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Abstract: Natural gas has been successfully applied to the operation of internal combustion engines (ICEs)
in various applications including automotive vehicles and generator sets, and is becoming a promising
alternative fuel in ICEs due to its advantages such as the excellent knock resistance, stable combustion
process, and low pollutant emissions. The operation cost of vehicles using natural gas engines (NGEs) is
remarkably reduced, as the price of natural gas is over 50% lower than that of gasoline or diesel fuel. This
review describes three stages of the NGEs development followed by discussions of natural gas resources,
mechanisms underlying structural design and combustion process of NGEs, as well as different technologies
applied in NGEs. The scientific guidance for research and development of NGEs is also provided in this
review.
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1. Introduction

More and more attentions have been paid to the crisis of energy and climate change in the world.
Stricter and stricter policies and regulations have been applied by governments of many countries due to over
20% pollutant emissions coming from automotive vehicles. Driven by the low cost, abundant resources, and
desires to reduce the carbon emissions, it is expected that more natural gas would be put into application of
automobiles in near future [1].

Natural gas vehicles (NGVs) were on the market in the 1930s, and their development has been lasted for
near a hundred years. The technologies of NGVs are becoming mature, and easy to use after development in
recent years [2]. The advanced electronic control and manufacturing methods have led to the high
performance, safety, and reliability of NGVs. The driving distance of NGVs from 50—70 kilometers in early
years has been increased to near a thousand kilometers today. The weight of natural gas tank and the size of
filling station have been greatly reduced, and the network of filling stations has been gradually built up [3].
As aresult, it is as convenient to fill NGVs as gasoline or diesel vehicles.

In this review, three stages of natural gas engines’ (NGEs) development are briefly described. The
natural gas resources are outlined. The mechanisms underlying structural design and combustion performance
of NGEs are examined. The technologies that can be applied to NGEs are discussed respectively. It is hoped
that this review work can provide a good reference to scholars and engineers in automotive engineering field.

2. Engine Development and Resources of Natural Gas

There are two main factors on application of natural gas engines. One is the natural gas engine
development, and the other one is the availability of natural gas resources [4—6].
2.1. Natural Gas Engine Development Stages

At the present time, the third generation of NGEs has been put into mass production. As the time goes
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by, the development of NGEs [7] can be roughly divided into three stages or generations based on the natural
gas intake methods. A mixer located in the intake pipe was used in the first generation of NGEs. In the second
generation of NGEs, an approach of port natural gas injections was applied. The technology of direct cylinder
natural gas injections is applied to the third generation of NGEs [8].

2.1.1. The First Generation of Natural Gas Engines (NGEs)

An intake pipe mixer was used in the first generation of NGEs. The air and natural gas were supplied to
the mixer at the same time [9]. This approach of natural gas supply was simple, but the amount of natural gas
admitted into the cylinder could not be controlled precisely. In general, there were three methods to control the
concentration and flow rate of the air and natural gas mixture in the first generation of NGEs. (1) Under the
condition that the flow passage cross section of natural gas remained constant, the mixture concentration was
adjusted by controlling the natural gas inlet time. (2) Under the condition of constant natural gas inlet time, the
mixture concentration was controlled by changing the area of cross section of natural gas flow passage. (3) The
natural gas flow rate was controlled by adjusting the pressure of the natural gas supplied. The mixture flow rate
was adjusted by an intake throttle valve in the intake pipe for the above mentioned three control methods. The
mixture in the cylinder was ignited by the spark plug, followed by the flame propagation.

2.1.2. The Second Generation of NGEs

An approach of port natural gas injections was used in the second generation of NGEs. The port natural
gas injector was near the intake valve located in the engine’s intake port or manifold [10]. Based on the
engine operation requirements, the injector was manipulated by the engine electronic control unit (ECU),
which could precisely control the amount of the natural gas injected at the constant injection pressure,
followed by attainment of better combustible mixture than that in the first generation of NGEs. The air flow
rate was adjusted by the intake throttle valve in the intake pipe. The ignition and combustion processes were
similar to those in the first generation of NGEs. In addition, the technologies of exhaust gas recirculation
(EGR) and Miller cycle could be used in the second generation of NGEs. The three-way catalysts (TWC)
could be combined with the exhaust after treatment system (ATS) to reduce the engine pollutant emissions.

2.1.3. The Third Generation of NGEs

In the third generation of NGEs, the technology of direct cylinder natural gas injections was applied,
which could precisely control the mixture concentration and flow rate [11]. The intake throttle valve in the
intake pipe was removed. The natural gas was directly injected into the cylinder by using an electronically
controlled injector and mixed with air to form combustible mixture. Based on the mixture distributions [12],
different combustion mechanisms were formed, such as the diffusion combustion, stratified combustion, and
homogeneous combustion. There were two basic approaches of mixture ignition [13]. One was that the mixture
was ignited by the spark plug, followed by flame propagation. The other one used the dual fuel system, in
which a small amount of diesel was injected into the cylinder. The diesel was compressed to ignition, and the
mixture was ignited by the ignition flame. The technologies of EGR and Miller cycle could also be used in the
third generation of NGEs. In addition, particulate traps and TWCs were used in the exhaust system to reduce
the emissions of particulate and other harmful substances in the third-generation of NGEs.

2.2. Natural Gas Resources

Similar to crude oil and coal, natural gas is a fossil fuel stored in the Earth's crust. The natural gas is
called the oil gas if accompanied with oil, the coal derived gas if related to coal, and the biogas or the organic
hydrocarbons if broken down by organic bacteria. The composition of natural gas varies depending on the
location of its resources.

2.2.1. Natural Gas Based on Fossil Fuels

An ICE is a power machine in which fuel is burned, and the heat energy generated by the combustion is
converted into the mechanical energy. A gaseous fuel engine is an ICE that burns fossil gaseous fuels
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including the compressed natural gas (CNQG), liquefied natural gas (LNG), and liquefied petroleum gas
(LPG). Due to the increasing pressure of oil shortage and the global environmental pollution in recent years
[14], people urgently hope to find the economic, clean, and safe fuels to replace petroleum fuels, which
makes gaseous fuel enter a period of rapid development [15].

2.2.1.1. Compressed Natural Gas (CNG)

Simply speaking, NGEs are fueled by natural gas. The methane content of natural gas is generally above
90%, which makes it a good fuel for automobile engines. At present, natural gas is recognized worldwide as
the most realistic and technically matured alternative fuel for gasoline and diesel fuels. At the same time, the
popularized and applied vehicles, which can burn CNG or CNG gasoline dual fuel, are referred to as CNG
vehicles. In the future, neat natural gas automobiles will be vigorously promoted. The CNG can be obtained
by multi-stage compression after the dehydration, desulfurization, and purification treatment. The gaseous
status is used in the ICEs. Natural gas used in vehicles has no difference from civil and industrial natural gas
except that it is compressed to a high pressure [16]. In general, the CNG refers to the natural gas compressed
to about 20-25 MPa.

The CNG automobile fuel system usually includes the natural gas cylinder, pressure regulator, valves
and fittings, mixer (or natural gas injection device), electronic control devices, and others. The CNG cylinder
is one of the main units of CNG vehicles. The setting and production of natural gas cylinders are controlled
by strict standards [17,18].

The CNG vehicle gas cylinders can be characterized into several types, i.c., (1) it is an all-metal cylinder
made of steel or aluminum, (2) the inside is made of metal lining, and the outside is wound with a fiber ring,
(3) the inside is made of thin metal lining, and the outside is completely wound with fiber, (4) it is entirely
made of nonmetallic materials, such as fiberglass and carbon fiber.

2.2.1.2. Liquefied Natural Gas (LNG)

The liquefied natural gas (LNG) is a cryogenic liquid fuel that can be used at atmospheric pressure, and
is the most economical way for transporting natural gas over long distances [19]. Impurities including
nonhydrocarbon gases and water in the natural gas are removed. When the natural gas is cooled to
approximately —160 ° C, heavier hydrocarbons are also removed using high level refrigerants to prevent
freezing and equipment damage. The residue gas mainly composed of methane is further cooled until
completely liquefied. By liquefaction, the natural gas only occupies the 1/600 volume required for the same
amount of natural gas at room temperature and atmospheric pressure. The LNG is stored in double walled
tanks at atmospheric pressure. The inner wall is in contact with the LNG and is made of cryogenic materials.
The outer wall is generally made of steel. The space between two tank walls is filled with insulation materials.

2.2.1.3. Liquefied Petroleum Gas (LPG)

Liquefied petroleum gas (LPQG) is a colorless and volatile gas obtained by pressurizing, cooling, and
liquefying of refinery gas or natural gas (including oil field accompanied gas).

Natural gas is generally stored in liquid crude oil and hard, closed rocks (sedimentary rocks).
Sometimes, when the pressure there is high, the gas may dissolve in the crude oil. Although natural gas is
generally found near or accompanying with crude oil deposits, it is not a component of crude oil. Natural gas
is an independent gaseous fossil fuel and can be found either alone or in coal seams.

The main components of natural gas are methane, ethane and propane. They can all be burned in ICEs.
The percentage of each gas component varies depending on the area in which it is found. Natural gas can also
contain trace amount of other components, such as carbon dioxide, nitrogen, and sulfur compounds. The
content of these substances and other components must meet the relevant requirements of the vehicle natural
gas standards [20]. Common natural gas parameters for engines are shown in Table 1:
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Table 1. Common natural gas parameters of engines.

Natural Liquefied Petroleum Diesel (C,;H,,as a Gasoline (CiH  as a

Fuel Type Gas (CH,) Gas (LPG) Representative) Representative)
Normal density kg-m™ ?g’;:;é)ui) 580 830 720-750
Boiling point °C -161.5 -100 170-350 30-190
Theoretical air-fuel ratio (kg/kg) 17.2:1 - 14.3:1 14.8:1
Low calorific value MJ kg™ 49.81 459 42.50 43.90
Octane (ROM) 130 100-110 23-30 80-99
Cetane number 0 40-60 27
Burning limit (volume) % 5-15 1.5-9.5 1.58-8.2 1.3-7.6
iﬁ?hﬁﬁﬁiﬁiéﬁd% 537 450 250 390-420
Flash point °C -43 - -187 60

In Table 1, the octane number refers to the volume fraction of isooctane contained in a standard fuel
with the same explosive resistance as gasoline. And the low calorific value refers to the heat released when
the flue gas is cooled to its original temperature after 1 cubic meter of gas is completely burned, but the water
vapor in the flue gas is still in the state of steam.

2.2.2. Shale Gas

Natural gas in absorbed and dissociated status is referred to as shale gas, which mainly exists in the rich
organic matter shale and its interlayer. Therefore, shale gas is a clean and high efficient energy resource with
methane as its major chemical composition. Compared to the conventional fossil based natural gas, shale gas
is called the unconventional natural gas [21].

In recent years, more and more shale gas reserves were found in many countries. With the mature of
exploration and development technologies of shale gas, its production has increased rapidly and drastically [22].
The major reserve countries worldwide have put more and more efforts on shale gas exploration and
development.

Besides, shale gas has the advantage of long extraction life and long production cycles [23]. Shale
hydrocarbon sources are often widely distributed in different thickness in basin areas. Each formation and
enrichment of shale gas has its own unique characteristics. Generally, most shale gas wells can produce gas at
a stable rate over a long period of time.

2.2.3. Combustible Ice

Natural gas hydrate is an ice like crystalline substance formed by natural gas and water under high
pressure and low temperature conditions, which is called "combustible ice", as it looks like ice and burns
when it meets fire. Natural gas hydrate deposits under the deep sea or land in the permafrost, with abundant
reserves [24,25]. It generates only a small amount of carbon dioxide and water after burning, and the
pollutant emissions is far less than coal, or oil. It is thereby recognized worldwide as the replacement of
energy resources, i.e., oil. Combustible ice is not ice, but a naturally occurring compound with a cage like
microstructure. Combustible ice, as it is commonly known, has a structure that looks like ice and can burn
when exposed to fire. Therefore, this kind of natural gas hydrate is also called "solid gas" or "gas ice".

3. Natural Gas Engines

Natural gas is a clean fuel. The pollutant emissions of NGEs are much lower than those of gasoline or
diesel engines. For example, compared to gasoline engines, the exhausts of NGEs contain no sulfide or lead,
and the carbon monoxide is reduced by 80 percent, hydrocarbons by 60 percent, and nitrogen oxides by
70 percent. As a result, many countries have taken the development of NGVs as the important means of
reducing air pollution [26].
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NGEs have significant economic benefits. They can reduce the operating cost of automotive vehicles [27].
At present, the price of natural gas is much lower than that of gasoline or diesel fuel. The fuel expenses can
be generally reduced by more than 50 percent if using natural gas. Due to the price difference between
gasoline or diesel and natural gas, the cost of upgrading from a gasoline or diesel vehicle to an NGV can be
recouped in a few months.

The maintenance costs of NGEs can be reduced. After the engine uses natural gas as fuel, the engine
service life can be prolonged, due to its smooth operation, low noise, and no carbon accumulation. The
lubricating oil and spark plug of gasoline engines can be carried over by NGEs, so that it can save more than
50 percent of the maintenance cost [28,29].

NGVs are safer than gasoline vehicles [30]. First of all, natural gas has a high ignition point (above 650 °C),
223 °C higher than the gasoline ignition point (427 °C), so that it is not easy to ignite compared with the
gasoline. Secondly, the density of the natural gas is low, with a relative density of 0.48 to air. The natural gas
leaked can be dispersed quickly into the air, making it difficult to form a concentration that burns on fire. And
then, the natural gas octane number is up to 130, much higher than the current best auto ignition octane
number of 96 in engines, which thereby has good anti-explosion performance. Next, the natural gas has a
narrow explosion limit, only 5—15% in the natural environment. Therefore, it is very difficult to form this
condition. When compressed natural gas leaking from a container or pipeline, the release process of the high
pressure gas is a heat absorption process and a low temperature zone is quickly formed around the draining
hole, making it difficult to ignite the nature gas. Finally, more accessories are required to use in CNG engines
than those in gasoline engines.

The strict technical standards for NGVs have been set up in many countries. These technical standards
cover many areas, from the design of the filling stations, the production of gas storage cylinders [31], and the
manufacturing of modified vehicle parts, the installation and commissioning of NGVs. Strict security
precautions should be considered in the design [32]. For the parts used in high pressure system of NGVs, the
safety factors are selected 1.5—4 or above. A safety valve is installed on the pressure regulator and the gas
cylinder, and emergency gas shut off devices are installed in the control system. Special inspection should be
carried out before the gas cylinder leaves the factory. After the conventional inspections, the gas cylinder
needs to be inflated for the tests of fire, explosion, falling, shooting and others. Only after all qualified, can it
be used in the factory [33].

3.1. Mechanism of Natural Gas Engines

The mechanism of NGEs is similar to that of gasoline or diesel engines, except for the fuel used. Some
structural redesign and new devices are required for NGEs [34,35]. The following will explain some of the
major changes in details.

In general, NGEs use LNG or CNG. The working mechanism of an LNG engine is shown in Figure 1.



6 of 15

Intercooler

Aircleaner

Pre throttle

Booster
pressure
sensor

A ccelerator pedal

Lowpressure filter

Ignition coil{[ |

Gasgﬁxer

T ——

Gas pressure
sensor

sensor

|

g

' Tempenture Water
throttle manifold _“Spark plug temperature Booster
i body absolute Sensor control
pressure valves

Camshaft
position
sensor

Crankshaft
position
sensor

pressure

Turbocharger

T\Vide range
i &

oxygen sensor

Muffler

\_)U’_'
Low pressure gas
solenoid valve Buffer tank Mechanical voltage regulator Vaposizer

= j—{f‘ )

>
L ssssssssm Exhaust line

——— Control signal connection
Natural gas cylinder

Natural gas pipeline

Airline

Figure 1. Working principle of liquefied natural gas (LNG) engine.

LNG enters the vaporizer from the gas cylinder to get heated and vaporized, and then enters the buffer
tank after going through the voltage regulators. Once through the low pressure gas shut off valve and the low
pressure filter, the gas is provided to the gas rail assembly controlled by the gas metering valve. The engine
ECU controls the gas metering valve according to the engine operating conditions. So quantitative natural gas
is provided to the air gas mixer, mixed with the air from the throttle, and a uniform air gas mixture is formed
and supplied to engine for combustion.

The working mechanism of CNG engines is similar to that of LNG engines. The only difference is that
the CNG fuel out of the gas cylinder is in high pressure gaseous status. The CNG through the high pressure
solenoid valve and gas filter is decompressed to 7—8 bar in the decompressor with heat exchanger, then goes
into the gas rail assembly (gas metering valve).

3.2. The Basic Structure of Natural Gas Engines

NGEs are carried over from the original gasoline or diesel engines. Considering the gaseous status
characteristics of natural gas, the structures are redesigned in order to use natural gas effectively [36]. The
design of neat gaseous fuel engines is generally divided into two categories. One is the gasoline-engine-based
improvement design, and the structural changes are small. The other is the diesel-engine-based improvement
design [37]. Compared with the design change of gasoline engines, the structure changes of diesel engines are
large. The original injection system of diesel engines is removed. Instead, a set of ignition system is added.
The engine compression ratio and other parameters are also changed. The cylinder head, piston, intake and
exhaust system are redesigned either. The pressurization system is also needed to be re-matched.

For the NGEs stemmed from the improvement design of diesel engines, the major structure and
parameter changes from original diesel engines are listed as follows.

(1) The fuel injection system of diesel engines including high pressure fuel pump, injectors, high
pressure fuel pipes, and other parts is eliminated. Instead, the natural gas supply system including
the intake valve, gas metering valve, air gas mixer and other parts is installed on the vehicle. And
the gas solenoid valve, gas filter, vaporizer, pressure stabilizer (decompressor for CNG), buffer
tank, etc. are added.

(2) The ignited combustion system is used in which the injector mounting holes in cylinder head of the
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diesel engine are changed to the spark plug mounting holes. The ignition control system is added,
including the ignition control module ICM, ignition coil, high voltage lines, and spark plugs.

(3) In order to prevent knock, the compression ratio is smaller than that of the diesel engine, and the
combustion chamber configuration in piston is different from the diesel engine.

(4) The signal generator is added, which is used to measure the engine speed.

(5) The mixer and the throttle are added, so that gas and air in the mixer are fully mixed. The throttle is
used to control the power output from the engine.

(6) The exhaust temperature is high, and the supercharger adopts the water cooled intermediate shell.
Wear resistant and high temperature resistant materials are used for the inlet and exhaust door seats,
and the exhaust pipe is covered by the insulation materials.

(7) Compared with the diesel engine, the air fuel ratio is small, and less air is needed for the same power
output.

3.3. Natural Gas Engine Control System

Many electronic control systems have been involved in contemporary automobiles, and the most
important one of them is the engine control system [38]. For NGVs, the engine control system involves many
subsystems of fuel control, air control, wire control, intake pressure control, exhaust gas bypass control, and
ignition control.

3.3.1. Fuel Control

The fuel control system of LNG engines is composed of the LNG cylinder, vaporizer, pressure regulator,
buffer tank, low pressure gas solenoid valve, low pressure gas filter, gas metering valve, mixer, oxygen sensor,
and ECU. The role of the fuel control system of LNG engines is to convert the liquid status of LNG into the
gaseous status at constant temperature and pressure [39], and supply the precise amount of natural gas to the
mixer by using the gas metering valve based on the NGE operation conditions. The natural gas fully mixes with
air in the mixer, and then the air gas mixture enters the NGE cylinder for combustion. The impurities in natural
gas are filtrated by the gas filter to make the natural gas meet the clean requirements before entering the fuel
metering valve. The required gas pressure is kept by using the pressure regulator after the LNG gasification.
The engine coolant is used in the carburetor to heat the liquid natural gas and vaporize the liquid natural gas
into gaseous status. The buffer tank volume is big enough to make the natural gas stable at the required gas
pressure. The low pressure gas solenoid valve is used to cut off the natural gas supply after the engine stalls.
The oxygen sensor is used to monitor the air gas ratio of the mixture entering the engine by collecting the
oxygen concentration in the engine exhaust. All of the above functions are controlled by the ECU.

For the CNG engines, the fuel control system uses some different components from the LNG engines, i.e.,
the CNG cylinder, high pressure and low pressure gas filters, high pressure gas solenoid valve, gas
decompressor [40]. At the same time, some components are carried over from the LNG engines, i.e., the gas
metering valve, mixer, oxygen sensor, and ECU. The decompressor is used to reduce the pressure of the
natural gas in the CNG cylinder to the appropriate pressure values of 5-20 MPa required by the gas metering
valve, and to keep the reduced gas pressure constant.

3.3.2. Air Control

The air control system is used to control the air flow, as shown in Figure 2. Its main components include
the electronic throttle, waste bypass control valve, foot pedal, temperature and manifold absolute pressure
(TMAP) sensor, pre-throttle pressure (PTP) sensor, and other components [41]. The TMAP sensor is installed
on the air inlet pipe behind the electronic throttle to measure the air inlet pressure and temperature. The
engine ECU calculates the air intake flow of the engine through the signals obtained from the sensors, and
determines the amount of natural gas to be supplied. At the same time, it also provides a measurement value
for controlling the pressure of pressurization. The PTP sensor is installed in front of the throttle and used only
to measure the pressure as a modified parameter for calculating the air flow into the engine, providing a
benchmark for the charge volumetric efficiency (VE) involving the gas volume correction.
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3.3.3. Wire Control

The wire control system, as shown in Figure 3, consists of an electronic throttle, an ECU, and a foot
pedal. When the pedal is pressed, the ECU receives the throttle position signal to control the opening of the
throttle. At the same time, the electronic throttle feeds the actual opening value to the ECU.

Foot pedal position sensorline Throttle position command line
throttle body
& 3
Idle validation switch i _— ol Throttle position sensor line
Foot pedal ——

Drive-By-Wire Throttle Control
Figure 3. Control system by wire.

The main role of the electronic throttle is to control the air flow, engine idle, and maximum engine
speed. The ECU controls the action of the throttle through a pulse width modulation (PWM) signal at a
certain frequency, and its working stroke is limited by the ECU to 10-90% of the opening (the opening of the
butterfly valve) range.

Based on the ECU instructions, the electronic throttle has three working states typically. When the
engine speed is below the idling target value, the ECU performs idle control, that is, controls the throttle
opening position to keep the engine speed near the idling target value. When the engine speed exceeds the
maximum rated speed, the ECU limits the throttle opening position and controls the limit of the maximum
engine speed. When the engine speed is between idle speed and the maximum rated speed, the throttle
opening position changes synchronously with the foot pedal position. The electronic throttle should be
installed in a low temperature area as far away from heat source as possible, according to the direction sign.

3.3.4. Intake Pressure Control

As shown in Figure 4, The intake pressure control system is composed of the turbocharger, waste bypass
control valve, and manifold absolute pressure (MAP) sensor. At high loads, the actual pressure is controlled
to the set pressure value.
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The NGE turbocharger is different from that in diesel engines. It is a water cooled intermediate shell
turbocharger with a pressure regulator. The water is used to cool down the lubricating oil in the oil chamber
of the turbocharger to match the characteristics of high exhaust temperature in NGEs [42].

3.3.5. Exhaust Gas Bypass Control

The exhaust gas bypass control valve is connected to the pressure regulator of the turbocharger. Using
the PWM signal, the ECU controls the exhaust valve switch's duty ratio to adjust the pressure above the
pressure of regulator diaphragm. The exhaust vent valve opening could be controlled within a certain range,
so that the goal of engine turbocharging pressure control could be achieved.

3.3.6. Ignition Control

The ignition control system is shown in Figure 5, which includes the engine ECU, the ignition control
module, ignition coils, high voltage wires, and spark plugs.
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The function of the speed sensors, including the crankshaft and camshaft signal sensors, is to transmit
the speed and engine piston top dead center (TDC) signal to the engine ECU, which is used to accurately
control the air intake flow, natural gas amount, ignition advance angle, and so on. The control of these
parameters requires the engine ECU to accurately collect the positions of the engine crankshaft and camshaft
in the cylinder on fire, and the engine speed [43].

The ignition control module (ICM) is the actuator of the engine control system. Its function is to control
the primary winding circuit of the ignition coil on and off according to the ignition command signal from the
ECU [44], so that the secondary coil generates an instantaneous high voltage, which is transmitted to two
electrodes of the spark plug. It causes the ionization of the air between the poles to generate sparks to ignite
the air gas mixture for combustion. Besides, the sensors of water temperature, humidity, and exhaust
temperature are also involved.

3.4. Technologies Used in Natural Gas Engines

After years of exploration and research by scholars and engineers, the great progress of technologies in
NGEs have been made [45]. These technologies include the heterogencous compression combustion,
homogeneous charge compression ignition (HCCI) [46], dual fuel (natural gas and diesel) combustion, Miller
cycle, long stroke, exhaust gas recirculation (EGR), and a combination of these technologies.

3.4.1. Heterogeneous Compression Combustion

High pressure natural gas is injected directly into the cylinder before the engine piston TDC and mixed
with air. When the piston compresses the mixture continuously at a certain time before the TDC, the mixture
is going to auto ignition itself, which is defined as the heterogeneous compression combustion, and the
following flame propagation is called the diffusion combustion. This type of combustion can achieve thermal
efficiency equivalent to that of diesel engines after using relatively high compression ratio. Controlling the
amount of natural gas injection and adjusting the mixture concentration can make up for the poor performance
of the traditional engines with the natural gas injection into the intake manifold under low loads [47]. In
addition, the direct injection of natural gas into cylinder removes the throttle in the intake pipe, so that there is
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no intake throttling loss and volumetric efficiency loss, which improves the engine performance. It is possible
to form a more homogeneous mixture than that in gasoline and diesel engines. The explosion resistance of
combustion is improved due to the high octane number. Therefore, the engine can adopt a relatively higher
compression ratio, which can improve the effective thermal efficiency of NGEs, easily realizing the
compression combustion mode [48].

3.4.2. Dual Fuel (Natural Gas and Diesel) Combustion

All the components and functions of the original diesel engine are retained, and a set of natural gas
supply devices is added. As a result, a dual fuel combustion system is formed, in which the natural gas is used
as the main fuel. When the natural gas is compressed to near the TDC, a small amount of diesel is injected
into the cylinder to form combustion flame under high pressure and temperature in the manner of
conventional diesel engine ignition, which ignites the natural gas. This kind of engine can use neat diesel for
combustion, and can also use both natural gas and diesel to achieve dual fuel combustion, which not only
reduce the engine pollutant emissions, but also improve the thermal efficiency of combustion [49-52].

3.4.3. Miller Cycle Technology

The Miller cycle technology is usually implemented by closing the engine intake valve early or late,
resulting in less air entering the cylinder, so that the effective expansion stroke is greater than the effective
compression stroke. This technology can reduce the effective compression ratio, as well as the temperature
and pressure in the cylinder at the end of compression, so that the natural gas can be fully burned in the
expansion stroke, followed by inhibiting the generation of emissions, and reducing the exhaust
temperature. Miller cycle technology is used in conjunction with high supercharging of air intake. The
increase of air intake pressure makes up for the reduction of air intake volume caused by early or late valve
closing [53,54].

3.4.4. Other Technologies in Cylinder

As the term suggests, long stroke technology means to make the engine compression and expansion
stroke longer than normal. The natural gas and air in the cylinder have more time to mix evenly and to burn
more completely. This technology not only reduces the engine speed, followed by reduction of the friction
loss, but also increases the combustion thermal efficiency of NGEs. In addition, exhaust gas recirculation
(EGR) technology works by reintroducing a portion of the burned exhaust gas into the cylinder and burning it
with the mixture. Because the CO, in the exhaust gas belongs to a triatomic molecule with large heat
capacity, which can lower down the combustion temperature in the cylinder, inhibiting the production of
harmful NOx emissions [55-58].

3.4.5. Other Out of Cylinder Technology

At present, in order to meet the automotive regulation requirements of fuel consumption and exhaust
emissions, several out of cylinder technologies are very effective, which are called the after treatment
technologies, including the oxidation catalysts (DOC), diesel particulate filter (DPF), and selective catalytic
reduction (SCR). The major function of DOC is to convert hydrocarbon (HC) and carbon monoxide (CO)
into carbon dioxide (CO,) and water (H20). The DPF can collect the particulate matter (PM) of exhaust
emissions, and burn it in the DPF. The SCR is a chemical process converting nitrogen oxides (NOXx) into
molecular nitrogen and water, i.e., converting hazardous NOx emissions from NGEs into harmless nitrogen
and water [59-63].

3.5. Application of Natural Gas Engine

Natural gas engines are widely used currently in transportation, electricity generation, refrigeration/air
conditioning/heating and drilling platforms. Continuously improving the technology of natural gas engine,
giving full play to the characteristics of natural gas engine will further promote NGE’s application and
realize the goal of energy saving and emission reduction.
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3.5.1. Using Natural Gas Engine to Drive Vehicles

Natural gas engines can be categorized by the fuel type as single fuel engines and dual fuel engines, or
by the methods of fuel supply in vehicle applications. Using natural gas as an alternative energy source for
vehicles can save fuel cost and solve the problem of vehicle exhaust pollution. At present, natural gas engines
are widely used in buses, taxis, trucks and cars. But the market share is still small. To increase the application
of natural gas engines, there are a lot of work to do, including special focus on reducing the cost of retrofitted
engine and building more natural gas refueling stations.

3.5.2. Application of Natural Gas Engine on Electricity Generation

Generator sets driven by natural gas engines can realize the energy conversion, and effectively provide
electric energy along with heat energy. Its comprehensive energy utilization rate can reach to above 85%. The
cogeneration systems driven by natural gas engines can improve energy efficiency by using the waste heat.
So, the systems have great energy saving potential and better energy economy. In the case of increasingly
energy demanding tense, it is of great significance to improve energy utilization [64,65].

3.5.3. Application of Natural Gas Engine on Refrigeration and Heating

Using natural gas engine instead of motor to directly drive refrigeration compressor can achieve the
expected refrigeration effect. It has the characteristics of high energy utilization rate, safe and reliable in
operation. It is also convenient to combine with other air conditioning systems, which can reduce the
emission of carbon dioxide and sulfide, and is beneficial to environmental protection. The heat pump and
compressor driven by natural gas engine can achieve the dual-purpose of heating and air conditioning, and
the temperature in room can quickly reach to a comfortable level which not only has good heating effect, but
also has low power consumption and high operation efficiency [66,67].

3.5.4. Application of Natural Gas Engine on Drilling Platform

The natural gas engines designed and developed independently by Jinan Diesel Engine Company of
China can meet the needs of the drilling platforms. Those natural gas engines run with good performance.
Compared with diesel engines, they not only save expenses with energy conservation, but also reduces carbon
emissions with low carbon level.

4. Conclusions

This review introduces the types of natural gas resources, focuses on the three development stages of
natural gas engines, including fundamental knowledge underlying their structural design and combustion
optimization. The electronic control system of natural gas engine, and the technologies which can be applied
to natural gas engine are discussed respectively. Based on the above discussion, it is concluded that natural
gas has been successfully applied to internal combustion engines in different fields such as automobiles,
generator sets, refrigeration/air conditioning and heat pumps. At the same time, natural gas is becoming a
promising alternative fuel to gasoline or diesel in internal combustion engines due to its advantages such as
the excellent knock resistance, stable combustion process, cost benefits, and low pollutant emissions. It is
expected that more and more natural gas vehicles will be on road, and the combinations and optimizations of
new technologies will be used in natural gas engines.
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