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Abstract⎯ Compression ignition engines play a critical role in various industrial and transportation applications; 

however, their environmental impact remains a major concern. Continuous research efforts have been directed toward 

optimizing engine performance to enhance efficiency and reduce emissions. This paper reviews key strategies that have been 

investigated for performance optimization, primarily focusing on combustion chamber geometry, fuel attributes, and 

advanced combustion strategies. Each of these factors significantly influences the combustion process, thereby affecting 

engine performance and emission characteristics. While no single method has proven sufficient to fully resolve all challenges 

associated with these engines, combustion chamber geometry optimization has demonstrated potential in improving 

efficiency and reducing pollutant emissions. More notably, integrating multiple optimization techniques appears to offer a 

more effective pathway toward achieving substantial improvements in overall engine performance. 
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I. INTRODUCTION1 

Internal combustion engines (ICEs) have proven to be 

one of the most transformative technological innovations 

in modern history. The transportation sector has 

significantly benefited from their invention, which 

revolutionized mobility by enabling faster and more 

efficient movement of people and goods. However, the 

impact of ICEs is not limited to transportation alone; 

They are also essential contributors to the energy, 

agriculture, and construction sectors. Thus, it is 

reasonable to state that internal combustion engines have 

partially contributed to the acceleration of globalization 

[1]. 

Despite their widespread utility, ICEs powered by 

fossil fuel derivatives are associated with significant 

environmental concerns. Emissions from engines, 

including carbon monoxide (CO), hydrocarbons (HC), 

nitrogen oxides (NOx), and fine particulate matter (PM), 

are widely acknowledged as significant contributors to 

global warming and climate change. As a result, internal 

combustion engines remain under continuous scrutiny in 

the context of environmental sustainability [2]. 

Given the critical importance of ICEs in human 

activities and their adverse environmental effects, 

numerous studies have focused on optimizing engine 
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performance to enhance fuel efficiency and reduce 

harmful emissions.  

These strategies include modifications to combustion 

chamber geometry, utilization of renewable fuels, 

optimization of fuel injection strategies, and 

implementation of advanced combustion modes. Studies 

indicate that these interventions can significantly 

improve combustion efficiency and emission profiles [3]. 

For instance, adjustments to combustion chamber 

geometry have been shown to enhance air-fuel mixture 

turbulence and accelerate flame propagation, thereby 

improving thermal efficiency and reducing particulate 

emissions [4]. Similarly, the use of renewable fuels, such 

as biodiesel, bioethanol, and synthetic fuels (e-fuels), has 

demonstrated potential in lowering carbon emissions and 

toxic pollutants. 

The implementation of innovative combustion 

strategies, such as Homogeneous Charge Compression 

Ignition (HCCI), Low Temperature Combustion (LTC), 

and Reactivity Controlled Compression Ignition (RCCI), 

has also produced encouraging outcomes in cutting NOx 

and particulate matter emissions without compromising 

high efficiency [5] [6] [7]. The view that these 

technologies may serve as long-term solutions for 

cleaner combustion systems. 

Additionally, optimizing fuel injection parameters 

such as injection timing, pressure, and multi-injection 

strategies has been found to significantly improve fuel 

atomization and air-fuel distribution uniformity [8]. 

These findings collectively suggest that integrating 

multiple optimization techniques yields better outcomes 

than relying on a single approach. 

Based on this background, this study aims to provide 

a comprehensive review of intervention methods used in 

the performance optimization of internal combustion 

engines. By analyzing recent developments and 

empirical evidence, this paper contributes to the 

understanding of how ICE technology can evolve toward 

greater efficiency and environmental compatibility. 
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II. METHOD 

A. Literature Review 

This study's backbone is a comprehensive literature 

review. This approach was chosen for its systematic way 

of gathering, analyzing, and synthesizing findings from a 

variety of pertinent academic works. The goal To deeply 

assess interventions aimed at boosting performance and 

reducing emissions from compression ignition (CI) 

engines, which are more widely known as diesel engines. 

Our review zeroes in on three key intervention areas that 

have been extensively explored by researchers. 

B. Analyzing Combustion Chamber Geometry 

The first intervention we dove into involves 

modifications to combustion chamber geometry. This 

method hinges on a fundamental idea: the combustion 

process inside an internal combustion engine is heavily 

shaped by how fluids move within the cylinder [9] [15]. 

And that fluid movement It's directly controlled by the 

combustion chamber's design and layout. This review 

specifically dissects how different piston crown shapes 

impact two crucial aspects. 

The Combustion Process: How various geometric 

forms influence the mixing of air and fuel, which is 

significantly governed by swirl (rotational motion) and 

squish (squeezing motion) within the cylinder. 

Optimizing this mixing is absolutely vital for efficient 

and complete combustion [10]. 

Physical Parameters: The impact they have on in-

cylinder pressure and temperature, where the maximum 

combustion pressure directly controls the engine’s power 

production, while combustion temperature influences the 

creation of undesirable combustion byproducts, 

particularly pollutant emissions [11]. 

The studies we examined looked at various piston 

bowl designs, whether common or still in development, 

such as Grooved, Hemispherical, Multi-Chambered, Re-

entrant, Shallow depth, Toroidal, Trapezoidal, Truncated 

cone [12] [13]. Each design possesses unique traits that 

influence airflow patterns, fuel distribution, and 

ultimately, combustion efficiency and emission profiles. 

C. Analyzing Fuel Usage 

The second area we thoroughly analyzed was the 

impact of fuel type on engine performance. This method 

stems from the understanding that a fuel's physical and 

chemical properties are incredibly significant factors 

determining a CI engine's overall performance and 

emission characteristics [14]. Our review focused on: 

Fuel Properties: An analysis of how various physical 

and chemical fuel properties like density, viscosity, heat 

content (calorific value), and oxygen content play a role 

[15]. Each property is crucial in dictating the fuel's 

injection, atomization, vaporization, and combustion 

processes, which ultimately affect efficiency and 

emissions. 

Renewable Fuels: This review paid special attention 

to renewable fuels, particularly biodiesel, as it's the most 

common and widely researched option for CI engines in 

efforts to lessen reliance on fossil fuels and the emissions 

they produce. We evaluated the performance of several 

biodiesel types found in the reviewed literature, 

including Canola, Jatropha, Pongamia, Waste Cooking 

Oil, Karanja, Palm Oil, and Soybean. Furthermore, the 

use of other promising renewable fuels like Di-Methyl 

Ether (DME) and alcohols (ethanol, methanol), along as 

the incorporation of metal additives in biodiesel, were 

also scrutinized to grasp their potential in boosting 

performance and cutting emissions [16]. 

D. Analyzing Advanced Combustion Modes 

The third intervention explored was the 

implementation of advanced combustion modes. This 

technology was developed in response to the urgent need 

for more eco-friendly engines, primarily aiming to 

drastically cut down on toxic pollutant emissions like 

nitrogen oxides (NOX) and particulates (PM). Advanced 

combustion modes strive for cleaner, more efficient 

combustion through highly precise control over the 

combustion process [17]. The methods examined in this 

category include: 

Homogeneous Charge Compression Ignition (HCCI) 

and Low Temperature Combustion (LTC): Both modes 

aim for more homogeneous combustion at lower 

temperatures, effectively reducing NOX and soot 

formation [18]. 

Exhaust Gas Recirculation (EGR): This method 

returns part of the exhaust gases to the combustion 

chamber to reduce combustion temperatures and 

suppress NOx production. [19]. 

Reactivity Controlled Compression Ignition (RCCI): 

This approach employs two fuels with distinct 

reactivities to manage the heat release rate and attain 

highly efficient, low-emission combustion [20]. 

Premixed Charged Compression Ignition (PCCI): 

Similar to HCCI, PCCI involves pre-mixing fuel and air 

before compression to achieve more controlled 

combustion. 

For each combustion mode discussed, this review 

meticulously assessed its impact on fuel efficiency 

(specific fuel consumption, thermal efficiency) and the 

reduction of toxic waste emissions from internal 

combustion engines. This analysis examines the impact 

of each mode on the formation of NOx, particulates, 

carbon monoxide (CO), and unburned hydrocarbons 

(UHC). 

III. RESULTS AND DISCUSSION 

This chapter provides and critically examines 

research findings related to the effects of combustion 

chamber design, renewable fuel application, and 

advanced combustion strategies on engine performance 

and emission levels. The discussion centers on a 

thorough analysis of various design modifications, 

evaluating their effects on key parameters such as 

pressure, temperature, combustion efficiency, and 

exhaust emission levels. The data presented are drawn 

from validated experimental and simulation results, 

offering a clear perspective on both the potential benefits 

and inherent challenges of each approach in advancing 

cleaner and more efficient engine technologies. 

A. Combustion Chamber Geometry 

The geometry of the combustion chamber plays a 

fundamental role in governing the in-cylinder 

thermodynamic behavior during the combustion process 

in compression ignition engines. Specifically, it exerts a 

significant influence on key physical properties such as 
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in-cylinder pressure and temperature, both of which are 

critical to engine performance and emission 

characteristics. While pressure determines the brake 

power output, the temperature governs the chemical 

kinetics and composition of combustion by-products, 

including NOₓ, CO, HC, and particulate matter [21]. 

Several studies have confirmed that the formation of 

these emission species is highly sensitive to the 

interaction between combustion chamber geometry and 

engine operating speed. Additionally, the effectiveness 

of air–fuel mixing, which directly impacts combustion 

efficiency, is largely dictated by the swirl motion 

generated by piston bowl geometry and intake flow 

dynamics. 

Although conventional research has predominantly 

utilized cylindrical or hemispherical piston designs, 

recent investigations have expanded to incorporate non-

cylindrical configurations such as toroidal, re-entrant, 

stepped-lip, and truncated cone bowls. These alternative 

geometries are engineered to enhance in-cylinder 

turbulence, improve fuel–air mixing, and optimize the 

spatial distribution of temperature and pressure fields 

during combustion. For instance, toroidal and stepped-lip 

designs have been shown to produce more uniform 

turbulence fields, which contribute to increased thermal 

efficiency and lower carbon emissions, albeit sometimes 

at the expense of elevated NOₓ levels. 

A range of performance enhancement strategies based 

on combustion chamber modification are systematically 

summarized in Table 1, while selected visual 

representations of piston bowl geometries are provided 

in Figure 1, illustrating the diversity of approaches 

undertaken to improve both combustion stability and 

environmental compliance. 
 

   
 

 

   
 

 

Figure 1. Several piston geometries a) hemispherical [22] b) toroidal [23] c) trapezoidal [24] d) truncated cone [25] e) cylindrical [24] f) re-entrant 

[26] 
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TABLE 1.  

EFFECTS OF DIFFERENT COMBUSTION CHAMBER SHAPES ON ENGINE PERFORMANCE 

Combustion Chamber Outcome 

Hemispherical combustion chamber 
piston 

The engine exhibited lower performance and emission characteristics compared to the cylindrical 
piston bowl, except for NOx emissions, where it performed better [28]. Similarly, engines 

equipped with a hemispherical piston bowl demonstrated inferior performance and emission 

characteristics relative to those with a toroidal piston bowl, except in the case of NOx emissions 
[29]. 

Truncated cone combustion chamber 

piston 

When the base cone angle of the piston crown is set at an optimal value, the engine’s performance 

characteristics and emissions show significant improvement. The use of a truncated cone-shaped 
piston crown demonstrates better performance and emission levels compared to the commonly 

used standard piston crown [30] [31]. 

Toroidal combustion chamber piston The utilization of a toroidal-shaped piston bowl has been shown to enhance the performance 
characteristics of internal combustion engines compared to a standard piston bowl. Moreover, 

engine emissions are generally reduced relative to those of a standard piston crown, except for 

NOx emissions [28]. 
Re-entrant combustion chamber piston The engine performance exhibited a decline, as did its emission characteristics, except for nitrogen 

oxides (NOx). Nevertheless, previous studies have indicated that employing a re-entrant piston 

bowl, compared to a cylindrical piston bowl, can enhance engine performance, albeit with an 
accompanying increase in NOx emissions [32]. 

Trapezoidal combustion chamber piston The engine exhibited lower performance and emission characteristics compared to the cylindrical 
piston bowl, except for NOx emissions, which showed improved results. Among the various 

combustion chamber designs investigated, engines equipped with trapezoidal piston bowls 

demonstrated the lowest performance [32]. 
Cylindrical combustion chamber piston The use of a cylindrical piston bowl in the combustion chamber of internal combustion engines can 

enhance turbulence, which aids the mixing of air and fuel, thereby potentially improving 

combustion efficiency and overall engine performance. However, this increased turbulence may 
also lead to higher combustion temperatures, potentially resulting in elevated nitrogen oxide (NOx) 

emissions, despite a tendency for reduced particulate matter and unburned hydrocarbon emissions 

[33]. 
Multi-chambered piston crown The use of a multi-chambered piston crown significantly enhances engine performance and reduces 

emissions compared to a standard piston. This specific design creates optimal air turbulence, which 

leads to a more perfect mixing of fuel and air. Consequently, this results in higher thermal 
efficiency, increased power and torque, and lower fuel consumption. Regarding emissions, the 

more complete combustion substantially reduces particulate matter (soot/smoke) as well as 

hydrocarbon (HC) and carbon monoxide (CO) emissions. However, the resulting increase in 
combustion temperature can potentially elevate NOx emissions, an effect that must be balanced 

through design optimization [34]. 

Grooved piston crown The use of a grooved piston crown has been proven to significantly improve engine performance 
and reduce emissions compared to a conventional piston. These grooves are specifically designed 

to optimize the air movement within the cylinder, resulting in a more uniform fuel-air mixture. 

This has a positive impact on thermal efficiency, leading to increased power and torque, as well as 
reduced fuel consumption. This more complete combustion is also effective in suppressing harmful 

emissions like soot (particulates), hydrocarbons, and carbon monoxide. It is important to note, 

however, that the resulting increase in combustion temperature can lead to a rise in nitrogen oxide 
(NOx) emissions [35]. 

B. Fuels 

Fuel properties have long been recognized as a 

pivotal factor in enhancing engine performance and 

curbing emissions, particularly in the context of modern 

internal combustion systems. Among the wide array of 

variables that govern engine operation, the chemical and 

physical characteristics of the fuel used are often the 

most decisive in influencing combustion behavior and 

emission formation. As such, a nuanced understanding of 

fuel behavior under dynamic engine conditions is critical 

to achieving performance optimization without 

compromising environmental standards. 

Key attributes including density, viscosity, heating 

value, and oxygen content are known to substantially 

influence combustion efficiency and the generation of 

pollutants such as NOₓ, CO, HC, and particulate matter. 

For instance, fuel viscosity directly affects the 

atomization quality during injection, which in turn 

governs how well the fuel mixes with air in the 

combustion chamber. Inadequate atomization caused by 

high viscosity may result in incomplete combustion and 

lower thermal efficiency, whereas excessively low 

viscosity can impair  

 

lubrication and lead to component wear, particularly in 

high-pressure common rail systems. 

In parallel, the calorific value of the fuel its inherent 

energy content determines how much useful work can be 

extracted per unit mass of fuel. Fuels with higher heating 

values typically reduce brake-specific fuel consumption 

(BSFC), thereby improving overall fuel economy. 

Meanwhile, brake thermal efficiency (BTE) is often 

correlated with the oxygen content in the fuel. Fuels 

enriched with molecular oxygen, such as certain 

biodiesels and oxygenated synthetic blends, tend to 

support more complete combustion, lowering the 

emissions of unburned hydrocarbons and carbon 

monoxide. 

However, the presence of oxygen within the fuel also 

introduces complexity. While it enhances oxidation 

reactions and facilitates soot reduction, it can 

simultaneously elevate local combustion temperatures 

thereby increasing NOₓ formation, especially under lean-

burn or high-load conditions. Therefore, a careful 

balance must be achieved to exploit the benefits of 

oxygenated fuels without exacerbating thermal NOₓ 

emissions. 
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Furthermore, the oxygen content plays a key role in 

particulate matter (PM) reduction. Improved oxidation of 

residual carbon leads to cleaner exhaust gas, particularly 

when coupled with optimized injection strategies and 

combustion chamber design. Nonetheless, the impact of 

these fuel characteristics is not isolated it interacts 

significantly with engine geometry, injection timing, and 

combustion mode. 
 The properties of fuels play a critical role in 

determining the operational performance and 

environmental impact of internal combustion engines. 

Given their profound influence on engine behavior 

ranging from combustion efficiency to the nature and 

quantity of emissions fuel characteristics have become a 

central subject of investigation in recent research efforts. 

In particular, there has been a noticeable shift toward 

utilizing renewable fuels, especially biofuels, as part of 

broader strategies aimed at improving thermal 

performance while simultaneously reducing harmful 

exhaust emissions. 

Although synthetic fuel technologies are still 

undergoing significant development and have yet to be 

widely adopted in commercial applications, certain types 

such as Dimethyl Ether (DME) have long been known 

and studied for their potential as cleaner-burning 

renewables. DME, in particular, has attracted interest for 

its favorable combustion properties, though its 

widespread use remains limited by current production 

and infrastructure constraints. 

 A variety of fuels have been tested and implemented 

in efforts to optimize engine performance, as outlined in 

Table 2. Among these, biodiesel has emerged as a 

dominant focus, primarily because of its widespread 

availability and compatibility with compression ignition 

(CI) engines. Biodiesel's renewable nature and relatively 

clean-burning profile make it one of the most extensively 

researched and applied renewable fuels in diesel engine 

configurations. 

Alongside biodiesel, alcohol-derived fuels like 

ethanol and methanol have been utilized to lower 

emissions by enabling cleaner and more complete 

combustion. These alcohols offer advantages in terms of 

enhanced air–fuel mixing, higher oxygen content, and 

lower soot formation, which together contribute to 

reduced levels of carbon monoxide (CO) and unburned 

hydrocarbons (HC) in the exhaust gases. 

More recently, there has been growing scholarly 

attention toward the incorporation of metallic additives 

into biodiesel blends, prompted by promising outcomes 

from early-stage studies. These metallic compounds 

often in the form of oxides or nanoparticles have 

demonstrated the ability to improve thermal 

conductivity, enhance the rate of heat transfer, and 

promote more complete oxidation during combustion. As 

a result, engines fueled with such enhanced biodiesel 

blends have shown notable improvements in 

performance metrics and reductions in emissions, 

particularly in terms of particulate matter and incomplete 

combustion by-products. 
 

TABLE 2.  

IMPACT OF RENEWABLE FUELS ON ENGINE PERFORMANCE 

Renewable Fuels Outcome 

Palm Oil biodiesel Significant reductions in CO, HC, and smoke/PM emissions are attributed to the inherent oxygen 

content and higher cetane number of PME. Several studies have reported substantial decreases, with 

reductions of up to ~87% in CO, ~14% in HC, and ~68% in smoke under specific test conditions 
[36]. 

Pongamia biodiesel In the case of Pongamia biodiesel–diesel blends, a reduction in thermal efficiency and an increase in 
specific fuel consumption were observed. Nevertheless, CO and HC emissions were found to be 

lower than those of conventional diesel, whereas NOₓ emissions were comparatively higher [37]. 

Soybean biodiesel The use of SME leads to a decrease in thermal efficiency and engine power, accompanied by an 
increase in brake specific fuel consumption of approximately −2%, −3%, and +12%, respectively, 

when compared with neat diesel. Moreover, NOₓ emissions were observed to increase by more than 

28% for all SME blends relative to neat diesel [38]. 
Karanja biodiesel The use of KME blends up to B20 resulted in an improvement in brake thermal efficiency (BTE) 

under high-load conditions, accompanied by reductions in CO and smoke emissions. However, an 

increase in NOₓ emissions was observed under nearly all loading conditions[39]. 
Di-Methyl Ether (DME) Dimethyl ether (DME) exhibits a high cetane number and excellent volatility, which promote rapid 

and clean combustion. Compared to conventional diesel, DME shows a distinct heat release rate 

(HRR) profile, necessitating optimization of injector design and injection timing to enhance 
efficiency while mitigating NOₓ emissions. In contrast, CO and HC emissions are generally reduced 

due to the more complete combustion process facilitated by the inherent molecular oxygen content 

of DME [40] [41]. 
Jatropha biodiesel Smoke decreased ↓21%, HC ↓17.9%, and CO ↓16%. NOₓ increased ↑3.8% at full load. The thermal 

efficiency decreased by about 2.8% and BSFC slightly increased, but still within acceptable limits 

[42]. 
Canola biodiesel BSFC increased by up to 6.56%, while BTE decreased by up to 4.2% at high load with a 20% blend. 

Combustion exhibited a shorter ignition delay, along with reductions in the maximum heat release 

rate, in-cylinder pressure, and rate of pressure rise. NOₓ increased by 8.9%, whereas smoke, CO, and 
THC emissions decreased. CO₂ levels were slightly higher under all load conditions [43]. 

Waste Oil biodiesel BSFC is higher, particularly at low loads (with an increase of up to 42% at 25% load). BTE is 

slightly higher than diesel at 50–100% load, but lower at 25%. HC and NOₓ emissions show a slight 
reduction, although the results vary depending on the operating conditions [44]. 
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C. Advanced Combustion Mode 

The growing demand for fuel-efficient and 

environmentally responsible propulsion systems has 

placed advanced combustion technologies for 

compression ignition (CI) engines at the center of 

academic and industrial interest. Diesel engines, while 

celebrated for their excellent thermal efficiency and long 

service life, are likewise associated with the release of 

hazardous emissions, notably nitrogen oxides (NOₓ) and 

particulate matter (PM), both of which contribute 

significantly to air quality degradation and public health 

concerns. 

To address these limitations, researchers have 

explored and developed advanced combustion concepts 

that aim to balance performance with emissions control. 

Among the most prominent innovations are 

Homogeneous Charge Compression Ignition (HCCI) and 

Low Temperature Combustion (LTC) both representing 

a paradigm shift from traditional diesel combustion 

strategies. These combustion techniques are specifically 

designed to limit peak temperatures and promote more 

uniform combustion, thereby minimizing the formation 

of NOₓ and soot without compromising overall engine 

efficiency. 

HCCI operates by premixing the fuel and air to create 

a homogeneous charge that auto-ignites under 

compression. This process leads to rapid and 

simultaneous combustion across the chamber, resulting 

in low combustion temperatures and cleaner exhaust 

gases. On the other hand, LTC focuses on managing the 

timing and temperature of combustion through optimized 

injection strategies and air–fuel mixing, effectively 

reducing high-temperature zones that typically generate 

NOₓ. 

Numerous interventions based on these advanced 

combustion strategies are outlined in Table 3, 

highlighting a diverse range of research directions. One 

of the most extensively studied approaches involves the 

use of biodiesel, a renewable and oxygenated renewable 

fuel that has gained traction due to its compatibility with 

CI engines and reduced carbon footprint. Its inherent 

oxygen content enhances combustion efficiency, making 

it a suitable candidate for use in advanced combustion 

modes. 

A well established complement to these strategies is 

the Exhaust Gas Recirculation (EGR) system, which has 

proven effective in reducing peak combustion 

temperatures and improving thermal efficiency, 

particularly under partial load conditions [64–65]. EGR 

works by reintroducing a portion of exhaust gases into 

the intake air, diluting the oxygen content and absorbing 

combustion heat further suppressing the production of 

thermal NOₓ. 

In addition to biodiesel, alcohols such as ethanol and 

methanol have also been employed as supplementary 

fuels to lower engine-out emissions. Their higher 

volatility and oxygen-rich molecular structure facilitate 

better air–fuel mixing and more complete combustion, 

contributing to reductions in carbon monoxide and 

unburned hydrocarbons. 

Recent years have also witnessed increased attention 

toward the use of metal-based fuel additives, particularly 

in biodiesel applications. These metallic additives, often 

in nanoparticle or oxide form (e.g., cerium oxide, copper 

oxide), have demonstrated significant potential in 

enhancing combustion kinetics, thermal conductivity, 

and mixture stability. Experimental evidence suggests 

that these additives can improve engine performance 

indicators while simultaneously decreasing the emission 

of particulates and incomplete combustion by-products.

 
TABLE 3.  

EFFECTS OF ADVANCED COMBUSTION MODES ON ENGINE PERFORMANCE 

Advanced Combustion Modes Outcome 

Reactivity Controlled Compression Ignition 

(RCCI) 

Reactivity Controlled Compression Ignition (RCCI) has been shown to simultaneously 

achieve ultra-low NOₓ and soot emissions compared to conventional diesel combustion 

(CDC), often accompanied by higher thermal efficiency. However, an increase in unburned 
hydrocarbons (UHC) and carbon monoxide (CO) may occur due to quenching or over-

mixing effects, thereby necessitating precise injection control strategies and the application 

of appropriate after-treatment systems [45]. 
Homogenous Charge Compression Ignition 

(HCCI) 

Compared to conventional diesel engines, HCCI operation exhibits higher thermal 

efficiency due to a combustion process that more closely approaches the ideal 

thermodynamic cycle and reduced wall heat losses. Numerous studies have also reported 
lower brake specific fuel consumption (BSFC), reflecting improved fuel economy. 

Nevertheless, combustion stability remains a critical limitation at high load and low-speed 

conditions, where the occurrence of knocking or misfire can be significant [46] [47] [48] 
Premixed Charged Compression Ignition (PCCI) Premixed Charge Compression Ignition (PCCI) integrates the benefits of premixed 

combustion with the precise injection control of conventional diesel engines. This strategy 

enables rapid ignition with charge stratification, thereby preserving combustion phasing, 
lowering combustion noise, and enhancing thermal efficiency. Compared to conventional 

diesel combustion, and in many cases even to HCCI operation, PCCI achieves substantial 

reductions in NOₓ and soot emissions due to its moderated combustion temperature and 
staged ignition process. Nevertheless, elevated levels of unburned hydrocarbons (HC) and 

carbon monoxide (CO) are frequently observed, which are primarily attributed to 

incomplete combustion and quenching effects near wall regions under early injection 
conditions [49] [50]. 

Exhaust Gas Recirculation (EGR) An increase in the EGR ratio leads to a reduction in peak cylinder pressure and combustion 

temperature. Consequently, Brake Specific Fuel Consumption (BSFC) increases, while 
Brake Thermal Efficiency (BTE) exhibits a declining trend, primarily due to reduced in-

cylinder temperature and oxygen concentration. The implementation of EGR, however, 

results in a significant reduction in nitrogen oxide (NOₓ) emissions [51] [52]. 
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IV. CONCLUSION 

 
Compression ignition (CI) engines remain 

indispensable across numerous sectors of the global 

economy, particularly in industries reliant on heavy-duty 

and long-duration power applications. While their 

robustness and superior fuel efficiency are well 

documented, their environmental drawbacks most 

notably the emission of nitrogen oxides (NOₓ) and 

particulate matter pose a continuing challenge in light of 

increasingly stringent emission regulations. 

In this context, the present study has synthesized 

findings from various interventions aimed at improving 

the environmental and operational performance of CI 

engines. These interventions fall into three primary 

categories: combustion chamber geometry modifications, 

renewable fuel utilization, and advanced combustion 

methodologies. 

With regard to combustion chamber geometry, 

changes in piston bowl shape have been shown to 

influence in-cylinder dynamics significantly. Most 

design configurations achieved higher brake thermal 

efficiency and reduced specific fuel consumption. 

Nevertheless, certain geometries such as re-entrant, 

hemispherical, and trapezoidal bowls showed variable 

results, suggesting that the shape itself is not enough 

without being optimally integrated into the overall 

combustion approach. 

In terms of fuel-related interventions, the adoption of 

biodiesel particularly from sources such as canola and 

jatropha has yielded measurable improvements in 

thermal efficiency and emissions reduction. Alcohol-

based fuels also demonstrated value, primarily due to 

their favorable combustion properties and oxygen 

content, which facilitate more complete oxidation and 

reduce unburned hydrocarbons. 

In terms of combustion methods, technologies such as 

Homogeneous Charge Compression Ignition (HCCI) 

have demonstrated success in minimizing NOₓ 

production through the suppression of maximum flame 

temperatures. The use of Exhaust Gas Recirculation 

(EGR) further contributes to emission control by diluting 

oxygen concentration and absorbing heat within the 

combustion chamber. 

Despite these advancements, no single intervention 

provides a complete solution. The emission targets set 

for the near future, particularly concerning greenhouse 

gases, will likely require a combination of the strategies 

outlined above. Among them, fuel innovation especially 

the development and deployment of synthetic, carbon-

neutral fuels at commercial scale offers the most 

forward-looking potential. Such fuels could radically 

alter the emissions profile of CI engines and support 

broader climate goals. 

In summary, a multifaceted approach that integrates 

combustion design optimization, renewable fuel 

adoption, and advanced combustion control appears to be 

the most pragmatic pathway toward achieving cleaner 

and more efficient CI engine operation. Continued 

research in this direction holds significant promise for 

balancing energy demands with environmental 

sustainability. 
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