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Improving thermal efficiency and reducing carbon emissions are the permanent themes for internal combustion (IC) engines.

Improving thermal efficiency and reducing fuel consumption and greenhouse gas (GHG) emissions motivate the technological

progress of the automobile and engine industry.

thermal efficiency  thermodynamic cycle  gas exchange  combustion technologies

1. Low-Temperature Combustion

The LTC is one of the promising advanced techniques for in-cylinder combustion to minimize emissions with a beneficial

impact on high efficiency and specific fuel consumption. It features improved mixture preparation, fuel atomization, reduced

combustion temperature, and lower local equivalence ratios, which simultaneously increase the chances of reducing

emissions while retaining higher thermal efficiency. The LTC is mostly accomplished through several approaches, namely the

HCCI, RCCI, PPC, SACI, etc. .

1.1. Homogeneous Charge Compression Ignition

For the HCCI mode, a mixture of air and fuel homogeneous or well-mixed ignite without a spark at the end of the compression

stroke. Combustion occurs in many locations in HCCI engines due to the self-ignition of the mixture that reaches its chemical

activation energy, and automatic combustion occurs without any apparent propagation of flame front or diffusion flame.

Furthermore, one-third to one-half of the operating load can be used for SI and CI modes, and the remaining load for HCCI

mode.

Polat et al.  examine the effects of boost pressure on combustion and output at a low CR of an early direct-injection HCCI

engine. The experiments were conducted using n-heptane fuel at various intake manifold absolute pressures from 1.0 to 1.6

bar at different engine loads. As a result, the operating range can be expanded, and the HCCI combustion process can be

operated at a low CR of 9.2 by supercharging application. As the boost pressure rose, an improvement in thermal efficiency

was seen. The volumetric efficiency, in-cylinder gas temperature, and in-cylinder pressure were increased with increased

intake manifold pressure, and the combustion phase was advanced. Therefore, combustion events with CA50 2–3° CA aTDC

demonstrate the highest thermal performance, especially under low boost pressures. The test results have shown that the

HCCI operating range can be prolonged, particularly at high load limits, by increasing the intake manifold pressure.

Maurya et al.  investigated combustion characteristics and emissions of HCCI engines fueled by ethanol under various inlet

temperatures of 120–150 °C. The results showed an increase in combustion efficiency, indicated thermal efficiency, and gas

exchange efficiency of 97.45%, 44.78%, and 97.47%, respectively, particularly at 393 K of air temperature and lambda 2.5.

The low reactivity of n-butanol aids in obtaining optimal thermal efficiencies comparable to conventional diesel combustion

(43–46%) is consistently accomplished . Ganesh et al.  observed there was a reduction in the BTE when a mixture of

vaporized jatropha methyl ester and the air is inserted into the cylinder through the intake stroke. The indicated thermal
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efficiency of ethanol/n-heptane blend fuels HCCI combustion can be increased up to 50% at high load due to the delay of the

ignition timing by the ethanol addition . Nagarajan et al.  experimentally investigated HCCI with 100% gaseous fuel LPG.

They reported that the BTE increased at part loads for all EGR rates, but higher flow rates of EGR negatively affected the

BTE at full load.

Because HCCI combustion uses heavily diluted charges with either a high degree of EGR or lean mixtures, the in-cylinder

temperature will remain low, comparable to conventional diesel combustion. The principal shortcomings of this combustion

mode have been summarized as follows : (i) low power density, (ii) high combustion noise, (iii) limited operating load, (iv)

low combustion efficiency, and (v) poor combustion phasing control. In terms of engine efficiency, 15% of thermal efficiency

was observed for multiple injections . In Refs. , 29–37% and 44.78% indicated thermal efficiency was obtained when

lambda equals 2.0 and 2.5 respectively. In contrast, the BTE was decreased with vaporizer, and high EGR rate , and

advanced injection timing  and it increased with injection timing .

Duan et al.  comprehensively reviewed various effective techniques such as fuel reactivity, fuel additives, alternative fuels,

reactive species, reforming, and modification, which were used in HCCI engines to control combustion phasing and ignition

timing (Figure 1). Main conclusions were found of these strategies applied in HCCI engines summarized as follows:

Figure 1. Schematic diagram of effective techniques used to control combustion phasing and ignition timing of HCCI engines

.

Designing, modifying, and controlling fuel compositions, and employing fuel physical-chemical properties in HCCI engines

to improve the combustion phasing and ignition timing and expand operating loads.

Fuel reactivity stratification may be an attractive method of controlling ignition timing and reducing the excessive PRR.

Fuel reforming and modification were common techniques for adjusting the chemical components to control combustion

phasing and ignition timing.
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As compared to preheated intake temperature, reactive species, and fuel additives have potential advantages in HCCI

engines by lowering the intake temperature and making it easier to control the combustion timing.

In contrast to conventional gasoline and diesel fuels, alternative fuels have remarkable superior advantages in regulating

combustion phasing and ignition timing.

Negative valve overlap is an efficient way of increasing in internal EGR of the HCCI engine, which leads to delay in the

auto-ignition for high load, hence retard the combustion phasing.

Combining external and internal mixture preparation can be considered effective method for controlling ignition timing and

combustion phasing.

The preheating of intake air and boosting the air pressure can shorten ignition timing and extend the load engine to high.

Therefore, the combination of the two ways is commonly used in the HCCI engine.

To stratify the temperature distribution in the cylinder of the unburned mixture before auto-ignition, thermal stratification can

be used. It is an efficient technique for governing the HRR and controlling the auto-ignition.

The combustion phasing and auto-ignition can be controlled using a variable compression ratio instead of preheating the

air intake.

Applying the SACI mode in the HCCI engine can give an effective approach that operates with lean mixture, controlling

combustion phasing, expanding the engine’s load range, and sustaining high thermal efficiency.

Pressure rise rate (PRR) increases as a premixed ratio increases while decreases with vaporizers, high EGR rate, and lean

mixtures. Additionally, the maximum PRR was higher without EGR than that with EGR in all pilot quantities as well as it was

very high for a rich mixture. This issue can be settled by delayed the combustion phasing to reduce the PRR. Delayed

combustion phasing can, however, result in a sacrifice in efficiency. Though HCCI has a limited range of load operations and

very rapid PRR due to the auto-ignitions characteristics, a load of up to 2 MPa of IMEP for naturally aspirated can be realized

under steady-state conditions, but transient operation conditions remain a challenge. Furthermore, the very rapid pressure

rise rate, other parameters can limit the HCCI’s operating range, such as misfiring at low loads and engine knock at high

loads. Therefore, numerous strategies are suggested to extend the high load operating limits through turbocharging or

supercharging, VCR, SACI, and PPC operation, charge stratification, changing the coolant temperature, variable intake air

temperature, VVT, EGR, injection timing, and utilizing alternative fuel with high octane number to avoid engine knock and

misfiring .

1.2. Reactivity-Controlled Compression Ignition

RCCI is a dual-fuel combustion technique that uses an in-cylinder blend of at least two fuels with various auto-ignition

characteristics to control the heat release rate (HRR) and combustion phase . The major part of the total injected fuel

should be low reactivity fuel (LRF), while the high reactivity fuel (HRF) is utilized to trigger the combustion process . Unlike

all other LTC modes, RCCI combustion can achieve significantly higher BTE, with comparatively lower PM and NO  emissions

. In addition, it facilitates a smoother combustion process by diminishing engine knock , which offers good ringing

intensity and is better than HCCI engines . The other advantage of RCCI mode combustion is the ability to operate under a

wide range of engine loads with acceptable pressure rise, and low ringing intensity, and can produce higher thermal efficiency

~56% . Another merit of RCCI combustion is regarded as one of the best promising modes of LTC compared to the
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other methods and promising technology to improve thermal efficiency under highway navigating conditions. It can also be

observed from this strategy for all tested fuels that the heat release rate was higher than conventional diesel combustion .

The key benefit of a dual-fuel system is dominating the combustion process by enhancing the blended fuel reaction. To

distinguish the combustion process from HCCI or PCCI, led to the term RCCI. The foremost benefits of this strategy include

:

Low emissions such as NOx and soot.

The losses in heat transfer are lessened.

Thermodynamic efficiency and fuel efficiency increased.

Although RCCI offers low emissions and high efficiency, it still has numerous challenges, such as excessively high MPRR at

high loads and excessive UHC and CO emissions at low loads. These two restrictions limit the RCCI’s working range to

moderate loads, making it unsuitable for use in real-world applications . Han et al.  showed that PCCI and HCCI

combustion modes produced significantly lower soot and NO  emissions, but RCCI mode combustion showed comparatively

higher efficiency with superior combustion control compared to other LTC techniques also can have a lower peak pressure

rise rate (PPRR) and a longer combustion duration. Notwithstanding the low combustion efficiency, the gross thermal

efficiency of RCCI was somewhat higher due to reducing the losses of heat transfer arising from the decline of peak pressure

rise rate. The outcomes of pump fuel revealed that it was seen the reactivity of the premixed fuel had increased, and the

combustion efficiency was increased to a comparable value to that of the PPC (see Table 1) .

Table 1. Review and comparison between three different advanced combustion technologies .

Several further studies confirmed that gasoline-diesel RCCI can minimize NO  and soot emissions , but the gross

indicated thermal efficiency greater than 55% is not replicated. On the other hand, some researchers have reported a

remarkably high peak value of 56% at medium loads . Splitter et al.  proposed that the gross indicated thermal efficiency

of up to 60% was needed with reduced frictional and pumping losses. The findings demonstrate that, with optimization

thermodynamic conditions, combustion management, disabling piston cooling, and increasing the compression ratio to 18.7,

60% gross indicated thermal efficiency have been achievable, offering a route to having reached 55% BTE. The BTE is

directly proportional to the gross indicated thermal efficiency, where some restrictions can be observed that would reduce the

thermal efficiency represented by PMEP and FMEP. Therefore, a maximum BTE can obtain if these losses decreased as

much as possible with the possibility of increasing the gross indicated mean effective pressure (IMEP ), as shown in Figure 2.

The same authors  recorded a maximum GIE of 59% when using PFI of E85 and DI of diesel, with the possibility to extend

[1]

[29]

[24] [31]

x

[32]

[32]

Primary Reference Fuel    Pump Fuels   
Fixed Condition HCCI PPC RCCI Fixed Conditions PPC RCCI

GIE (%) 47.1 45.6 47.5 GIE (%) 46.9 46.1

NOx (g/kg-fuel) 0.05 0.01 0.04 NOx (g/kg-fuel) 0.15 0.05

COV of IMEP (%) 2.6 2.5 2.6 COV of IMEP (%) 2.5 2.1

Comb. Efficiency (%) 92.8 93.1 91.5 Comb. Efficiency (%) 93.7 93.2

PPRR (bar/deg) 14 16 5.8 PPRR (bar/deg) 16.4 11.7

CA50 ±σ50 [aTDC] 3.5 ± 0.5 2.5 ± 0.3 2.2 ± 0.5 CA50 ±σ50 [aTDC] 3.2 ± 0.4 2.7 ± 0.9
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the load easily compared to their previous work . Additionally, at all tested load points up to 16.5 bar IMEPg, lower EGR

rates were needed.

Figure 2. BTE as a function of IMEPg and gross thermal efficiency(GTE) (GIE: gross indicated efficiency synonymous to

GTE) .

The most important results obtained from the review made by Reitz and Duraisamy  were: (i) gasoline/diesel offered high

thermal performance over a broad range of load engines, with a maximum GIE of 56% under 0.93 MPa IMEP operating

conditions on heavy-duty (HD) engines, (ii) the utilize of E85 and B20 permitted the maximum BTE of RCCI to increase from

40% with the gasoline-diesel operation condition to 43 %. Soloiu et al.  observed that RCCI leads to delayed ignition by 7

CAD compared to conventional diesel engines, resulting in a sharper rise in pressure. This strategy increased peak heat

release rate (PHRR) and delayed ignition due to reactivity stratification and prolonged mixing time, causing faster flame

speeds, as well as an increase in ITE reaching 58% at 4 bar IMEP. Another study conducted by Benajes et al.  showed that

the thermal efficiency of RCCI operating with E85 was higher than with gasoline. In addition, a higher value of BSFC with E85

than with gasoline. Pan et al.  reported that the BTE increased up to 7.08% with 18.5 CR and under high loads due to a

decrease in heat loss, resulting from the lower combustion temperature. Similarly, Gross and Reitz  reported increased

BTE levels of 32.34% at 2300 rpm and 4.2 bar BMEP due to lower combustion losses. Biodiesel/diesel RCCI combustion

leads to an increase of BTE by about 31% and reduces cylinder gas temperature due to the better-premixed combustion .

Mujtaba et al.  numerically investigated RCCI combustion fueled by NG/Diesel to optimize the engine efficiency using AVL-

file software. The simulation results observed that 55.05% of GIE was obtained at 13.5 bar IMEP .

Other significant efforts have been made by Jing et al.  to review and summarized the effect of the LRF ratio on the engine

performance of RCCI combustion. They found that as the low reactivity fuel (LRF) ratio increased, the engine performance

improved. Recently, Butanol Isomers (n-butanol, iso-butanol, and tert-butanol) as an LRF besides n-heptane as HRF, injected

directly into the cylinder, have been studied by Han and Somers. Their study was conducted from low to medium-high loads,
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and the results showed that the highest GIE could be obtained (>52%) with tert-butanol/n-heptane in most operating loads .

Pan et al.  found that iso-butanol/diesel RCCI has a longer ignition delay (ID), CA50-CA10 and combustion duration (CD),

later combustion phasing, lower maximum PRR, and higher ITE, compared with the gasoline/diesel RCCI mode.

Recently, Eyal et al.  explored an innovative concept integrating the advantages of High-Pressure Thermochemical

Recuperation and the LTC mode. This combination facilitates mitigating pollutant emissions and achieving high thermal

efficiency in a wide range. The findings demonstrate a 4- to 9% improvement in thermal efficiency compared to conventional

diesel combustion (CDC) with the same engine operating.

In summary, it was observed that LRF such as natural gas is permitted to extend load limits and combustion processes .

Moreover, this concept (RCCI) is presented to control better combustion and improve thermal efficiencies than other

approaches, such as HCCI, PCCI, single-fuel PPC, dual-fuel HCCI, and PCCI . RCCI combustion also has limitations, such

as lessening combustion efficiency at low loads and restricting high load expansion due to excessive PRR , distributing

LRF through port fuel injection (PFI), controlling cycle-to-cycle variation through the transient conditions, modification of fuel

injection strategy, and lower exhaust temperatures also pose significant challenges for after-treatment systems. These can be

alleviated by improving various control parameters  involving VVT, intake air temperature, injection strategy, EGR rate,

boost pressure, etc.) .

1.3. Partial Premixed Combustion

The PPC concept originated from the PCCI engine but is more similar to modern diesel engines . PCCI or PPCI are other

acronyms for a PPC. PPC is an LTC concept with its combustion regime sandwiched between HCCI and diffusion combustion

. Along with some of the control authority of diffusion combustion, this approach affords low heat loss and pollutant

emission. The use of PPC exhibits a significant reduction in heat transfer losses, resulting in an improved engine efficiency 

, and its benefits are similar to RCCI . To achieve the PPC, the extension of ignition delay is an essential issue for that

purpose, and it can be accomplished by excessive EGR rate, reduced CR, and fuel reactivity .

Moreover, PPC is a concept that involves fuel stratification to accomplish the desired combustion phasing and ignition timing.

Multiple injections and advanced injection strategies are used with this concept to determine the stratification level.

Additionally, it endeavors to utilize clean combustion and improved blending of fuels . PPC is an intermediary combustion

technique between HCCI and CCM, providing a sufficient ignition delay, hence improving the air-fuel mixture . Combustion

has been stratified through PPC, and the fuel-lean, besides fuel-rich regions, decreases NO  and PM emissions without

affecting efficiency. Furthermore, fuel injection timing and inlet air temperature were controlled during the combustion stages,

although chemical kinetics continues to play a significant role. As a result, more attention has been devoted to the PPC inquiry

in recent years .

Manente et al.  found that with the use of high-octane fuel in PPC, under high loads of more than 7 bar of IMEP, and 50%

EGR, the combustion efficiency was more than 98%. In addition, the values of BTE can reach higher than 48%. Han et al. 

evaluate the feasibility of employing n-butanol for two types of combustion modes, PPC and HCCI. The results show that both

PPC and HCCI of n-butanol can produce low NO  and close to zero smoke emissions while attaining diesel-similar engine

efficiency. Zincir et al.  investigated the impact of intake temperature on the limitation of PPC at a low load fueled by

methanol. The results revealed that with higher intake temperatures, the GIE began to increase (41–42%) because of an

increase in combustion efficiency (96–99%) affected by intake temperature. This is attributed because higher intake

temperatures under low loads can obtain more complete combustion. Another study conducted by Yin et al.  observed that

the maximum GIE of 51.5%. When the refinery fuel was used; the GIE was increased up to 50% under high loads and about
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45% for the other points. Furthermore, some differences can be observed in increasing and decreasing GIE, especially at the

16–20 bar of IMEP . This is due to several important reasons :

Increase thermal exhaust losses with other residual losses.

Combustion was delayed for 20 bar IMEP  due to hardware limitations.

Low fuel pressure, extended injection period, and long combustion duration.

Numerous studies reveal that the advanced SOI leads to decreased cylinder pressure and HRR , and the others show

an increasing cylinder pressure and HRR . It is observed sometimes increasing and sometimes decreasing, and this

also includes BTE and BSFC. The reason is that each study has its operating conditions, such as engine type, injection

pressure, injection type, fuel type with its blend, EGR rate, etc. In summary, the BSFC was increased in most studies because

they depend on several parameters. On the other hand, an increase in BTE and combustion efficiency can be demonstrated

because the combustion process of the PPC is very sensitive to boundary conditions.

The optimization of charge stratification is considered one of the essential factors to improve combustion performance, and it

can be achieved by employing multiple injection strategies. Zhang et al.  analyzed the multiple injection strategies utilizing

thermodynamic approaches to study how the combustion phasing, the heat release energy, and the heat transfer loss affect

the GIE of PPC combustion in heavy-duty optical engines. The results showed that a higher GIE could be obtained in the late

double injection with a later combustion phasing compared to the early double injection cases and 47.9% of GIE for the triple

injection case. In addition, the interaction between the post-injection and main combustion was a critical point for combustion

efficiency, although less influence on the combustion phasing. Additionally, Mao et al.  explored a multiple-injection strategy

to achieve the highest BTE of 44% in a multiple-cylinder heavy-duty diesel engine . Recently, Aziz et al.  investigated a

multiple injection (double and triple) strategy on the performance of PPC at low load fueled by Methanol in a single-cylinder

heavy-duty engine. They found that the GIE was improved using multiple injection strategies compared to a single injection.

Another recent study was conducted by Dimitrakopoulos and Tuner  to reduce the high combustion instability (COV) at a

low load of Gasoline PPC using glow plugs. The results showed that inlet air temperature was reduced by glow plugs, hence

keeping the combustion stable and having an insignificant effect on efficiency.

In summary, the PPC can provide better mixing before the combustion since it is based on the prolonged ignition delay.

Although PPC has many merits over HCCI, it presents some critical challenges related to combustion stability and

controllability, high HRR, high PRR at low and medium loads, as well as poor combustion efficiency at low loads. Using

multiple injections and throttling the engine and running at a lower lambda, RCCI and SACI are likewise methods to resolve

the poor combustion efficiency at low loads. For high loads, further investigations are required to use oxygenated fuel with a

high CN, glow plugs, high boost pressures, high EGR ratios around 50%, advanced injection strategies, and placed the main

injection nearby TDC.

1.4. Spark-Assisted Compression Ignition

The SACI is an efficient strategy proposed to optimize the robustness of ignition control, achieve stable phase control, and

extend the HCCI load range . SACI strategy is based on a lean mixture via injecting fuel within the combustion chamber

through the early intake stroke. An external ignition source was utilized to initiate a flame front propagation, and compression

ignition is initiated by exceeding the auto-ignition threshold. The auto-alignment threshold relies on the air-fuel mix, fuel type,

and residual gas amount . The purpose of SACI is to achieve supplementary HCCI combustion control. SACI is an

intermediary concept involving flame improvement initiated via spark discharge, accompanied by HCCI kinetic combustion. A
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spark discharge has been added to improve combustion stability in terms of the IMEP . The combustion properties of

HCCI, SACI, and SI mode were contrasted by Wang et al. . They have found that SACI can attain higher thermal efficiency

than spark ignition combustion, particularly at 8.2 bar of IMEP.

Many researchers have expanded the engine loads into the SACI system by modulating some variables , such as spark

timing , internal and external EGR rates , intake temperature , and effective compression ratio with LIVC . Chiodi et

al.  have shown that ~44% indicated thermal efficiency is considerably higher than that of flame propagation combustion

and reduces specific fuel consumption to a minimum. This rapid energy release results in the highest peak pressure, even

higher than the limited flame combustion without knocking. This is noteworthy because the total energy released is

substantially higher due to the lambda value being richer. Ortiz et al.  noted that the combustion strategies for HCCI and

SACI showed potential increases in the ITE  of up to 30%, with an additional 12.5% with the potential to incorporate less

detrimental control strategies, as shown in Figure 3. Yun et al.  showed that the ignition delay became shorter due to the

delay in spark timing, meaning that the beginning of the combustion would be rapid. Finally, using the spark assisted HCCI

combustion, the operating range was extended. Furthermore, under higher load in SAPCCI mode, the BTE of low-octane fuel

is better than the baseline G100 (~43%) .

Figure 3. Comparison of simulation and experimental gross and net thermal efficiency vs. load (a) Gross indicated thermal

efficiency (GIE) (b) Net indicated thermal efficiency (ITE ) .

Zhou et al.  showed that the iEGR ratio and ignition timing were essential factors for controlling the SACI combustion

process. As a result, iEGR principally controls the combustion phase by varying intake air mass flow and the initial in-cylinder

temperature. To accomplish stable SACI combustion and overcome ringing, Chen et al.  employed late side injection to

adjust fuel distribution. They found that controlling the peak HRR value between 81.72 J/CAD to 148.92 J/CAD can result in

stable SACI without ringing. In addition, the late side injection strategy decreases auto-ignition flame speed, suppresses

engine knock, and improves thermal efficiency, thereby realizing SACI combustion. Jacek et al.  explained how the SACI

achieves appropriate PRR and combustion stability under high load boundary conditions, which was beneficial to the

HCCI/SACI transition. The results showed the ability to operate SACI at IMEP of 5 bar with an SFC of 207 g/kWh for heavy-

duty engines. It is essential that the PRR and variation of IMEP do not exceed 2.5 bar/CAD and 3%, respectively, thus

affording the considerable potential of load extension. Biswas and Ekoto  concluded that the impact of ozone addition was

more significant for the low loads. Moreover, ozone addition decreases specific fuel consumption by up to 9%, with enhanced

combustion stability comparable to similar conditions without ozone.
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Recently, a comprehensive review has been conducted by Robertson and Prucka  to determine the key factors required to

realize a feasible production-workable control strategy for SACI engines. The literature demonstrated that brake thermal

efficiency of up to 44% was achievable in the product. The efficiency advantages are determined by the increased

compression ratio, higher specific heat ratio, reduced pumping work, lower heat transfer, and shortened burning period. They

found that charge stratification can achieve flame propagation and reduce the auto-ignition of the reaction rates.

1.5. Summary of the LTC Modes

As addressed in the above studies, the LTC mode has faced several challenges such as load extension and control of the

knocking at high load . First, combustion control and ignition timing. Because this combustion mode is ruled by chemical

kinetics, it is extremely complicated to control these parameters. However, combustion can be governed by the temperature-

time history of the fuel-air mixture and the fuel’s properties. Temperature-time history can be altered by adjusting the intake air

temperature, VCR, EGR, etc. The second is combustion stability and its noise (misfiring and torque oscillation). The use of

closed-loop combustion control can mitigate this issue by regulating combustion timing, such as ignition delay and peak PRR.

The third is combustion phasing, which is based on the signal of in-cylinder pressure. Fourth, cold start. Three methods can

resolve this issue, such as providing glow plugs, utilizing some fuel additives, and adding vaporizer to biodiesel fuels. Finally,

an extension of the highest possible load limits. To overcome this issue, two ways can be adopted, e.g., adaptation booster

and compound injection strategy and using diesel blended renewable fuel such as ethanol and biodiesel.

Among the different LTC technologies, it was observed that intelligent charge compression ignition (ICCI), which is not

covered in this article, has unique merits and potential in high efficiency (up to 50% of ITE at medium loads), combustion

efficiency is significantly higher at low loads, and low emissions under wide load range over other LTC modes, so it is a

suitable combustion mode to overcome high MPRR at high loads and low efficiency at low loads. ICCI can be enhanced in-

cylinder reactivity, reformulating the cylinder’s concentration stratification and composition at low loads . Thus, that is why

this concept can produce higher thermal efficiency. Maybe soon the ICC mode will be attractive in commercial applications.

2. Highly Dilution Combustion

Highly dilution combustion has been known to afford advantages for higher thermal efficiencies and lower emissions . High

dilution is one type of LTC strategies improve efficiency by reducing pumping work and heat transfer, as well as increasing the

ratio of the specific heat. However, the high dilution harms deflagration flame propagation, raises the ignition energy required

for auto-ignition, and limits peak engine load . Some innovative strategies have been proposed to overcome these

drawbacks, including an advanced ignition system, hydrogen-enriched combustion, and thermochemical recuperation.

2.1. Advanced Ignition System

Advanced ignition systems have been studied as a technology for downsizing boosted engines with dilution combustion.

These technologies comprise :

Laser ignition.

Microwave high-frequency ignition.

Dual-coil offset/ignition.

Active and passive jet ignition.
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Multi-charge ignition.

Advanced igniting systems for gasoline engines are necessary to improve engine thermal efficiency under dilution combustion

conditions . In addition, many of these systems improve the combustible mixture’s ignition energy or dispersed the ignition

energy into the entire combustible charge . Due to the plenty and complexity of ignition technologies, only three types will

be discussed and briefly summarized here, and the scope of their impact on thermal efficiency is as follows:

Laser ignition system (LIS).

Low-temperature plasma (Corona ignition system (CIS).

Turbulent jet igniters (TJI).

2.2. Laser Ignition System (LIS)

It has been pointed out that the LIS can raise the peak cylinder pressure by 5% and 15% on average, respectively . The

laser source that is used to initiate combustion has several potential advantages. Although there are still some limitations,

they have come to be an attractive research field to substitute conventional electrical discharge systems . The

main advantages of the laser ignition system are:

It is an electrode-less ignition system.

No electrodes were eroded or quenched effects.

A laser ignition system’s lifetime will far surpass the spark plug’s lifespan.

Random position of ignition plasma, capability for the leanest mixture, and precision ignition timing.

Laser ignition can precisely control the ignition energy deposited in the ignition plasma and feasibility multi-point ignition

easily. These advantages of laser ignition have great potential in practical applications and could be used dramatically to

improve the combustion process, which has increased research about laser ignition in the past few years . One of the

significant advantages of LIS is that it is easy to perform multi-point ignition, which is essential to burn lean mixtures,

overcome the loss of flame speed, and reduced combustion duration . The various strategies to implement

multi-point laser ignition in a constant volume chamber of an engine have been studied . The possibility of multi-

point laser-induced ignition has been proved for the combustible mixture for either constant volume  or IC

engines . A significant improvement in the combustion of a lean mixture has been obtained by igniting the mixtures

at multiple positions. An increment in peak pressure and PRR was seen for multi-point laser ignition compared to the single-

point ignition.

Bihari et al.  observed that laser ignition improved combustion stability under all operating conditions; furthermore, they

noted that the lean ignition limit could be significantly extended. The study also found that the BTE obtained was 32% when

the laser ignition system is applied. Pal and Agarwal  observed that the BTE improves for both LIS and SI with BMEP rise.

Additionally, the superior combustion of the hydrogen-air mixture within the combustion chamber is associated with higher

BTE. Furthermore, this results in higher combustion efficiency inside the combustion chamber and a higher BTE for laser

ignition (LI) than SI. Patane and Nandgaonkar  have reviewed several technologies utilized for multi-point laser ignition.

They found that the increase in laser energy indicates improved combustion characteristics.
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Recently, Prasad et al.  found that a maximum BTE is obtained for 31° CA bTDC ST (spark timing) for all hydrogen-

compressed natural gas (HCNG) mixtures, and it was reduced for both advanced and retarded sparking timings. This

experimental study also shows that laser ignition is proper for HCNG engine deployments.

2.3. Corona Ignition System (CIS)

In the past few years, radio frequency (RF) corona ignition technology has attracted much attention. The benefits of the

corona ignition system (CIS) comprise continuous energy delivery, large ignition volume, and the feasibility of combustion

diagnosis. In addition, the CIS can promote near-simultaneous and near-located multiple ignition points, thereby reducing the

(0–10) burning duration . A high-frequency power supply, a resonant igniter, and corresponding network circuits are the

key elements. Therefore, the CIS can make combustion stable and extend engine operating range and lean stability limits

compared to other ignition systems . In comparison to the conventional spark ignition systems, the CIS can

create a significantly larger high-intensity plasma ignition source, as shown in Figure 4.

Figure 4. Difference between ACIS (left) and conventional spark plug (right) .

Several studies demonstrated that the early flame propagation had been accelerated, and the dilution limitation was

extended, resulting in more stable operation, improved fuel economy, and provides further efficiency benefits . A

less than 3% of the “coefficient of variation. (COV) of IMEP (COV )” and shorter ignition delay can be obtained using an

advanced corona ignition system (ACIS) . In addition, it was noted that the flame propagation, ignition, and flame kernel

generation were more robust . Moreover, the ACIS enables advanced combustion strategies like highly diluted mixtures,

very high EGR, and lean-burn, further increasing fuel efficiency .

Recently, experiments had been conducted in a single-cylinder optical research engine through Biswas et al.  to

investigate the effect of three types of ignition systems on the performance and emissions, including ACIS, barrier Discharge

Igniter, and Nanosecond Repetitive Pulse Discharge (NRPD). The experimental outcomes revealed that the lean limit was

extended in both ignition systems (ACIS and NRPD), where the COV  is less than 3% . Another study conducted by

Ricci et al.  showed that corona igniters can extend. the lean. stable limit by increasing the early flame growth speed.
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In summary, among the non-thermal plasma ignition techniques, the CIS shows the most possibility for adapting to changing

in-cylinder thermodynamic conditions. In contrast, one of the CIS challenges ensures corona discharge’s inception while

avoiding arc touchdown, particularly in high-density conditions if a higher voltage is necessitated .

2.4. Turbulent Jet Igniters (TJI)

Another promising approach for improving dilution combustion is the pre-chamber technique with an auxiliary fuel supply

system, usually called turbulent jet ignition (TJI) . The TJI systems can be categorized into passive pre-chamber systems,

in which the fuel is supplied externally into the pre-chamber, and active pre-chamber systems, in which fuel is injected inside

the pre-chamber. A passive pre-chamber consisting of a cover with holes encapsulated a smaller volume of fluid. As shown

in Figure 5, the pre-chamber is linked to the main chamber through one or more tiny orifices (~1.25 mm diameter) . This

leads to promoting the quenching of flame and penetration into the main chamber. The main chamber combustion is initiated

by the reacting mixture of pre-chamber in multiple locations throughout thermal, chemical, and turbulent influences 

.

Figure 5. Schematic representation of pre-chamber .
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The spark plug electrodes are utilized as an improver of ignition energy for the main combustion chamber . The

mechanisms behind the TJI combustion include the intricate coupling of factors , such as turbulent mixing, chemical

reaction, flame quenching, and flame-piston impingement . The TJI has the merits of enhancing burning rates and

extending gasoline engine lean-burn limits. Some experimental studies by Refs.  reported an ITE  of 42% using the

TJI system, and it is an efficient way to extend the knock limit. Another work made by Bueschke et al.  proved that using

the TJI leads to developing flame front, and a short combustion duration has been obtained. Furthermore, ultra-lean

combustion and best fuel consumption can be achieved as well as improved engine performance by utilizing a fueled pre-

chamber, which indicates that the TJI is more feasible for engine combustion under partial load conditions .

The TJI could be considered one of the solutions for increasing the flame speed and stabilizing the combustion process. Hua

et al.  conducted experiments in a single-cylinder gasoline engine with different ignition systems, involving one-hole TJI,

twin spark ignition, single spark ignition, and seven-hole TJI under various air/fuel equivalence ratios and various engine

loads. The results showed that the cycle-to-cycle variants of the TJI combustion assessed by the COV  and coefficient of

variation (COV) of peak pressure are significantly reduced due to the rapid combustion rate caused by the jet flame.

Additionally, the single-hole TJI combustion seems to have the best combustion stability, particularly lowering COV of peak

pressure.

Recently, Distaso et al.  analyzed the combustion by implementing the numerical simulation for the active pre-chamber

technique of a lean operation engine. The analysis indicated that the overall operation of the TJI with an active pre-chamber

could be subdivided into six principal phases, described as mixing, flame propagation, filling and scavenging, ejection, re-

burning, and extraction and expulsion. At the TDC, approximately 40% of the cylinder volume has been occupied by flames,

while traditional spark plugs only reported 18%. The results revealed an improvement in the engine performance compared to

conventional spark plug when using a TJI system in terms of efficiency.

2.5. Hydrogen-Enriched Combustion

Hydrogen enrichment can significantly increase efficiency while reducing emissions without extensive engine modifications.

One option for enriching the hydrogen source is to produce hydrogen on the vehicle through steam reforming methane

actively . The speed of the hydrogen flame is nine times greater than that of the diesel flame. Therefore, diesel

combustion in the presence of hydrogen would achieve more fast and more complete combustion . In addition, hydrogen

is considered a high energy source because of the higher heating value, higher flame speed, low ignition energy, and the fact

it does not have carbon atoms. These characteristics make it an essential source for emission control and the CI engine’s

performance improvement . A mixture of hydrogen and methane showed that CO, CO , and HC decreased with the

increase of hydrogen percentage while NO  increment . Excessive air ratio fueled with methane and hydrogen showed

that the maximum PCP decreased with an increased excessive air ratio . On the other hand, under injection timing of 5°

ATDC with an injection duration of 90°, the BTE increased from 23.6% to 29.4% compared to diesel due to better mixing of

hydrogen with air, resulting in enhanced combustion. Although 31.67% of the BTE can be achieved at 15° ATDC with 60° CA,

an engine knock issue has been observed at this condition .

Karim et al.  reported that with increasing hydrogen content share, BTE had increased. Another study was conducted by

Akansu et al. , and their conclusions were similar. Bari and Mohammad Esmaeil  observed that the BTE improved

from 32% to 34.6%, 32.9–35.8%, and 34.7–36.3% at 19, 22, and 28 kW, respectively, by increasing the percent induction of

H /O  mixture enrichment. This will lead to higher peak pressure near the TDC and generate a higher effective pressure for

the work to be done, thereby contributing to efficiency improvements. Deheri et al.  revealed that the use of biogas in

diesel engines decreases the BTE by up to 13% while increasing fuel consumption by up to 36%, which can be enhanced by
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using such techniques as advanced injection timing or higher compression ratios up to 10 to 12 %. In contrast, the

combustion duration and ignition delay can be reduced by simultaneously providing biogas and hydrogen to the cylinder with

advanced injection timing and higher CR. It appears that owing to the large flammability and high hydrogen flame speed, after

hydrogen enrichment, the BTE at a lean-burn limit has been increased and reaches its maximum value of 18.99% when the

fraction of hydrogen volume is one percent .

Zareei et al.  conducted a simulation study of a diesel engine fueled with hydrogen-compressed natural gas (HCNG) (the

hydrogen amounts used in HCNG are 10, 20, 30, and 40%) using AVL Fire software based on the method of finite volume.

The results reveal that the BTE has been improved when the concentration of hydrogen in the HCNG blend increased

compared to CNG and pure diesel. This is because of the higher diffusivity of hydrogen (a homogenous mixture between

hydrogen and air would be better). The BTE has increased up to 8.44% and 14.85% at 2400 and 1200 rpm, respectively, by

utilizing 40% hydrogen in the HCNG blend compared to pure diesel, as shown in Figure 6. Alrazen et al.  analyzed the

effect of the hydrogen addition to diesel engines on the performance and emissions. Therefore, an increase in BTE was

observed due to short combustion duration, increased heat release, and cylinder pressure caused by hydrogen addition. In

brief, hydrogen addition can help to enhance the poor combustion process of natural gas, which reduces the ignition delay,

and improves the flame propagation speed, peak HRR, and peak cylinder pressure. Nevertheless, it also leads to a pinging

sound and engine knock .

Figure 6. Illustrates the BTE under various injection pressures .

2.6. Thermochemical Recuperation

One viable method of waste heat recovery (WHR) to utilize the energy of the hot exhaust gas to maintain the endothermic fuel

reforming reaction is defined as thermochemical recuperation (TCR) . The TCR has two main advantages. First, through

the endothermic fuel reforming reaction, the LHV of the fuel is increased due to the WHR process. Second, the mixture of

gaseous reformed products usually has a higher hydrogen content, which increases burning velocity, a higher octane number,

higher resistance to engine knock, and a more comprehensive range of flammability limits . Therefore, the TCR can

improve the efficiency due to the WHR process and lean burn operating feasibilities, thereby improving the ICE efficiency,

approaching the theoretical Otto cycle, and the potential for increasing its compression ratio.
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Popov et al.  have concluded that the TCR would improve energy efficiency by up to 10–25% compared to the traditional

recuperation systems. Pashchenko et al.  analyzed the first law energy analysis of TCR by steam reforming several liquid

biofuels, especially methanol, ethanol, glycerol, and n-butanol. The maximum efficiency of TCR use is at 600, 700, 850, and

900 K for methanol ethanol butanol, and glycerol, respectively. The results revealed that it was possible to choose the type of

fuel owing to steam reforming, and it could be used for the first law energy analysis of the TCR system by steam reforming of

liquid biofuels. However, Chakravarthy et al.  demonstrated that for a stoichiometric mixture of methanol and air, TCR

could improve the ideal engine’s second law efficiency by over 5% and about 3% for volume reforming and constant pressure,

respectively. Furthermore, for ethanol and isooctane, the estimated second law efficiency increased by 9% and 11% for

constant volume reforming, respectively. Brinkman and Stebar  indicated that the improved thermal efficiency resulted

from the advantageous characteristics of H -rich methanol-reforming products, such as broader flammability limits and higher

burning velocity, compared to gasoline.

As can be seen in Figure 7, employing the high-pressure methanol steam reforming (MSR) of 26 bar or higher and DI injector

reference flow diameter (IRFD = 3.84 mm) affords engine efficiency enhancement of 12% to14% in comparison with the

gasoline-fed counterpart. Additionally, the predicted improvement in the engine thermal efficiency will be much higher under

partial loads. This is due to the lean-operating feasibilities permitted via the high hydrogen content in the reforming products

. Previous simulations have also shown that engine fueling with ethanol decomposition and methanol steam reforming

(MSR) products reduces pollutant emissions more than gasoline .

Figure 7. Relationship of methanol conversion and BTE on reforming pressure .
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Another study by Poran and Tartakovsky  revealed that the engine feed with high-pressure methanol steam reforming

leads to an improvement in an ITE of 18–39% (as shown in Figure 8), compared with gasoline feeding. Generally, the

reformatted fuels have revealed a significant enhancement over gasoline in combustion performance, such as reducing COV

for quicker HRR and a wide range of EAR. Tartakovsky and Sheintuch  provided an inclusive review of research on fuel

reforming for IC engines. It involves a discussion of factors to consider before choosing the primary fuel. Steam reforming

provides moderate thermochemical recovery and is suitable for methanol and ethanol feeds. Air reforming reduces the degree

of recuperation but opens up opportunities for utilizing heavier fuels (like diesel and gasoline). Dry reforming (with carbon

dioxide) can provide the best recuperation, but it is vulnerable to rapid coking.

Figure 8. ITE at various load engines at 2800 rpm .

Recently, Hwang et al.  experimentally studied a “novel thermally incorporated steam reforming TCR reactor, which utilizes

sensible and chemical energy in the exhaust to afford the required heat for hydrous ethanol steam reforming. Off-highway

diesel engines were run at three different speeds and loads with diverging hydrous ethanol flow rates arriving fumigated

energy fractions of up to 70%”. The results show that the engine combustion and thermal efficiencies have suffered under low

load conditions but exceeded conventional diesel combustion (CDC) values during high loads. The increase in operating

temperatures permits CDC, such combustion efficiencies, while providing sufficient heat to generate a more significant energy

content stream. In summary, TCR has significant benefits for improving IMEP and engine efficiency. Still, further research

endeavored to improve IC engines’ startup, and transient behavior with the TCR is needed to extend the range of feasible

applications.

3. Other Advanced Technologies and Strategies
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3.1. Ultra-High-Pressure Injection

Higher pressure injection has become a practical solution as implementing electronic fuel injection apparatus promotes

engine performance and reduces emissions. In the past few years, 100 MPa injection pressure with an inline or a rotary pump

system has been considered high pressure. However, in recent years, the pressure has risen to 160~180 MPa and even

beyond 200 MPa. Likewise, engine power output was increased due to lower ignition delay duration at high injection pressure,

leading to better BSFC . On the one hand, raising the injection pressure enables increasing engine efficiency and

decreases fuel consumption .

Researchers in diesel engine manufacturing start to talk about “30–300–3000” technologies as prospect trends, i.e., “30”

represents high power density (30 bars of BMEP), “300” means 300 bars of peak cylinder pressure (PCP) to promote high

thermal efficiency; and “3000” represents maximum fuel injection pressure in bar for governing NO , soot, and enhanced

combustion efficiency . Nowadays, the injection pressure has attained 2500–2700 bar , and a few studies have

attempted to create fuel systems with 3000 bar injection pressure (Delphi, Denso). Gumus et al.  show that the increased

injection pressure provided better outcomes for BTE and BSFC. Additionally, 41.31% of BTE was obtained with the B100 for

240 bar injection pressure. To obtain better diesel performance, some authors even put forward average suggestions on how

to change the injection pressure . High pressure directly decreases the diameter of droplets. This helps shorten the most

prolonged combustion phase. Lee and Park  investigated atomization processes, spray break-up, droplet diameter, and

velocity from a gasoline direct injector fueled with n-heptane under high injection pressure up to 300 bar. They affirmed that

the injection pressure plays a crucial role in droplet breakup, but there is a limitation in injection pressure to improve droplet

breakup.

Several studies have been conducted using an “ultra-high injection pressure” or “micro-hole nozzle” with its effect on the

engine performance and emissions characteristics . However, fuel injection equipment with “ultra-high-pressure

injection” is still being created . Li et al.  concluded that, for GDI injectors that use ethanol fuel, the “ultra-high

injection pressure” up to 300 bar is a potential method to improve the homogeneity of the air/fuel mixture. The specific power

must be increased concurrently with an increment in the injection pressure . Mohan et al.  studied the effect of fuel

injection strategies on improving engine performance and emissions control. They noted that increasing fuel injection

pressure could improve fuel atomization and enhance the combustion process and thus increasing BTE. Aoyagi et al. 

found that the merge of high EGR rate and high boost pressure as well as the high injection pressure up to 200 MPa is a

practical and effective strategy that can simultaneously reduce the exhaust emissions and fuel consumption of diesel engines.

They also observed that the BTE can be obtained at 46.3% and 49.7% under the PCP of 28 MPa and advanced the start of

combustion (SOC) to −6° ATDC for single and six-cylinder, respectively.

The influence of “ultra-high injection pressure” on diesel ignition and flame characteristics was numerically studied using the

KIVA-3V code with the KH/RT spray breakup model . Due to the in-cylinder pressure build-up effect, the “ultra-high

injection pressure” will not cause an increase in the length of the flame lift-off. Therefore, the flame lift-off lengths are

approximately the same when the injection pressure is 180 MPa and 500 MPa. They reported that increasing the injection

pressure means shorter injection duration, more rapid heat release, a shorter burn duration, faster flame penetration, and

higher in-cylinder pressure rise when the amount of fuel injected is the same. In an investigation into the influence of “injection

pressure of a diesel engine”, Kim et al.  exhibited that the combustion pressure and HRR became high with increasing fuel

injection pressure. As a result, the ignition delay period was lessened when injection pressure increased, but combustion

duration was extended. In addition, the increase in injection pressure leads to improved fuel atomization, which improves the

BSFC and BTE. In a study that set out to explore the impact of fuel injection pressure on diesel engines, Şen  observed

that changing the fuel injection pressure looks to be a promising technique for improving combustion characteristics. It is the
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primary determinant of fuel stratification within the chamber and has a considerable impact on the combustion process.

Moreover, high injection pressure releases fuel as smaller droplets, resulting in (i) a higher surface area to volume ratio, (ii)

improves the vaporability of the fuel and forming complete combustion, (iii) shortening the combustion duration, (iv) decreases

BSFC, and (v) improves the BTE at low speeds.

There are few fundamental studies currently investigating the combined impact of “ultra-high injection pressure” usage and

“micro-hole nozzle” on the combustion processes and mixtures formation. Consequently, the use of an “ultra-high injection

pressure” and “micro-hole nozzle” (d less than 0.10 mm) can provide significant improvements in diesel engine performance

. The combination of “ultra-high injection pressure” and “micro-hole diameter” helps avoid the interference of lift-off length

and liquid length, reducing the formation of soot. Another study conducted by Zhai et al.  revealed that the injector with the

“micro-hole diameter” and under “ultra-high injection pressure has a lower average spray equivalence ratio,

better M˙A/M˙F ratio, and larger spray area and spray angle. Recently, Zhao et al.  experimentally found the cessation of

an increment of fuel consumption under the injection pressure above 3500 bar. The fuel state change results in a decrease in

the sound local velocity due to an increase in fuel temperature resulting from the increase in injection pressure. As the

injection pressure increases, the fuel velocity from the nozzle holes and fuel consumption stop increasing.

Furthermore, the design of the nozzle orifice’s influence on the combustion characteristics was investigated by Ewphun et al.

 under PCCI mode conditions and multi-pulse “ultra-high-pressure injection”. The experiments were performed on a

“single-cylinder” engine at 0.55 MPa IMEPg at 1750 rpm, where the injection pulses were three pulses equally mass for the

main injection at injection pressures of 1500, 2000, 2500, 3000, and 3500 bar. The results show an increase in thermal

efficiency, NO , and smoke.

In summary, higher injection pressure results in higher thermal efficiency, and fuel consumption would be better. On the other

hand, ultra-high injection pressures reduce soot emissions, essentially attributed to better air entrainment and spray

atomization, leading to increased BSFC and NO . Therefore, fuel injection strategy modifications are required up to 300 MPa

to attain higher thermal efficiency.

3.2. Variable Compression Ratio

The variable compression ratio (VCR) concept is a promising approach to improving engine performance, thermal efficiency,

and decreased emissions. The higher compression ratio achieves faster laminar flame speed; hence, the ignition delay period

will be shorter. High CR significantly improves the expansion efficiency and BTE. The VCR technology is characterized by

higher power output under high load operating conditions and higher efficiency under lower load. This leads to a lessening in

fuel consumption and CO  emissions . Moreover, combining the advanced technology in combustion processes, internal

aerodynamics, and emissions formation to VCR engines will assist high design power and torque engines as well as satisfy

the compression ratio required .

Several authors reviewed the geometric methods and solutions used to implement VCR and predicted what benefits VCR

would bring to current engine designs . Based on the effort performed by Hariram and Vagesh , a decline in BSFC was

observed by about 30% when CR raised from 16 to 18, and BTE increased by 13% at a full load of the VCR CI engine.

Asthana et al.  exhibited that the change in the CR from 9 to 11 improved the BMEP by a moderate amount. Aoyagi et al.

 performed experiments on a single-cylinder diesel engine to study the influence of the VCR on fuel consumption and

pollutants under high EGR rate and high boosted pressure conditions. They observed 46.3% of BTE achieved when the ECR

is reduced by employing a VVT system while retaining the PCP at 280 bar. Muralidharan et al.  conducted experimental

research on biodiesel and its blend at a set compression ratio of CR = 21. The BTE is directly proportional to the applied load

and increased, while SFC was inversely proportional to the applied load. Therefore, compared with diesel, the maximum BTE
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at full load is increased by 4.1%. Mohanraj and Kumar  noted that the BTEs of the biodiesel has been increased for all

compression ratios (CR = 14~18), and the highest value was 30.57% for compression ratio 18. Bora et al.  found that the

best BTE obtained at full load was 20.04% at a CR of 18 with a rice bran biodiesel-biogas dual fuel.

Pan et al.  observed that cycle to cycle variations could be significantly reduced by increasing CR at a given EGR ratio.

This is mainly because of the influence of laminar flame speed and turbulence intensity, which increases with the increase of

CR. Sharma and Murugan  have conducted experimental investigations under various compression ratios of 16.5, 17.5,

and 18.5 with the oil gained from the pyrolysis of waste tires blended with diesel for about 80% and 20%. It showed a clear

outcome that the BSEC would be diminished for the blend while the engine’s compression ratio increased. In addition, the

BTE increased by 8% (at full load) when the compression ratio rose from 17.5 to 18.5. In another study, the performance of

dual-fuel diesel engines was evaluated by Bora and Saha  using rice bran biodiesel, and experiments were carried out

under different loads and various compression ratios of 18, 17.5, and 17 with fixed injection timing of 23° BTDC. It was

remarked that the BTEs at full load were 20.27%, 19.97%, and 18.39% at CRs of 18, 17.5, and 17, respectively.

Babu et al.  studied the impacts of fuel injection pressure and VCR experimentally for a single-cylinder compression

ignition direct injection (CIDI) engine, which runs with a 40% Palm Stearin methyl ester blend. The results showed that the

BTE was higher at an injection pressure of 21 MPa, and CR of 16.5, while the BTE had been higher for CR of 19 under the

rated injection pressure of 19 MPa. Diesel with two biodiesel fuels (Simarouba and Jatropha) were blended to investigate the

VCR effect on the combustion characteristics and emissions . The main conclusion revealed that the increase in CR

increased the PCP, HRR, and PRR; meanwhile, the combustion characteristics had been improved for all tested fuels.

Kalbfleisch and Darbani  reviewed the effects of VCR on the BMEP, BSFC, and emissions. The increase in CR results in a

higher mean BMEP, lower BSFC, and a higher HRR. Turning to a VCR engine can provide good performance under all loads

and give a higher combustion rate. Additionally, it clearly shows that the VCR engine can improve combustion efficiency,

reduce ignition delay (ID) under variable loads, and afford a higher compression ratio. In addition, VCR engines have better

control capabilities at peak cylinder pressures (PCPs), thereby reducing fuel consumption . Zhang et al.  observed that

the changing CR from 15.7 to 18.9 leads to an increase ITE  due to increasing the CR.

Recently, engine combustion and emission performance of single-cylinder diesel engines have been studied by Rosha et al.

. This study is fueled by 20% palm biodiesel and blended with diesel fuel under various compression ratios (16, 17, and

18). For palm biodiesel, peak cylinder pressure (PCP) was observed to be higher than neat diesel operation at CR of 17 then

increased further with increasing CR from 16 to 18 owing to the improved BTE (14.9%) at higher compression ratios (CRs).

The results show that the rise in compression ratio increases the BTE .

In summary, the VCR aims to decrease fuel consumption under low loads. It intends to minimize environmental damage by

lessening the CO  emissions while affording improved power and torque under high loads. Finally, it shows that the biodiesel-

diesel blend ratio and engine CR play a predominant role in enhancing engine performance and emissions. Although inclusive

studies have been conducted on the performance of biodiesel blends in CI engines under fixed CR, there have been few

dispersed studies on variable compression ratio (VCR) engines using biodiesel as the blended fuel.

3.3. Double Compression Expansion Engine

Though much technological enhancement has been made in the last few years, the four-stroke engine configuration remains

unchanged. The need for high-efficiency engines is a reason to research alternative engine principles. A split-cycle engine is

an ICE that has compression and expansion strokes in separate piston cylinders and operates on an open cycle, like

conventional engines. The most noted benefit available with split-cycle engines is improved thermal efficiency over traditional

engines . Practical compromises or inherent architectural split-cycle engine design limitations may include why improved
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thermal efficiency is not realized practically, and thermal management has significant challenges when the expansion cylinder

is subjected to high constant temperatures . Due to the engine cycle being performed in two or more cylinders, the double

compression-expansion engine (DCEE) idea belongs to the split-cycle engine family .

Several researchers have studied the effect of the DCEE on engine performance. Bhavani et al.  suggested that adopting

an isobaric heat addition for a peak cylinder pressure (PCP) could have enabled a high BTE as any other heat addition

process besides engine noise was lower. Lam et al.  simulated DCEE using the GT-power one-dimensional software, and

they found that the DCEE with Lambda 3.0 could give a BTE of 56%, but decreasing the lambda to 1.2 could reach a BTE of

54.5%. This is mainly due to the higher overall heat transfer losses that would be close to the stoichiometric combustion.

Recently, Lam et al.  reported that the growth in the load engine leads to increased efficiency due to decreased inter-

cooling relative loss and improved mechanical efficiency. Additionally, engine tests reveal that a GIE of 47% was achieved in

most operating conditions (98.2 to 310.4 mg/cycle of mass injecting). Furthermore, they found that a peak BTE of 52.8% was

attained at a very high injection mass. Though the DCEE can achieve higher thermal efficiency, it suffers heat losses from the

high-pressure method. Goyal et al.  analyzed the efficiency of the DCEE concept using one, two, and three-injector

events. The benefits of these injector events are to minimize the convective heat losses. Therefore, GT-Power software has

been employed to simulate this study for one and three-dimensional. The results reveal that the three-injector event

minimized the heat transfer losses and enhanced the brake thermal efficiency, compared to the single and two-injector

events. In particular, the three-injector event led to a high BTE and ITE of 54.2% and 58.5%, respectively.

3.4. Engine Knock Control

In SI engines, engine knock is an abnormal phenomenon that can restrain thermal efficiency and engine performance .

The conventional SI engines, which run at a high compression ratio, suffer from engine knock triggered by auto-ignition in the

end-gas region at high loads . Several methodologies are used to improve the thermal efficiency by suppressing

engine knock. First, clarifying the inner mechanism between knocking characteristics  and auto-ignition . Second,

promoting SI flame propagation to vanish the end-gas auto-ignition . Third, using advanced compression combustion

approaches to govern auto-ignition .

There are several approaches to detect knock. The first is based on the direct measurement of in-cylinder parameters. The

second approach is based on indirect measurements, such as cylinder block vibration and sound pressure .

Both are listed as followed.

Heat transfer analysis.

Temperature analysis.

Cylinder block vibration analysis.

In-cylinder pressure analysis.

Acoustic emissions and light radiation analysis.

Ion current analysis.

Furthermore, one of the significant challenges faced by the development of SI engines is suppressing engine knock.

Therefore, some methods can efficiently repress knock, and each has its benefits and weaknesses. From the concept of
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increment in-cylinder turbulence, Hibi et al.  studied the impact of various compression flow fields on engine knock. The

findings demonstrate that “end-gas auto-ignition” has been suppressed more evident under quick flame propagation

conditions. Optical studies have recently shown that the auto-ignition does not necessarily cause engine knock when the

auto-ignition flame is controllable . Chen et al.  demonstrated that “end-gas auto-ignition” is an adequate condition of

engine knock, and it is significantly associated with the peak HRR, particularly when auto-ignition occurs. In addition, under

extreme knocking conditions, rapid turbulent flame propagation often leads to the advanced auto-ignition timing, resulting in

concentrated heat release and thus severe auto-ignition. In other words, a higher flame speed may induce heavier engine

knock at enhanced turbulent intensity conditions.

Recently, Duan et al.  studied the efficiency, combustion, and knocking characteristics of SI engines with a lean-burning

engine fueled with n-butane liquefied methane gas mixtures. The results indicated that the energy contribution of n-butane

increased with increased cylinder pressure, heat release rate, and accumulated heat release. The burning location was also

increased by 50%, the burning time was decreased by 10–90%, and the knocking strength was increased. In addition, if the n-

butane energy increased, the oscillation amplitude also increased, leading to more significant cycle-to-cycle variations.

Nevertheless, the IMEP and the ITE first raised as the percentage of n-butane energy increased and then reduced. This is

due to the increase in n-butane energy share which leads to shortened combustion duration (10–90%) and advanced 50%

combustion location, thereby improving the ITE.
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