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Abstract

The growing demand for cleaner and more efficient internal combustion engines has driven extensive
research into advanced combustion methods, among which Low-Temperature Combustion (LTC)
strategies have emerged as a highly promising area. LTC offers a unique approach to engine
combustion by lowering the peak temperatures within the combustion chamber, thereby significantly
reducing the formation of nitrogen oxides (NOx) and particulate matter (PM) — two major pollutants
associated with traditional engine designs. Importantly, LTC systems achieve these emission reductions
while maintaining, or even enhancing, thermal efficiency, making them attractive for both light-duty
and heavy-duty engine applications. This review presents a comprehensive overview of recent
developments in LTC technologies and their potential for powering next-generation engines. The article
places particular emphasis on three key LTC strategies: Homogeneous Charge Compression Ignition
(HCCI), Premixed Charge Compression Ignition (PCCI), and Reactivity Controlled Compression
Ignition (RCCI). Each of these modes employs a distinct approach to fuel-air mixing and ignition
control, offering various benefits and challenges. For instance, HCCI provides excellent emission
performance but suffers from limited controllability, while RCCI offers improved control through dual-
fuel reactivity management. In addition to combustion strategies, the review explores recent progress
in fuel innovation, including the use of alternative fuels, like ethanol, biodiesel, and gasoline-diesel
blends, which enhance LTC performance. Advanced control technologies, such as variable valve
actuation, cylinder pressure-based feedback, and machine learning-based combustion modeling are
also examined as enablers for real-time combustion optimization. Moreover, the paper addresses
technical and operational challenges, including cold start issues, narrow load ranges, and fuel
compatibility concerns. It concludes by discussing future research directions aimed at expanding LTC
applicability, improving engine design, and facilitating its integration with hybrid systems. These efforts
collectively aim to ensure that LTC becomes a viable cornerstone of future sustainable mobility
solutions.
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heavy-duty, long-range, and high-power industries. This is primarily due to their mature technology,
energy density of fuels, and extensive refueling infrastructure [1-3].

Among the various strategies for improving the environmental performance of conventional ICEs,
Low-Temperature Combustion (LTC) has emerged as one of the most promising approaches. LTC
refers to combustion processes that take place at significantly lower temperatures compared to
traditional spark-ignition (SI) or compression-ignition (CI) engines. The core advantage of LTC lies in
its ability to reduce peak-in-cylinder temperatures, which in turn minimizes the formation of NOx and
soot — two of the most harmful pollutants in engine exhaust gases. Additionally, LTC methods can
maintain or even enhance thermal efficiency, making them highly attractive for meeting the increasing
demand for both cleaner and more fuel-efficient engines [4-6].

LTC encompasses several advanced combustion strategies, each with distinct characteristics. The
primary approaches include Homogeneous Charge Compression Ignition (HCCI), Premixed Charge
Compression Ignition (PCCI), and Reactivity Controlled Compression Ignition (RCCI). These strategies
leverage different fuel-air mixing techniques and ignition methods, allowing for precise control of
combustion characteristics. HCCI, for instance, uses a homogeneous mixture of fuel and air that ignites
spontaneously under compression, offering highly uniform combustion and low emissions [7, 8].

PCCI, on the other hand, involves a partial premix of fuel and air, which enables better control over
the timing of ignition. RCCI utilizes a combination of high-reactivity and low-reactivity fuels to provide
fine-tuned control over combustion phasing and temperature, offering significant flexibility in
balancing performance and emissions. Despite the promising benefits, the practical implementation of
LTC faces several technical challenges. One of the key hurdles is achieving precise control over ignition
timing. In traditional engines, ignition is controlled through spark plugs or fuel injection timing.
However, in LTC systems, combustion is initiated by auto-ignition, which is highly sensitive to factors,
such as fuel composition, engine temperature, and pressure. As a result, maintaining stable combustion
across a wide range of operating conditions — such as varying loads, speeds, and ambient temperatures
— remains a significant challenge. Another major issue is the cold start problem. Traditional ICEs rely
on external ignition systems to initiate combustion, but in LTC engines, ignition occurs spontaneously
based on temperature and pressure. This can create difficulties during cold start conditions, as the
combustion chamber may not reach the necessary conditions for auto-ignition, especially in low
ambient temperatures. Various solutions, including hybridization and advanced fuel formulations, are
being explored to address this issue [9-12].

The operating range of LTC systems is also typically narrower compared to conventional engines.
While LTC techniques can deliver outstanding performance at certain loads and speeds, they often
struggle to operate efficiently at high loads or low speeds. Achieving a broader operational range would
require significant advances in engine design and control systems. Despite these challenges, ongoing
research and development are pushing the boundaries of what is possible with LTC. The integration of
advanced fuel types, such as ethanol, biodiesel, and hydrogen, with LTC combustion modes is being
explored to improve efficiency and reduce emissions. Additionally, advances in variable valve timing,
exhaust gas recirculation (EGR), and real-time combustion control systems have the potential to
enhance the performance and stability of LTC systems across a wider range of operating conditions. As
the global automotive industry moves toward stricter emission standards, LTC is poised to play a pivotal
role in the future of internal combustion engines. With continued research and technological innovation,
LTC strategies could become a cornerstone for achieving the goal of more sustainable transportation,
complementing other technologies, such as electric and hybrid vehicles [13—15].

OVERVIEW OF LTC STRATEGIES
Homogeneous Charge Compression Ignition (HCCI)

Homogeneous Charge Compression Ignition (HCCI) is one of the most extensively studied low-
temperature combustion techniques. In HCCI engines, the fuel and air are thoroughly mixed before
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being introduced into the combustion chamber, forming a homogeneous charge. Unlike traditional
spark-ignition or compression-ignition engines, HCCI relies on the spontaneous auto-ignition of this
charge when subjected to high pressure and temperature during compression. The combustion occurs
simultaneously throughout the entire mixture, resulting in highly uniform flame propagation, lower
peak temperatures, and therefore, significantly reduced nitrogen oxides (NOx) and particulate matter
(PM) emissions.

The primary appeal of HCCI lies in its ability to deliver high thermal efficiency like diesel engines
while maintaining low emission profiles. However, the absence of a direct ignition trigger, such as a
spark plug or fuel injector introduces challenges in controlling the ignition timing. Factors, like intake
temperature, compression ratio, engine load, and fuel type all influence ignition behavior, are making
control under dynamic driving conditions difficult.

To address these challenges, recent innovations have focused on enhancing control and expanding
the operational range. Variable Valve Actuation (VVA) has shown promise in regulating the residual
gas content and controlling in-cylinder temperature. Fuel additives and blending strategies are being
developed to improve the chemical reactivity and ignition characteristics of standard fuels. Hybrid
powertrain configurations also offer potential solutions by enabling electric support during cold starts
and low-load conditions. These advancements are helping to move HCCI closer to practical deployment
in commercial powertrains.

Premixed Charge Compression Ignition (PCCI)

Premixed Charge Compression Ignition (PCCI) is a promising low-temperature combustion
technique that combines attributes of both conventional compression ignition (CI) and Homogeneous
Charge Compression Ignition (HCCI). In PCCI, a portion of the fuel is premixed with the air intake
before compression, while the remainder is injected during the compression stroke. This staged
approach allows partial premixing of the fuel-air mixture and achieves controlled combustion that
occurs more uniformly than in standard diesel engines but with more flexibility than in HCCI systems.

PCCI offers improved combustion phasing and lower emissions, particularly for nitrogen oxides
(NOx) and particulate matter (PM), due to the relatively cooler and more evenly distributed in-cylinder
temperatures. The strategy reduces the likelihood of local hot spots and rich fuel zones that typically
lead to NOx and soot formation. However, precise control of injection timing, fuel quantity, and mixture
preparation is necessary to ensure stable operation.

Recent technological developments have focused on refining injection strategies and modeling
combustion behavior. For instance, pilot injection techniques are used to pre-condition the combustion
chamber and delay main ignition, offering better timing control. Multi-zone computational fluid
dynamics (CFD) models help simulate and optimize the combustion process, allowing for improved
engine calibration and performance.

PCCI has shown considerable success in light-duty diesel engines, with demonstrated reductions in
NOx emissions without sacrificing efficiency. While the operating range is still a concern,
advancements in electronic control units (ECUs), fuel injection systems, and exhaust gas recirculation
(EGR) strategies are making PCCI increasingly viable for practical applications.

Reactivity Controlled Compression Ignition (RCCI)

Reactivity Controlled Compression Ignition (RCCI) is an advanced dual-fuel combustion strategy
designed to achieve high thermal efficiency and ultra-low emissions. RCCI operates by using two fuels
with significantly different reactivity levels — commonly a low-reactivity fuel like gasoline or ethanol
and a high-reactivity fuel like diesel. The low-reactivity fuel is typically introduced via port fuel
injection (PFI), forming a premixed charge, while the high-reactivity fuel is directly injected into the
cylinder during the compression stroke. This combination allows fine control of combustion phasing
through both chemical reactivity and injection timing.
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The major advantage of RCCI lies in its ability to independently control mixture stratification and
ignition timing, enabling an extended operating range with improved load control. This results in low
in-cylinder temperature peaks, thereby minimizing the formation of NOx and particulate matter.
Moreover, the dual-fuel strategy supports high combustion efficiency, making RCCI ideal for both
light- and heavy-duty engine applications.

Recent research has focused on integrating RCCI with advanced engine management systems. Real-
time control algorithms utilizing cylinder pressure feedback have been developed to ensure consistent
combustion phasing under varying conditions. The use of alternative fuels, such as biodiesel, methanol,
and hydrogen is also being explored to further enhance the environmental benefits of RCCI.

Dual-fuel hardware configurations, including advanced PFI-DI systems and variable compression
ratio (VCR) mechanisms, are now being implemented in prototype engines. These innovations are
rapidly transforming RCCI from a laboratory concept into a commercially feasible technology that
aligns with global sustainability goals.

FUEL INNOVATIONS FOR LTC

Fuel selection is a critical enabler in the effective operation of Low-Temperature Combustion (LTC)
systems. The chemical and physical properties of fuels — such as ignition delay, volatility, cetane or
octane number, and heat release rate — directly affect combustion stability, timing, and emissions.
Choosing the right fuel or combination of fuels is essential for optimizing LTC performance across
different engine conditions.

Key Trends

e Ethanol & Alcohols: These fuels possess high octane ratings and low reactivity, making them ideal
for controlling ignition timing in dual-fuel LTC systems like RCCI. Their high latent heat of
vaporization also helps reduce in-cylinder temperatures.

e Biodiesel: Offers oxygenated combustion and improved lubricity, which enhances emission
performance. However, its higher viscosity and poor cold flow characteristics can hinder cold start
and fuel atomization.

e Gasoline-Diesel Blends: Allow tailoring of fuel reactivity to achieve controlled ignition and
optimized combustion phasing in strategies like PCCI and RCCI.

o Hydrogen and Ammonia: These carbon-free fuels are gaining interest for future LTC applications.
Hydrogen provides clean combustion with fast kinetics, while ammonia offers easier storage and
transport, though both require system modifications.

CONTROL TECHNIQUES

Accurate and responsive control mechanisms are essential for the effective deployment of Low-
Temperature Combustion (LTC) strategies. Since LTC is highly sensitive to operating parameters, such
as temperature, pressure, and mixture composition, maintaining stable combustion across different
engine loads and speeds requires sophisticated control systems.

e Variable Compression Ratio (VCR): VCR technology allows the adjustment of compression
ratios during engine operation. By dynamically changing the combustion chamber geometry, it
helps optimize in-cylinder temperature and pressure conditions, ensuring stable ignition and
efficient combustion under varying loads.

o Advanced ECU Algorithms: Modern electronic control units (ECUs) employ adaptive algorithms
to manage fuel injection timing, air-fuel mixture ratios, and exhaust gas recirculation (EGR)
levels. These real-time adjustments are crucial for maintaining ideal LTC conditions and
minimizing emissions.

e Machine Learning Models: Al-driven models are being developed to predict combustion timing
and behavior. These models continuously learn from engine data, helping optimize fuel injection
and valve timing for different scenarios.
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o Sensor Technology: High-resolution in-cylinder pressure sensors enable closed-loop control by
providing real-time combustion feedback. This data helps fine-tune engine parameters for
improved efficiency, stability, and emissions control.

CHALLENGES IN LTC ADOPTION

While LTC strategies offer promising solutions for cleaner combustion, several challenges remain.
Cold start issues limited operating ranges, and fuel compatibility must be addressed. Ongoing research
focuses on hybrid powertrains, advanced fuel formulations, and real-time combustion control systems
to overcome these barriers. The integration of LTC with alternative fuels and improved engine
architecture could significantly enhance engine performance and emissions control in the future.

FUTURE RESEARCH DIRECTIONS

For Low-Temperature Combustion (LTC) technologies to transition from experimental setups to
widespread commercial use, several key areas of research must be pursued. First, the development of
robust and adaptive combustion control systems is essential. These systems must dynamically respond
to changing engine conditions, fuel types, and load variations to ensure consistent ignition timing and
efficient combustion.

Second, efforts should focus on broadening the operational range of LTC strategies. Enhancing their
performance across varying engine speeds and loads will improve drivability and reliability under real-
world conditions. Third, increasing compatibility with renewable and low-carbon fuels — such as
biofuels, e-fuels, and hydrogen — can help maximize LTC’s environmental benefits.

Additionally, hybrid LTC-EV powertrain configurations offer a promising solution, especially for
city driving and long-haul transport, by leveraging electric assistance during startup and low-load
phases. Finally, advancing computational modeling of in-cylinder combustion will provide deeper
insights and optimize design for next-generation engines.

CONCLUSIONS

Low-Temperature Combustion technologies are an exciting development for the future of internal
combustion engines. Despite challenges in ignition control and operational range, ongoing
advancements in fuel innovation, hybridization, and real-time engine management systems are poised
to make LTC a key technology in reducing emissions. Continued research into hybrid systems, fuel
additives, and advanced control strategies will be essential for the widespread adoption of LTC in next-
generation engines.
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