir, S.; Ismail, M.; Hamid, M.; Amzari, M.; Said, M. Simulation studies on the performance of
small engine fuelled by methane and the effect of various valve timings. Indian J. Sci. Technol. 2015, 8.
[CrossRef]

231. Bell, S.R.; Gupta, M. Extension of the lean operating limit for natural gas fueling of a spark ignited engine
using hydrogen blending. Combust. Sci. Technol. 1997, 123, 23–48. [CrossRef]

http://dx.doi.org/10.1016/j.applthermaleng.2005.10.011
http://dx.doi.org/10.1115/1.4035817
http://dx.doi.org/10.1016/j.energy.2015.07.031
http://dx.doi.org/10.1016/j.ijhydene.2014.08.141
http://dx.doi.org/10.3329/jce.v24i0.5584
http://dx.doi.org/10.1016/j.ijhydene.2006.12.026
http://dx.doi.org/10.1115/1.4007763
http://dx.doi.org/10.2516/ogst:2004042
http://dx.doi.org/10.1016/j.fuel.2009.07.005
http://dx.doi.org/10.1016/j.applthermaleng.2011.03.018
http://dx.doi.org/10.1016/j.energy.2016.06.116
http://dx.doi.org/10.17485/ijst/2015/v8i30/87250
http://dx.doi.org/10.1080/00102209708935620


Energies 2018, 11, 2934 44 of 44

232. Suryawanshi, J.G.; Nitnaware, P.T. An Investigation on si Engine Using Hydrogen and CNG Blends; Department
of Mechanical Engineering, Visvesvaraya National Institute of Technology, Nagpur & DY Patil College of
Engineering: Pune, India, 2011.

233. Mohammed, S.E.; Baharom, M.; Aziz, A.R.A. Analysis of engine characteristics and emissions fueled by
in-situ mixing of small amount of hydrogen in CNG. Int. J. Hydrog. Energy 2011, 36, 4029–4037. [CrossRef]

234. Mohammed, S.E.; Baharom, M.; Aziz, A.R.A. The effects of fuel-injection timing at medium injection pressure
on the engine characteristics and emissions of a CNG-DI engine fueled by a small amount of hydrogen in
CNG. Int. J. Hydrog. Energy 2011, 36, 11997–12006. [CrossRef]

235. Tunestål, P.; Christensen, M.; Einewall, P.; Andersson, T.; Johansson, B.; Jönsson, O. Hydrogen Addition for
Improved Lean Burn Capability of Slow and Fast Burning Natural Gas Combustion Chambers; SAE Technical Paper
0148-7191; SAE International: Warrendale, PA, USA, 2002.

236. Hagos, F.; Aziz, A.; Sulaiman, S. Investigation of deposit formation in direct-injection spark-ignition engine
powered on syngas. Int. J. Automot. Technol. 2015, 16, 479–485. [CrossRef]

237. Kamel, M.M. Advanced Natural Gas Engine Advanced Natural Gas Engine Technology for Heavy Duty Vehicles;
US Department of Energy: Washington, DC, USA, 2014.

238. LandiRenzo. Epa Approval of Dual Fuel CNG System for Detroit Diesel 12.7l s60 Engine; Landi Renzo USA:
Torrance, CA, USA, 2013.

239. Wagemakers, A.M.L.M.; Leermakers, C.A.J. Review on the Effects of Dual-Fuel Operation, Using Diesel and
Gaseous Fuels, on Emissions and Performance; SAE Paper 2012-01-0869; SAE International: Warrendale, PA,
USA, 2012.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijhydene.2010.12.065
http://dx.doi.org/10.1016/j.ijhydene.2011.05.110
http://dx.doi.org/10.1007/s12239-015-0050-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


 
 

15 
 

 

CHAPTER 3 

 

 

 

SCOPUS JOURNAL  
 

 

Title: Application of The Chain Code and Fourier Analysis Techniques for The 
Investigation of Wrinkles and Distortions on Early Flames 

 

 

Journal: 

 

 

International Journal of Automotive and Mechanical Engineering 

 

 

Volume / Page Number: 

15/ 5709-5728 

 



International Journal of Automotive and Mechanical Engineering  

ISSN: 2229-8649 (Print); ISSN: 2180-1606 (Online) 

Volume 15, Issue 4 pp. 5709-5728 Dec 2018 

© Universiti Malaysia Pahang, Malaysia 

 

 

5709 

 

Application of The Chain Code and Fourier Analysis Techniques for The 

Investigation of Wrinkles and Distortions on Early Flames 

 

A. R. A. Aziz1, F. Y. Hagos2,3*, Y. T. Anbese1, M. R. Heikal4 and Firmansyah1 

 
1Center for Automotive Research and Electric Mobility (CAREM),  

Universiti Teknologi Petronas, 31750 Tronoh, Perak, Malaysia 
2Advanced Fluids Focus Group (AFFG), Faculty of Mechanical Engineering,  

Universiti Malaysia Pahang, 26600, Pekan, Pahang, Malaysia 
*Email: ftwi@ump.edu.my  

Phone: +6094246367; Fax: +6094246222 

 3Automotive Engineering Center (AEC), Universiti Malaysia Pahang, 26600, Pekan,  

Pahang, Malaysia,  
4School of Computing, Engineering and Mathematics, University of Brighton 

 

ABSTRACT 

 

The study of flame commencement and growth in SI engine has attracted the attention of 

many researchers due to its strong dependence to the in-cylinder flow and its capability 

to influence flame propagation characteristics in SI engines. Optical visualisation has 

been one of the prominent techniques utilized in this study of the early flame properties. 

This work shows the application of Elliptic Fourier analysis (EFA) and image processing 

tools for the investigation of the early flame details from its shape features. An endoscopic 

ICCD camera was used to capture the flame images, at an interval of 2° CA starting from 

ignition onset for a period of 30° CAs (about 3 ms), from a CNG DI single cylinder SI 

engine operation in stratified and homogeneous charge conditions. The intake 

configuration was adjusted to acquire tumble or swirl induction, and engine speed was 

made to vary between 1500 and 2100 rpm. The sequences of collected images were 

processed to investigate wrinkles, distortion and growth rate of the early flame within the 

3 ms combustion duration. Some tools of image processing, such as intensity 

enhancement, filtering, thresholding and boundary tracing, were applied. Once the flame 

boundary identified, it was chain coded, and elliptic Fourier function was utilised to 

characterise the contour. For this purpose, a computer programming code was proposed 

by the authors for automatic processing of the flame image data. The application of the 

elliptic Fourier analysis was found useful in the investigation of the early flame 

characteristics from its shape features; led to the portrayal of wrinkles and distortion 

levels quantitatively in a simpler way. 

 

Keywords: Chain code; elliptic Fourier analysis; image processing; wrinkles; early 

flame. 

 

INTRODUCTION 

 

The study of early flames in SI engine is important to investigate the interrelation of flame 

propagation with combustion performance and exhaust emissions. A better flame 

development improves combustion, which results in better fuel efficiency and reduced 

unburned hydrocarbon emissions [1]. 

mailto:ftwi@ump.edu.my
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Flame development period in an SI engine can be defined as the period in which 

up to 10 % of the fuel mass burned. The flame kernel growth is mainly dominated by the 

ignition system property when the flame is below 1 mm radius. The kernel expansion rate 

is more controlled by the balance between laminar flame speed and strain rate up to the 

size of 2 mm radius. Then after the flame kernel starts to interact with the surrounding in-

cylinder turbulent flow field. The fully developed flame structure property is acquired 

when the size reaches about 10 mm and in this period, the fuel fraction burned may reach 

up to 10% of the total mass [2]. 

Flame visualisation and experimental study of flame characteristics may require 

recording of the flame data directly or indirectly by imaging devices [3]. The light source 

for the illumination purpose can be the natural luminosity of the flame itself or an external 

light source such as a high-power laser [4]. The direct imaging can be done by flame 

region identification using the Planar Laser-Induced Fluorescence (PLIF) method by 

imaging exited radicals of combustion gas products. The imaging is at an appropriate 

laser wavelength, such as OH at 266 nm, or application of two-dimensional Mie scattering 

method to image seed particles in the flow outside the flame region because of the burning 

up of the seed particles in the flame region. The application of these methods for early 

flame imaging in which the small flame is wandering around by the flow in the cylinder 

is very difficult. The laser sheet must intersect the flame to get the flame boundary. 

Having a laser sheet at a specific location and small flame wandering here and there 

depending on the nature of the flow, it is very difficult to implement laser tomography 

for this specific study. Besides, applying laser tomography method for initial flame 

kernels could be impractical due to the nature of flame orientation In an actual engine 

combustion scenario [5]. Since the flame in the early stage of development is very small 

in size, it can be easily taken away from the spark centre by the surrounding airflow. This 

random position of the flame kernel attempts capturing it with a laser sheet very 

challenging [6]. 

Fibre-optic instrumented spark plug (FOSP) is one of the available techniques 

used to study flame kernel growth rate, as has been used by Ancimer et al. [7, 8]. This 

technique works with the recording of flame arrival time by the eight fibre-optics 

implemented at the periphery of the spark plug tip. Mathematical models are essential to 

construct 2-D flame kernel boundary from the arrival time signals. The most adopted 

models in this area are; an elliptic fit model that was developed by Kerstein and Witze 

[9], and the cubic-spline model by Lord et al. [10]. Since the model prediction lacks 

boundary details, this technique is not capable of identifying flame wrinkles and 

distortion correctly.  

Chemiluminescence and Schlieren imaging are still other possible techniques to 

apply for flame visualisation. Chemiluminescence technique depends on the imaging of 

electromagnetic radiation signal from combustion radicals because of the chemical 

reaction. In the investigation of the early flame kernel, this signal is too weak to identify 

clear flame boundaries as discussed in [11]. On the other hand, the Schlieren method has 

limited application in quantitative analysis of flame characteristics [12]; besides, it 

demands a large visualisation window on the engine cylinder.   

The choice of the techniques especially in SI engine applications boiled down to 

direct visualisation method. Direct visualisation method is the imaging of the early flame 

using its luminosity by CCD or high-speed camera. With the increase in technical 

capability of CCD cameras, image intensifiers and high frame rate video cameras, direct 

imaging of weak flames for quantitative analysis become more apparent. The high 

dynamic ranges of modern CCD cameras incorporated with the advancement of image 
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processing technology maximise the capability of the direct visualisation technique for 

flame kernel study [13]. With the presence of too much noise in the engine and the weak 

signal of the early flame kernel growth, interpretation of the flame behaviour and 

characteristics is the major challenge. The basic morphological parameters to be 

considered in the visualisation of the flame kernel description are the wrinkles level of 

the flame front and the global flame distortion. These physical parameters mainly 

influence the flame growth rate. The aim of this study is, therefore, to utilise chain code 

and elliptic Fourier analysis (EFA) tools to investigate the characteristics of the early 

flame development from its shape features. 

 

METHODS AND TECHNIQUES 

 

Image Acquisition 

 

Experimental work was performed to investigate wrinkles and distortion effects on the 

flame kernel caused by a change in engine speed and induction flow structures using the 

technique discussed earlier.  A chain code and elliptic Fourier analysis (EFA) was used 

to analyses the flame wrinkles and distortion. A single cylinder direct injection engine 

was made to operate at partial load using CNG fuel injected at 18 bars. The fuel injection 

was set at 90o before the top dead centre (BTDC) for the stratified charge and 180o BTDC 

for the homogeneous charge cases. The air-fuel ratio was controlled at the lean condition 

in both stratified and homogeneous charge combustion model [14]. The engine speed 

considered in the current study is from 1500-2100 rpm. Early flame development 

visualisation is challenging at lower end performance with the engine speed lower than 

3000 rpm as the luminosity of the flame is low [15]. The imaging system used was a 

HiSence 12 bit CCD camera equipped with Hamamatsu CA2098 image intensifier and 

AVL KARL STORZ M00060 30o endoscope to capture the flame image from the 

combustion chamber through a 10 mm hole on the cylinder head, as the installation shown 

in Figure 1 and the arrangement schematics in Figure 2.  

 

 
 

Figure 1. The imaging device fixed on the engine at an installation angle of 30o. 
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(a) 

 

 
(b) 

 

Figure 2. The CNG DI engine with the endoscopic optical access (a) complete and  

(b) clear cross-section of the piston along with injector and spark plug arrangement. 

 

The main consideration in the image acquisition system was the synchronisation 

of the imaging system with that of the engine operating speed and top dead centre (TDC) 

position sensors. The synchronisation of the external camera trigger signal by using the 

cam position as in input with the crank angle and TDC signal by the use of LabVIEW 

control program [16]. Figure 3 shows the schematics of all the sensors, the camera and 

the data acquisition system used in the current experiment. 
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Figure 3. Flame imaging setup [16]. 

 

The crank angle sensor generated a signal tick for every 0.5° rotation of the crank 

producing a total of 1440 ticks for every complete cycle (two revolutions). Out of this, 

another signal tick (TDC trigger) was generated by the crank angle sensor for every 

revolution. However, this signal could not match with the exact position of TDC due to 

the difficulty encountered during engine assembly. Therefore, there was an offset of 

126.5° CA between the TDC trigger signal and the exact TDC position, which was taken 

to be an initial delay in the calculation of the TDC position [17]. 

The TDC trigger signal was generated twice every complete cycle, one at the end 

of the exhaust stroke and the other at the end of compression stroke. Identification of the 

TDC at the end of the compression stroke was very important to define the exact position 

of the external camera triggering signal. The camshaft sensor with the help of the crank 

angle sensor was used to define the TDC position. This sensor was attached to camshaft 

wheel, and its signal was generated in every complete cycle. This signal was positioned 

at 31.5° after the compression stroke TDC. These all three signals were calibrated and 

synchronised with the help of a four-channel oscilloscope. Figure 4 shows the signal 

synchronisation of different sensors used for flame imaging. 

LabVIEW program was used to control the external camera triggering position 

taking the crank angle and cam position signals as an input from NI-DAQ system. Flame 

image was then captured starting from the onset of ignition for 20o CA at an interval of 

2o CA. A total of 30 flame images were captured at every required crank angle in order 

to get the average properties of the developing flame for that specific crank angle [16]. 
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Figure 4. Signal synchronisation of different sensors for flame imaging. 

 

Image Filtering 

 

Early flame kernels are flames of small sizes, about 5 mm radius, with intensity too weak 

to be visualised. In such case, digital imaging using CCD cameras have immense 

contribution to get the weak intensity flame visualized due to their high dynamic ranges. 

From these images, meaningful physical information can be derived through image 

processing and Fourier transform applications. 

Noise in digital imaging is unavoidable occurrences. Noise can occur during 

image capturing, transmission or processing. The thermoelectric cooling system in 

modern CCD cameras minimises thermal noises due to rise in temperature. Therefore, the 

first task to be considered in the flame image analysis can be the removal of noises from 

the images using digital filters. This leads to the implementation of a 2-D convolution of 

a filter function directly on the image in the spatial domain. For a square filter kernel size 

M×M with input image f(m,n) and filter function G(x,y), the output image is given by:  

 

g(m,n)= ∑ ∑ G(x,y)

M

2

y=-
M

2

M

2

x=-
M

2

f(m-x,n-y) 

(1) 

                                                          

The filter function used in this work was the 2-D Gaussian weighted average given by, 

 

G(x,y;σ)=
1

2πσ2
e

-
x2+y2

2σ2  
(2) 

 

where, 𝜎 is the standard deviation of the Gaussian function. 
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Image Binarisation  

 

Binarisation is a process of segmenting an image into an object and a background 

according to the gray level of image pixels using a specific threshold value. Pixels of the 

binary image categorised as black or white, or a logical value of ‘1’ or ‘0’.   

The important step in binarisation is to find the appropriate marginal value that 

can separate the foreground (or the object) from the background effectively. Sezgin and 

Sakur [18] made a comprehensive evaluation of around 40 thresholding techniques by 

categorising them into six groups according to their thresholding performance. The 

criteria they considered for every thresholding method were classification error, edge 

mismatch, relative foreground area error, modified Hausdorff distance, and region non-

uniformity. Out of the evaluated techniques, the histogram based Ostu thresholding 

method showed better performance, and due to its simplicity, it has been the most applied 

in the image segmentation process. 

Ostu thresholding technique was first introduced by N. Otsu in late 1970’s [19], 

and has been used for decades for image segmentation process in many areas; such as 

weld defect identification of radiographic images [20], and plant leaf classification [21]. 

It uses the statistics of the pixel intensity to identify threshold value in generating the 

binary images. Its simplicity to implement in an efficient algorithm for multiple images 

in an automatic segmentation process makes Ostu thresholding the most preferred 

method.   

The Ostu thresholding technique depends on the statistical distribution of gray-

level values of the image pixels. Assume a total of L gray levels represents the pixels 

intensity, and the number of pixels in the ith gray level is denoted by hi. With N to be the 

total number of image pixels, the probability of a pixel to be in the ith gray level is given 

by, 

 

Pi=
hi

N
 

(3) 

 

Now, let us classify pixels of the image into two classes; background and 

foreground. The background class contains pixels with gray level values range 0 to k, and 

the foreground class contains pixels of gray level range k to (L-1), in which k is the 

threshold value. Thus, the probability of class occurrence (ω), class mean (µ) and class 

variance (σ2) is given by: 

 

ω0= ∑ Pi ;       ω1=  ∑ Pi

L-1

i=k+1

k

i=0

=1-ω0 

 

(4) 

μ
0
= ∑

iPi

ω0

 ;     μ
1
= ∑

iPi

ω1

L-1

i=k+1

k

i=0

 

 

(5) 

σ0
2= ∑(i-μ

0
)

2
Pi ;  σ1

2= 

k

i=0

∑ (i-μ
1
)

2
Pi

L-1

i=k+1

 

 

(6) 



Application of The Chain Code and Fourier Analysis Techniques for The Investigation of Wrinkles and 

Distortions on Early Flames 

5716 

μ
T
= ∑ iPi  ;      σT

2 = ∑(i-μ
T

)
2
Pi

L-1

i=0

L-1

i=0

 

(7) 

 

where subscripts 0, 1 and T represent background, foreground and total classes, 

respectively. To identify the optimum threshold, it is important to look at the between-

class variance; 

 

σB
2 =ω0(μ

0
-μ

T
)

2
+ω1(μ

1
-μ

T
)

2
 (8) 

 

A threshold value that maximises the between-class variance (σB
2 ) is considered 

as the optimum threshold value for the formation of binary images, as discussed in [19]. 

Therefore, the optimum threshold value k is the one that gives maximum σB
2  for 1≤k≤L. 

 

Flame Boundary Tracing 

 

The pixels of the binary flame images identified by the Ostu thresholding method have a 

logical expression that can be black for object and white for the background or can be 

quantified as ‘1’ for the object (foreground) and ‘0’ for the background. For further flame 

image analysis, the boundary pixels of the flame images had to be identified using Moore-

neighbor tracing method. The algorithm is simple and can be implemented on the Matlab 

platform. It works by scanning the binary image along the columns starting from bottom 

left until the first object pixel (or ‘1’) is found. Then, returning to the immediate previous 

background pixel and trace clockwise around the neighbourhood of the object pixel 

identified earlier until another object pixel found. The algorithm terminates tracing when 

the first object pixel is met for the second time. Finally, the coordinates of all the pixels 

that constitute the closed boundary of the flame are identified.  

 

Elliptic Fourier Analysis and Chain Codes 

 

Elliptic Fourier analysis was first introduced by Kuhl and Giardina in the ’80s [22]. Since 

then it has been used in many identification and classification applications in plant and 

animal species studies [23, 24], and human anatomy studies [25]. The coefficients of EFA 

are functions of the shape of the flame boundary under consideration. The coefficients 

can be size invariant so that they define shape character in spite of size variations of an 

object. This code is very effective for data reduction process by minimising the boundary 

points used for reconstruction without affecting the ultimate shape, and also able to avoid 

details of the boundary by changing the harmonic levels. 

Chain coding is widely used as a standard input format for image shape 

description algorithms, such as EFA. It describes a 2-D image boundary via 1-D 

directional codes by forming a series of connected straight-line segments. H. Freeman 

[26] was the first to create this code, and his principle was based on the idea that any 

continuous curve can be represented by many small straight line segments and angles 

describing their directions. Any desired precision of curve prediction by the chain code 

can be obtained with a coarse angle representation and arbitrarily small distances of line 

segments.  

The Freeman chain-code, which is named after the inventor, can be constructed 

using 4-directional or 8-directional codes. The 8-directional code considers all the 

neighbouring pixels, and it is the most preferred to code any closed boundary. The codes 
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that represent the segmented lines are given by 0 1 2 3 4 5 6 7, and each code represents 

a specific direction of traversing to the next pixel throughout the boundary of the binary 

image until it returns to the starting pixel as illustrated in Figure 5. The segment size can 

be taken to be the step to the next pixel on the image boundary, which is equal to either 1 

or √2  pix. The outputs of the chain code are used as standard inputs for the EFA 

algorithm. 

 

 
 

Figure 5. Eight-directional Freeman chain code and depiction of the typical boundary of 

an image expressed by the code 22212070006675455433 [27]. 

 

Elliptic Fourier coefficients maintain a description of object boundary in a two-

dimensional space of the complex plane in which real and imaginary components 

represent each pixel in the image space. Thus, a curve in the closed boundary can be 

defined as: 

 

c(t)=X(t)+jY(t) (9) 

 

where 𝑡 is the arc length. Based on the general complex plane representation of curves by 

Eq. (9), it is possible to identify the Elliptic Fourier coefficients through Fourier series 

expansion. After some analysis, as detailed in the work presented by Nixon and Aguado 

(2008) [28], the x and y coordinates of the boundary points at t can be represented by the 

sum of the elliptic Fourier series: 

 

xN(t)=A0+ ∑ ancos (
2nπt

T
) +bnsin (

2nπt

T
)

N

n=1

 

 

(10) 

y
N

(t)=C0+ ∑ cncos (
2nπt

T
) +dnsin (

2nπt

T
)

N

n=1

 

(11) 

 

where the arc-length t is the step required to traverse one pixel along the closed contour; 

tp-1<t<tp for 1≤p≤k; k is the total number of codes describing the boundary contour; n is 

the number of Fourier series or the level of harmonics; T is the basic period of the chain-

code, that is T=tk; A0 and C0 are the bias coefficients. Setting A0 and C0 to be zero makes 

the center of the region under the closed boundary to be at the center of coordinate axis.  

The use of higher harmonic levels increases the description of details of the flame 

boundary in the reconstruction process. Lower frequencies, which contain the general 

feature of the boundary shape, are described by the lower harmonics; as a result, the total 

number of Fourier coefficients used to define the boundary is reduced. This technique 

 

..
. .
..
. .
. . . . . ... ....

Tracking clockwise: 22212070006675455433
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was found to be efficient in the approximation of the mean flame contour to quantify the 

level of the contour wrinkles. On the other hand, the high frequency details of the flame 

contour structure are revealed by the higher harmonic level reconstruction. The Fourier 

coefficients appeared in Eq. (10) and (11), at the nth harmonic level are obtained from; 

 

an=
T

2n2π2
∑

Δxp

Δtp
[cos (

2nπtp

T
) -cos (

2nπtp-1

T
)]

k

p=1

 

 

(12) 

bn=
T

2n2π2
∑

Δxp

Δtp
[sin (

2nπtp

T
) -sin (

2nπtp-1

T
)]

k

p=1

 

 

(13) 

cn=
T

2n2π2
∑

Δy
p

Δtp
[cos (

2nπtp

T
) -cos (

2nπtp-1

T
)]

k

p=1

 

 

(14) 

dn=
T

2n2π2
∑

Δy
p

Δtp
[sin (

2nπtp

T
) -sin (

2nπtp-1

T
)]

k

p=1

 

(15) 

 

where, ∆tp=√∆xp
2+∆y

p
2 and tp= ∑ ∆ti

p

i=1  in which ∆xp and ∆y
p
 are the spatial changes in 

the respective axis that can be identified from the chain code at point p of the flame 

contour. ∆tp is the step change that is required to travel from point (p-1) to p in the chain 

code. tp is the total number of steps required to travel up to point p in the chain code.  

The elliptic Fourier coefficients contain non-redundant information. They can 

uniquely describe shapes of closed contours by representing dimensions of the ellipse at 

each harmonic level, as illustrated in Figure 6. 

 

 
 

Figure 6. Representation of the Fourier coefficients in the harmonic ellipses. 

 
The x- and y-coordinates are computed separately using Eq. (10) to (15), and the 

shape of the object can be recreated by combining these coordinates for identical value 

of t, as shown in Figure 7. As discussed earlier, the elliptic Fourier coefficients represent 

an ellipse at any level of harmonic. The ellipses at lower harmonic levels are bigger to 

an

-an

-cn

cn

dn
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describe the general shape of the boundary. As the harmonic level increases the size of 

the harmonic ellipse drops, and thus the details of the flame contour will be revealed. The 

sum of the series of harmonic ellipses at the different levels converges into a polygon that 

represents the given contour, as portrayed in Figure 8 for a typical flame. The level of 

harmonics defines the features of the reconstructed flame contour. The higher the 

harmonic levels, the higher the chance of revealing contour details. Figure 9 shows the 

reconstructed flame contour of the typical flame image shown in Figure 8(a) at different 

harmonic levels; the exact reconstruction of the flame contour was found at the 120th 

harmonic level. Table 1 shows the Fourier descriptors of the first ten harmonic levels. 

 

 
 

Figure 7. The complex curve representation from the two coordinates. 
 

 
(a) 

 

 
(b) 

 

Figure 8. (a) Binary image of a typical flame and its contour (b) Harmonic ellipses for 

the first 10 harmonic levels of the flame boundary shown in (a). 
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Figure 9. Reconstructed flame contour at different harmonic levels. 

 

Table 1. Fourier descriptors of the first ten harmonic levels. 

 

Harmonic 

level 
an bn cn dn 

1 -96.9337 -0.4725 -4.7904 76.2928 

2 7.4116 4.2382 -4.2777 -9.0534 

3 -2.0552 4.6294 4.9356 -0.0781 

4 -3.8106 2.0718 3.4938 5.6907 

5 -3.9951 0.6284 0.1699 1.579 

6 -1.4266 2.0469 1.1297 2.9539 

7 -1.4179 -1.924 0.1514 2.1478 

8 1.2555 -2.0859 1.3608 0.8021 

9 0.8262 1.2002 0.9225 1.514 

10 -0.2626 -0.1611 0.5201 0.4741 

 

Reconstruction of flame contours using EFA is performed by summing up a series 

of harmonic ellipses, like the one shown in Figure 8(b). The extent to which the wrinkles 

detail of the contour to be included in the reconstruction depends on the number of 

harmonic levels considered. Such details of the flame boundary are achieved by the 

inclusion of the small-sized harmonic ellipses whose major radius is less than 1% of the 

equivalent flame radius, as observed from the analysis of few flame images. Therefore, 

the 1% threshold was set to be the cut-off harmonic level to identify the mean contour. 

Figure 10 shows the mean contour of a typical flame identified by the 1% threshold value 

superimposed on the wrinkled flame contour. Once the mean flame is identified the 
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wrinkles level can be approximated from the standard deviation (STD) of the 

displacements of the boundary points from the mean to the wrinkled flame contour. 

 

 
 

Figure 10. Mean flame contour superimposed on the wrinkled one. 

 

ANALYSIS AND DISCUSSION 

 

A total of 30 flame images were collected at every set crank angle with a 2o CA interval 

starting from 0.5o CA after ignition onset (38o CA BTDC) up to 10o CA BTDC. The series 

of collected images portrayed the development stage of the flame kernel within 3 ms after 

ignition onset. The authors developed a computer code to examine a large number of 

collected flame images quantitatively in an automatic manner. The flame wrinkles level, 

distortion and growth rate in the early development stage were the parameters 

investigated by the technique discussed earlier in this work.  

 

Flame Wrinkles 

 

Figure 11 shows the degree of wrinkles obtained for the tumble and swirl induction for 

both stratified and homogeneous charge combustions at different engine operating speeds 

ranging from 1500 to 2100 rpm. The wrinkling level was identified from the standard 

deviation of the Euclidean distances between similar boundary points of mean flame and 

turbulent flame contours. The fundamental wrinkles formation behaviour was shown 

differently in stratified and homogeneous charge combustion cases. In the stratified 

charge combustion, both tumble and swirl inductions exhibited the occurrence of a direct 

relation between wrinkles formation and engine speed; whereas, homogeneous charge 

combustion showed the opposite.  

The level of small-scale turbulence and the air-fuel ratio at the surrounding of the 

spark electrode play a major role in the formation of wrinkles on the early flames [2]. A 

higher degree of wrinkles could be exhibited with lean fuel-air due to the relatively lower 

burn rate as compared to the wrinkling rate caused by turbulence. Then again, increasing 

of the engine speed could increase the turbulence intensity inside the cylinder [29, 30], 

which facilitates the flame wrinkles formation [31]. Therefore, it can be affirmed that the 

trade-off between the fuel-air mixture leanness and the degree of turbulence caused as a 

result of variation of engine operating speed at the time of ignition is the determinant 

factors of the level of the early flames shown in Figure 11. The maximum degree of 

wrinkles is observed in the early flames in the homogeneous charge combustion with an 

engine speed of 1500 rpm. The fact that the local fuel-air ratio of the mixture is richer or 

close to stoichiometric near the spark electrode region with a stratified charge, the degree 

of wrinkles tends to increase with an increase in engine speed [27].   

                

Mean flame 
contour 
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flame contour 
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(d) 

 

Figure 11. Flame wrinkles measurement in (a), (b) tumble induction and; (c), (d) swirl 

induction. 

 

Flame Distortion 

 

The measure of global change in the flame structure is called flame distortion [27, 32]. 

The computer programming code is developed to evaluate the flame distortion degree of 

the early flame by processing of the successive images taken in the region of ignition 

onset. The factors affecting the flame distortion of the early flame are the interaction with 

large-scale flow structures, the local quenching of the flame having contact with cold 

surfaces such as spark electrodes and the hydrodynamic strain effects of the in-cylinder 

bulk flow [33].  

The flame distortion level was measured by the ratio of the flame perimeter to the 

perimeter of a circle whose radius is the equivalent radius of the flame. Similar techniques 

were used in the works of [6], [7], and [34]. To eliminate the influence of the small-scale 

local curvatures created by the wrinkles, a mean flame boundary was used for the 

calculation of flame distortion degree in the current work. Figure 12 shows early flame 

distortion measured by the techniques discussed earlier at the different engine operating 

speeds and induction flows for both stratified and homogeneous charge combustions. It 

was observed that the degree of flame distortion increased with an increase in engine 

operation speed in all engine operating conditions. This increase in the degree of flame 

distortion is as the result of the mean bulk velocity. Within the first 1.5 ms duration after 

the start of ignition, there was no significant global change in the shape of the flame 

observed especially in the tumble induction. Though insignificant, swirl intake showed 

higher flame distortion than the tumble intake. This might be due to the presence of large-

scale eddies near compression TDC in swirl intake configuration, because of its lower 

turbulence decaying rate compared to tumble induction. On the other hand, flame 

distortion behaviour did not show significant changes between the stratified and 

homogeneous charge combustion cases.  
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(d) 

 

Figure 12. Flame distortion measurement in (a), (b) tumble induction and; (c), (d) swirl 

induction. 

 

Flame Growth Rate 

 

The rate of flame growth was measured by the rate of change of equivalent radius of the 

mean flame. The flame kernel growth rate varies with the wrinkles and distortion 

conditions of the flame. Wrinkles can increase flame surface area. As a result, burning 

rate increases. The flame growth rate can also be affected by the position of the small 

flame at the early stages of combustion. Contact of the flame kernel with the relatively 

cold surfaces, such as spark electrodes, quenches the small flame globally or locally. This 

might affect the growth rate of the early flame.   

Figure 13 shows the average flame growth rate during the development period for 

stratified and homogeneous combustion cases. It can be observed in Figure 13 (a) that in 

the stratified charge combustion, tumble induction showed a better growth rate than the 

swirl induction especially with the rise in engine speeds. This report is supported by 

Gunasekaran and Ganesan [35] findings that showed tumble intake with the late injection 

would provide better mixture formation and combustion characteristics. The sequence of 

flame images within 2.4 ms after ignition onset for the tumble induction, stratified 

combustion at the highest engine speed of 2100 rpm. 
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(b) 

 

Figure 13. Average flame growth rate at the different engine parameters of (a) stratified 

charge combustion, (b) homogeneous charge combustion. 

 

On the other hand, inhomogeneous charge combustion, swirl induction caused for 

the highest flame growth rate performance, whereas tumble induction showed almost no 

variation with change in engine speed as shown in Figure 13 (b). It was also observed that 

homogeneous swirl combustion had the fastest growing flame in the early combustion 

period, and the rate was increasing much more with engine speed.  

 

CONCLUSION 

 

Early flame characteristics of a CNG DI SI combustion was investigated using image 

processing and elliptic Fourier analysis methods. This technique was used to overcome 

the drawback of the conventional Fourier analysis method for the flame contour 

characterisation such as divisions being equal on the construction of contours, the method 

being dependent on coordinate and requirement of multi-valued function for defining of 

complex contours. The technique chosen was effective in the description of flame shape 

features for the approximation of wrinkled and mean flame boundaries; from which level 

of wrinkles, distortion and growth rate of the early flame obtained. This study summarises 

that the early flame growth rate depended not only on the intake configurations (tumble 

or swirl) but also on mixture level of stratification or homogeneity. The technique used 

in this work is found effective because of its simplistic algorithm to process multiple 

flame data automatically. It has overcome the limitations of the conventional Fourier 

analysis method to provide a quantitative flame description from the qualitative flame 

image. 
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ABSTRACT 

The growth of the world population as well as the ever-advancing development of the 
developing countries into industrialized countries leads to an increasing demand for 
energy and raw materials. As energy production increases, the emissions emitted increase 
as well. To counteract this pollution, the states adopt measures to reduce air pollution. 
The car industry is also affected. Lowering both, CO and NOX is the challenge. One 
possibility for the internal combustion engine is the use of alternative fuels to achieve this 
goal. These can reduce the emissions incurred. One alternative fuel is synthetic gas which 
consist primarily of hydrogen, carbon monoxide and often carbon dioxide. Using this gas 
the unburned hydrocarbons will decrease and an increase in thermal efficiency is to 
observe. To produce syngas, there are many reforming processes, each with its own 
benefits and disadvantages. This project has the task of designing an inline reformer for 
producing syngas in a retrofitted Otto internal combustion engine with natural gas. The 
fuel supply of the internal combustion engine has to be completely converted to a natural 
gas - syngas mixture. The engines demand for fuel should inherit a maximum amount of 
15% syngas which will be mixed to the prime source, natural gas, after conversion. 
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ABSTRACT 

 

Dimethyl Ether (DME) is a renewable fuel produced by the gasification of biomass 
substances. The first gasification process is carried out at years 1659. It is a potential fuel 
for replacing old generation diesel fuel. DME is also being concerned as new burning 
resources as it has low pollution and is less greenhouse emitting fuel as compared to crude 
oil.  However, there is a limitation in achieving this target as the fuel is not available in 
large scale or mass production. This project aims to achieve the objective of producing 
50 kg of DME per days by using a simple one-step dimethyl ether synthesis plant. Oil 
Palm Trunk (OPT) was selected as the main biomass material as this material is easily 
obtainable in Malaysia with large quantities. The simulation of this practice was done 
using Aspen Plus software. By supplying the feed OPT up to 30 kg/hr, the simulation was 
able to obtain a DME production of 0.0882 kmol/hr. The analysis result shows that lower 
temperature favors the formation of DME. At higher temperature, the reactions of DME 
synthesis counter back and turn into Carbon monoxide and hydrogen gas. The maximum 
mole of DME produced at a temperature of 280oC in this simulation with the total amount 
of 0.0882 kmol/hr. The DME also have higher yield percentage at a moderate pressure 
range of 1 Mpa to 2 Mpa compare to lower pressure. 
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ABSTRAK 

 

 

Dimetil Eter (DME) adalah bahan api yang boleh diperbaharui dihasilkan daripada 
pengegasan bahan biomass. Proses pengegasan yang pertama diperjalankan pada tahun 
1659. Ia adalah bahan api yang berpotensi untuk mengantikan minyak diesel generasi 
lama. DME juga dikhuatirkan sebagai sumber bahan api yang baru disebabkan kadar 
pencemarannya rendah dan ia adalah bahan api yang menyebabkan 0 kesan rumah hijau 
apabila dibandingkan dengan minyak mentah. Walau bagaimanapun, minyak ini terdapat 
batasinya disebabkan ia tidak didapati dalam hasilan skala besar dan pengeluaran besar-
besaran. Matlamat projek ini adalah untuk mencapai objektif untuk menghasilkan 50kg 
dimetil eter sehari dengan menggunakan kilang sintesis satu langkah dimetil ether. Batang 
pokok kelapa sawit (OPT) dipilih sebagai bahan biomass yang utama dalam simulasi ini 
disebabkan ia mudah diperolehi dalam kuantiti yang besar di Malaysia. Praktis simulasi 
ini dijalankan dengan mempergunakan teknologi Aspen Plus. Dengan bekalan OPT 30kg 
sejam, simulasi ini dapat memperolehi produksi dimetil eter sebanyak 0.882 kmol sejam. 
Hasil analisis menunjukkan suhu rendah memihak kepada formasi dimetil eter. Pada suhu 
yang lebih tinggi, reaksi sintesis DME and dikaunter balik dan bertukar menjadi karbon 
monoxida dan gas hidrogen. Mole produksi DME adalah tertinggi pada suhu 280oC dalam 
simulasi ini dengan jumlah produksi sebanyak 0.882 kmol sejam. Produksi DME juga 
adalah tinggi pada tekanan sederhana iaitu sekitar 1 MPa ke 2 MPa berbanding dengan 
tekanan yang rendah.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 INTRODUCTION 

In the current study, an equilibrium model of downdraft gasification of OPF was 

developed in order to facilitate prediction of syngas composition for a range of operating 

conditions. Experimental data from the current study was used to validate the model 

results. The results from the model of the gasification process are used for optimization 

of the process in terms of three independent operating parameters of the gasification 

process (temperature, equivalence ratio, and moisture content). The resulting syngas 

heating value, gasification efficiency as well as suitability as automotive fuel in terms of 

cleanliness are investigated. The following concluding remarks and future 

recommendation are provided. 

 

5.2 CONCLUSIONS 

In a nutshell, the objective to produce 50 kg of DME per days for the purpose of mass 

production is achieved. In further, this volume of production can further be enhanced by 

improving current technologies on gasification process and also DME synthesis 

processes. OPT is chosen in this simulation as OPT is large in scale and available in a 

large amount when the Oil Palm the value of the tree is used up. Although other material 

also can be used for this purpose, Oil Palm Trunk is easier to achieve as Malaysia is one 

of the main production places for oil palm making more possible for large production. 

The process intensification can be used, in addition, to produce useful side substances.  

By using Aspen Plus simulation, a plant model for the large production of DME is 

simulated. The total DME produced from the simulation result are 0.093 kmol per hours; 

this amount sums up to 2.236 kmol of DME for one day or equivalent to 103 kg of DME 

production.  Although the objective of this project is achieved, there are many 

improvements can be done to this simulation. One of the main improvements that 
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should be made is to improve the cycle efficiency.  As stated in the discussion earlier, the 

rate of DME conversion is quite low although the hydrogen and carbon monoxide gas 

convert fully into carbon monoxide and methanol solution. This means the etherification 

process in this simulation has to be enhanced. 

 

5.3 RECOMMENDATIONS 

 

In this project, the energy analysis for all chemical equation that occur is not considered. 

For future study, energy analysis of all processes should be considered in making a 

decision and to determine the accuracy of the simulation flow. Economic analysis of the 

simulation should also be done to predict on the profit of this simulation to consider the 

suitability of this design to be executed.  The efficiency of the cycle should also be 

increased to increase the productivity of the DME to achieve an even higher level of 

production. The simulation can also be improved by adding processes such as process 

intensification and recycle process into the flow sheet. 
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