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Abstract. Homogeneous Charge Compression Ignition (HCCI) engines are
considered an emerging internal combustion technology with significant
potential for enhancing fuel efficiency and lowering emissions compared to
traditional Spark Ignition (SI) and Compression Ignition (CI) engines. By
igniting a homogeneous air-fuel mixture through compression without the
need for a spark plug, HCCI engines achieve a more uniform and complete
combustion process, resulting in lower NOx and particulate matter (PM)
emissions. Despite these advantages, challenges such as limited control over
combustion timing, susceptibility to knocking, and the generation of
unburned hydrocarbons have hindered widespread adoption. Recent
advancements in engine control strategies and hybrid technologies offer
promising solutions to these critical issues, potentially enabling broader
application of HCCI engines in both the automotive industry and power
generation sectors. As research continues to address these challenges, HCCI
engines may play a pivotal role in the future of more ‘green’ internal
combustion systems with higher efficiency.

1 Introduction

Homogeneous charge compression ignition (HCCI) engines are a developing internal
combustion technology that provides a promising alternative to more traditional mechanisms,
including diesel engines, compression ignition (CI) engines, and spark-ignition (SI) engines
[1]. HCCI engines function by compressing a uniform mixture of air and fuel until it
spontaneously ignites, eliminating the need for a spark plug. This combustion occurs due to
the elevated temperature and pressure within the cylinder, resembling the process in CI
engines, but without requiring the direct injection of fuel into the combustion chamber..
Currently, HCCI engines find use in both the automotive industry and power generation
sectors.

In automotive applications, HCCI technology offers the potential for significantly higher
fuel efficiency compared to traditional engines while also reducing NOx and PM emissions
[2]. In power generation, HCCI engines may prove to be more promising than diesel
generators due to their lower fuel consumption and cleaner exhaust. However, HCCI engines
still fail to achieve broad-scale use because of challenges, including incapacity to support
high loads, lack of sufficient control over combustion timing, tendency to knock [3], and high
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amounts of unburned hydrocarbons. Fortunately, recent research on the topic has
demonstrated ways to reduce such challenges, making HCCI engines viable to become
mainstream.

2 Working mechanism

All internal combustion engines operate based on a four-stroke cycle consisting of distinct
phases: intake, compression, combustion, and exhaust. In a traditional internal combustion
engine, the intake valve opens during the intake stroke, allowing the piston, which starts at
the top dead center (TDC), to move downward within the cylinder (Fig. 1). This downward
motion generates a vacuum, drawing a precisely proportioned air-fuel mixture into the
combustion chamber. Once the piston reaches the bottom dead center (BDC), the engine
transitions into the compression phase. The intake valve then closes, trapping the mixture
inside the cylinder as the piston begins its upward movement back towards TDC. As the
piston ascends, the volume within the combustion chamber decreases, causing the pressure
and temperature of the mixture to increase, preparing the system for the combustion stage.
At the end of this phase, the piston has returned to TDC, and the cylinder is filled with a
highly compressed air-fuel mixture, ready for ignition. The fuel is then ignited, which results
in an intense combustion reaction, forcing the piston down to BDC. In gasoline/petrol
engines, ignition is achieved by a spark produced from the spark plug; in diesel engines, heat
generated by compression alone causes the mixture to ignite. Consequently, mechanical work
is generated, and the crankshaft is driven to turn.
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Fig. 1. A diagram of a typical SI internal combustion engine [4].

HCCIT engines operate differently from traditional (SI/CI) engines, primarily during the
combustion stage. In HCCI engines, a homogeneous mixture of air and fuel is prepared and
compressed within the combustion chamber to the point where it auto-ignites due to high
pressure and temperature [5]. This differs from SI engines, which rely on an external trigger
for combustion to occur. SI engines utilize spark plugs to ignite the air-fuel mixture. While
CI engines, like HCCI engines, ignite the mixture through high compression, they differ in
that the fuel is injected into the combustion chamber after the compression process is
finished, at TDC, rather than before, as in HCCI engines.
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3 Unique merits and current applications of HCCI engines

HCCI engines today find applications in various fields due to their advantages in boosting
fuel efficiency and minimizing emission reduction. This section discovers the merits of HCCI
technology, including its ability to achieve near-complete combustion and lower NOx and
particulate matter emissions. It also discusses the current applications of HCCI engines in the
automotive industry and power generation.

3.1 Distinctive advantages

One of the most notable advantages of HCCI over SI and CI is reduced particulate matter and
NOx emissions [6]. Traditional engines often produce considerable particulate matter due to
incomplete combustion and high combustion temperatures. In contrast, HCCI engines are
capable of a more uniform and complete combustion process by compressing a well-mixed,
homogeneous air-fuel charge, resulting in lower particulate emissions. Additionally, several
flame fronts originate from multiple points in the cylinder for the HCCI technique as opposed
to just one point of origin for SI, contributing to a more complete combustion (Fig. 2).
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Fig. 2. Illustrations of internal combustion engines during the combustion stroke [4]. The one on the
right represents a more uniform combustion within the cylinder.

HCCI engines also operate at lower peak combustion temperatures, which helps reduce
emissions of NOX, a gas responsible for acid rain, air pollution, and smog, to extremely low
levels. Furthermore, because of their more diluted air-fuel mixture, HCCI engines can operate
at compression ratios greater than those typically found in SI engines, leading to better
thermal efficiencies.

3.2 Applications

HCCIT engines are being developed in the automotive industry for their potential to enhance
vehicle mileage and lesser emissions of NOx and particulate matter [7,8]. This is in line with
stringent regulations on emissions and increasing consumer demand for cleaner vehicles.
HCCI engines show promise to become an alternative to traditional diesel generators in
decentralized and combined heat power systems in the power generation sector. They can
also be used in highly regulated emission environments. It also aligns with the potential of
HCCI engines to provide effective, reliable systems for decentralization and developing
trends in localized, sustainable solutions for energy supply.

4 Challenges and prospects
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The HCCI mechanism is noted for its cleaner and more uniform combustion process, which
reduces NOx and particulate matter emissions but poses challenges including unburned
hydrocarbons and high carbon monoxide emissions [9]. Despite the numerous advantages of
HCCIT engines, several significant challenges must be addressed before they can be widely
adopted in the automotive and power generation industries. One of the primary challenges is
the difficulty in controlling the combustion process. Unlike SI and CI engines, which can
rely on a spark plug or direct fuel injection to trigger combustion at a precise moment, HCCI
engines depend on the cylinder’s internal temperature and pressure to trigger the combustion
process. This makes it difficult to control the timing of ignition, especially under varying
operating conditions such as load changes or cold starts. If the ignition occurs too early, it
can lead to engine knocking, which can damage the engine components. Conversely, if
ignition occurs too late, it may result in incomplete combustion, resulting in increased
emissions of unburned hydrocarbons and CO.

Another significant challenge is the limited operating range. HCCI combustion is highly
sensitive to the air-fuel mixture's composition, temperature, and pressure, which can limit the
engine's ability to operate efficiently across a wide range of speeds and loads [10]. At high
loads, the temperature and pressure within the cylinder may become too high, leading to
premature ignition or excessive knocking. At low loads, on the other hand, the temperature
may not be sufficient to achieve auto-ignition, resulting in misfires or unstable combustion.

The challenge of high CO and unburned hydrocarbon emissions is another major concern.
Due to the low combustion temperatures, the oxidation of these emissions may be
incomplete, resulting in higher levels of pollutants compared to SI and CI engines [11-13].
Additionally, the low-temperature combustion process can lead to higher levels of particulate
matter in some cases, which counteracts the potential environmental benefits of HCCI
technology.

Despite these challenges, the prospects for HCCI engines are promising. Recent research
has focused on developing advanced control strategies, such as variable valve timing, exhaust
gas recirculation, and advanced fuel injection systems, to better manage the combustion
process and extend the operating range of HCCI engines [14,15]. Additionally, hybrid HCCI
engines that combine HCCI combustion with conventional SI or CI modes have been
explored as a means to overcome the limitations of pure HCCI engines. By switching
between combustion modes depending on the operating conditions, these hybrid engines are
capable of delivering superior fuel efficiency and reduced emissions over a wider spectrum
of speeds and operating conditions.

The integration of HCCI technology into hybrid and electric powertrains also presents an
exciting opportunity for the future. In combination with electric motors and energy storage
systems, HCCI engines could be used to extend the range of electric vehicles or provide
efficient, low-emission power for decentralized energy systems. As the automotive industry
moves toward more sustainable and environmentally friendly technologies, HCCI engines
could play a key role in reducing the carbon footprint of internal combustion engines and
improving overall vehicle efficiency.

5 Conclusion

Although HCCI engines suffer from combustion control and high carbon monoxide
emissions, the applications in both the automotive and power generation industries look
promising. Current research efforts point to new solutions and hybrid technologies that may
leapfrog existing barriers to spreading HCCI engine applications into innumerable fields. In
the future, HCCI engines are likely to assume a very significant role in achieving higher fuel
efficiency and reduced emissions.



E3S Web of Conferences 606, 01008 (2025) https://doi.org/10.1051/e3sconf/202560601008
ICNAOE 2024

In conclusion, HCCI engines offer a compelling alternative to traditional internal
combustion engine technologies due to their potential for higher fuel efficiency and lower
emissions. However, significant challenges related to combustion control, operating range,
and emissions of carbon monoxide and unburned hydrocarbons must be addressed before
HCCI engines can achieve widespread adoption. Recent advances in engine control
technologies and the development of hybrid HCCI systems provide promising solutions to
these challenges, paving the way for broader applications in the automotive and power
generation sectors. As research continues to refine HCCI technology, it is likely that HCCI
engines will play an increasingly important role in the future of sustainable and efficient
internal combustion engines, contributing to the global effort to reduce greenhouse gas
emissions and combat climate change.
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