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Abstract: Environmental concerns over automotive exhaust emissions and consumer demand for
higher fuel efficiency have led to the development of low-temperature combustion concepts. The
reactivity-controlled compression ignition (RCCI) engine is one among them and has the potential to
reduce NOx and smoke emissions simultaneously. In this concept, a low-reactivity fuel is injected
into the intake port and another high-reactivity fuel is injected into the cylinder directly. This results
in reactivity stratification and provides more control over the rate of heat release. However, operating
parameters such as reactivity of fuels, premixing ratio, injection strategies, exhaust gas recirculation
ratio, piston bowl geometry, and compression ratio influence emissions formation. The article reviews
recent developments on the effect of the above operating parameters on the performance and emission
characteristics of RCCI engines operated with alternative fuels. The combustion strategies used to
extend the RCCI mode to higher loads are also reviewed. Applications of computational fluid
dynamics (CFDs) to design the combustion chamber for RCCI engines are discussed. The need for
further improvements in the CFD models for RCCI engines is explained. After presenting a thorough
review of recent literature, directions for future research on RCCI engines are proposed.

Keywords: low-temperature combustion; reactivity-controlled compression ignition engine;
premixing ratio; alternative fuels; emissions

1. Introduction

An internal combustion (IC) engine converts the chemical energy of a fuel into me-
chanical energy. A wide range of devices such as automobiles, generators, earthmoving
equipment, ships, and motorcycles are powered by IC engines. Compression ignition (CI)
engines are more efficient in comparison to spark ignition (SI) engines due to their high
compression ratio; hence, the IC engine is a preferred choice. However, in the CI engines, it
is difficult to achieve a homogeneous air–fuel mixture in the combustion chamber prior
to the start of the combustion (SOC) process. This difficulty leads to the development of
fuel-rich zones and hotspot regions in the combustion chamber. As a result, NOx and soot
form in the hot spot and fuel-rich zones, respectively. In addition, incomplete combustion
leads to the formation of unburned hydrocarbons (UHCs) and CO (carbon monoxide).
These four components, collectively known as automotive exhaust emissions, pollute the
environment. Soot causes respiratory diseases [1] and NOx results in pulmonary disease [2].
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During combustion, the carbon and hydrogen in the fuel are converted into CO2 (carbon
dioxide) and H2O (water), respectively. They are expelled into the atmosphere. CO2 is one
of the greenhouse gases and contributes to global warming [3]. To reduce the harmful effect
of exhaust emissions on humans and the atmosphere, emission limits are formulated by
the government regulatory bodies and these are known as emission standards. Emission
regulations put a limit on exhaust emissions.

In Figure 1, it can be seen that from the EU emission standard 1 to EU emission
standard 6, the exhaust emission limits are progressively decreased [4]. The original
equipment manufacturers (OEMs) should manufacture their engines and cars so that at
the tailpipe, the measured emissions should be less than those prescribed by the emission
standards. For example, for the Euro 6 standard, tailpipe emissions for NOx and smoke
should be less than 170 and 5 mg/km, respectively. The exhaust emissions will be measured
on the drive cycle that represents highway and city driving patterns. OEMs adopted
different technologies to meet emissions standards. Common rail direct injection (CRDI)
systems [5] are introduced in place of mechanical injection systems to meet Euro 3 emission
limits. CRDI offers great flexibility in optimizing fuel injection timing and quantity. To
meet Euro 4 emission limits, an exhaust gas recirculation (EGR) [6] system is used. Split
injection strategies [7] were used to reduce combustion noise and emissions. It is not an
easy task to meet Euro 4 emission limits. Extensive optimization of valve timings, injection
timings, injector flow rate, number of holes in the injector, piston bowl geometry, EGR
flow rates, and EGR cooler is required to arrive at optimal trade-off curves for NOx and
soot limits [8,9]. To meet Euro 5 emission limits, in addition to the above technologies,
aftertreatment devices such as catalysts [10] and diesel particulate filters (DPF) [11] are
used. The strategy is to use a higher flow rate of EGR to meet the NOx through in-cylinder
combustion optimization. Higher flow rates of EGR lead to higher amounts of soot, and
this is reduced in the DPF.

Energies 2023, 16, x FOR PEER REVIEW 2 of 28 
 

 

 

leads to the formation of unburned hydrocarbons (UHCs) and CO (carbon monoxide). 

These four components, collectively known as automotive exhaust emissions, pollute the 

environment. Soot causes respiratory diseases [1] and NOx results in pulmonary disease 

[2]. During combustion, the carbon and hydrogen in the fuel are converted into CO2 (car-

bon dioxide) and H2O (water), respectively. They are expelled into the atmosphere. CO2 

is one of the greenhouse gases and contributes to global warming [3]. To reduce the harm-

ful effect of exhaust emissions on humans and the atmosphere, emission limits are formu-

lated by the government regulatory bodies and these are known as emission standards. 

Emission regulations put a limit on exhaust emissions.  

In Figure 1, it can be seen that from the EU emission standard 1 to EU emission stand-

ard 6, the exhaust emission limits are progressively decreased [4]. The original equipment 

manufacturers (OEMs) should manufacture their engines and cars so that at the tailpipe, 

the measured emissions should be less than those prescribed by the emission standards. 

For example, for the Euro 6 standard, tailpipe emissions for NOx and smoke should be 

less than 170 and 5 mg/km, respectively. The exhaust emissions will be measured on the 

drive cycle that represents highway and city driving patterns. OEMs adopted different 

technologies to meet emissions standards. Common rail direct injection (CRDI) systems 

[5] are introduced in place of mechanical injection systems to meet Euro 3 emission limits. 

CRDI offers great flexibility in optimizing fuel injection timing and quantity. To meet Euro 

4 emission limits, an exhaust gas recirculation (EGR) [6] system is used. Split injection 

strategies [7] were used to reduce combustion noise and emissions. It is not an easy task 

to meet Euro 4 emission limits. Extensive optimization of valve timings, injection timings, 

injector flow rate, number of holes in the injector, piston bowl geometry, EGR flow rates, 

and EGR cooler is required to arrive at optimal trade-off curves for NOx and soot limits 

[8,9]. To meet Euro 5 emission limits, in addition to the above technologies, aftertreatment 

devices such as catalysts [10] and diesel particulate filters (DPF) [11] are used. The strategy 

is to use a higher flow rate of EGR to meet the NOx through in-cylinder combustion opti-

mization. Higher flow rates of EGR lead to higher amounts of soot, and this is reduced in 

the DPF. 

 

Figure 1. European emission standards for passenger cars [4]. 

It is very difficult to achieve Euro 6 emission limits by only in-cylinder combustion 

optimization. Selective catalyst reduction (SCR) [12] technology is adopted to meet NOx 

Figure 1. European emission standards for passenger cars [4].

It is very difficult to achieve Euro 6 emission limits by only in-cylinder combustion
optimization. Selective catalyst reduction (SCR) [12] technology is adopted to meet NOx
Euro 6 emission limits. The DPF is used to reduce soot. Both the SCR and DPF are
aftertreatment devices, but they increase fuel consumption by offering higher back pressure
in the exhaust system. These two aftertreatment devices increase vehicle weight also.
A turbocharger is an integral part of a CI/SI engine. This uses exhaust energy, thereby
increasing thermal efficiency [13]. A turbocharger sends air at a higher pressure than that
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of the atmosphere; hence more oxygen can be accommodated in the given swept volume.
Owing to this, additional fuel can be burned, which increases the power output from the
engine. As a result, the power density of the engine increases. In addition, the intake
port, valve timings, and valve lift are optimized to provide higher volumetric efficiency
to the engine [14]. Thus, designing a CI engine is an extremely complicated task. Present
state-of-the-art CI engines consist of optimized CRDI, EGR, EGR cooler, catalyst, DPF, SCR,
and turbocharger units. There is always an intense effort to develop new technology to
reduce emissions and improve thermal efficiency by both academia and industry. One
such technique is low-temperature combustion (LTC), which aims to meet the Euro 6
emission limits through in-cylinder combustion optimization, eliminating aftertreatment
devices, DPF, and SCR. This offers great flexibility to OEMs in terms of cost and product
development time.

There has been significant progress in the development of LTC. In the LTC mode,
average combustion temperatures are lower and better homogeneity between air and fuel
mixture is achieved. This results in a reduction of the local fuel–air equivalence ratio before
SOC. Therefore, it has the potential to lower nitric oxide and soot particles simultane-
ously. Researchers have developed several LTC approaches [15], such as homogeneous
charge compression ignition (HCCI), premixed charge compression ignition (PCCI), and
reactivity-controlled compression ignition (RCCI). In the HCCI method, fuel is injected
into the combustion chamber during the intake stroke. Because fuel is injected early in
the intake stroke, a homogeneous mixture is formed in the HCCI engine. As the fuel–air
mixture becomes more homogeneous, it will burn in the premixed phase of combustion [16].
Because of the higher rate of pressure rise and difficulty in controlling the combustion, the
operating range of the HCCI mode is limited. These challenges prompted the designers
to develop a new concept in LTC strategies, known as PCCI. In this method, control over
the combustion is achieved through EGR and early injection of the fuel. Both HCCI and
PCCI modes have some shortcomings, such as control of combustion, extending to higher
loads, and CO and HC emission control. A new concept, known as RCCI mode [17], was
developed for controlling combustion under high-load operation. This method alleviates
the disadvantages of HCCI and PCCI modes. In the RCCI mode, Low-Reactivity Fuel (LRF)
and High-Reactivity Fuel (HRF) are used to manage the combustion phasing. To improve
auto-ignition characteristics, two fuels are combined inside the combustion chamber. Single
and multiple injection strategies are used to extend the RCCI concept to high-load oper-
ation. In the RCCI engine, the relative benefits of both CI and SI engine operations can
be achieved.

The traditional fuels for IC engines are gasoline and diesel. Owing to economic
development, sales of IC engines have sharply increased all over the world. As a result,
consumption of gasoline and diesel has also significantly increased. For example, in India,
petroleum consumption in the second decade of this century increased by 50% compared
to the first decade [18]. Petroleum products are derived from fossil fuels, which may
get depleted in the future. Further increases in the consumption rate may accelerate the
depletion rate. Hence, there is a need to develop new fuels that can substitute gasoline and
diesel. To cater to this need, alternative fuels are developed.

Some examples of alternative fuels are alcoholic fuels such as ethanol [19], methanol [20],
natural gas [21], and biofuels. The fuels generated from vegetable oils, waste cooking oil, and
animal fats are termed as bio-diesel. Ref. [22] investigated ternary fuel by adding bioethanol
and rapeseed methyl ester with diesel in the conventional diesel combustion (CDC) mode
of operation. Increasing the blending ratio of bioethanol reduced the smoke by 85% at 8 bar
IMEP at 2500 RPM. Ref. [23] explored the CDC mode of operation using a ternary fuel by
adding methanol and coconut methyl ester with diesel at full load condition of 7 bar BMEP.
It was found that increasing the methanol from 10% to 30% improved the brake thermal
efficiency by 29% compared to the diesel mode of operation. Smoke opacity was reduced by
38%. Murray and Wyse-Mason [24] investigated various compression ratios (16.5, 15.5, 14.5),
variable speed (1500–2500 RPM), and variable load (2–17 bar BMEP) with methane and
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diesel as fuel. In the study, CO2 emissions were reduced by 12% with a compression ratio of
15.5. Ref. [24] explored butanol as ternary fuel with palm oil (20%) +diesel in the CDC mode
of operation. The testing was carried out at 3000 RPM under three load conditions of 1.68,
3.37, and 5 bar BMEP. The addition of butanol increased the BSFC by 2% at medium- and
full-load conditions. Ref. [25] investigated binary fuel of producer gas using three biodiesels.
Rice brain, neem, and honge oil were used to explore the combinations as well as different
injection timings and injection pressures in the DI mode. NOx (92%) emission was reduced
while using binary fuel of honge and producer gas mode at 5 bar BMEP. Ref. [26] developed
analytical methods to predict the efficiency of gasoline engines when hydrogen is used as
fuel. The chosen engine for this investigation was 8 cylinder, 120 hp at 3200 rpm. From the
result, it was found that the specific fuel consumption was reduced by 20%.

Alternative fuels can be extended to LTC concepts also. Many researchers have assessed
the performance of HCCI, PCCI, and RCCI engines with alternative fuels. Ref. [27] explored
the HCCI operation with port-injected ethanol (3 bars) and intake air temperature ranging
from 120 to 150 ◦C. The temperature was increased to reduce the vaporization time scales
in the mixing process. The testing was performed at an IMEP of 4.3 bar, and a thermal
efficiency of 44.78% was achieved. Ref. [28] performed a PCCI operation at a load of 4 bars
with waste cooking oil (B40) fuel. Thermal efficiency achieved was about 43%. Ref. [29]
conducted the RCCI operation by injecting a blend of ethanol (85%) and gasoline (15%)
at the port and diesel into the cylinder. The combination of these two fuels resulted in
the fuel reactivity stratification and reduced both NOx and soot simultaneously. Further,
operation with ethanol blend was found to provide a 4% improvement in the indicated
thermal efficiency compared to gasoline and diesel RCCI operation at 9 bar IMEP.

There are a few review papers on the details of LTC concepts and biofuels. The work
of [30] discusses the origin and combustion characteristics of LTC and its potential to reduce
emissions. However, the review article mostly focuses more on the HCCI technology and
provides short discussions on RCCI. Similarly, [31,32] presents an extensive review of the
effects of fuel properties on engines running with HCCI, PCCI, and RCCI. However, the
article does not report much data on the thermal efficiency of LTC engines or a detailed
discussion of the operating parameters of RCCI engines. Various EGR configurations and
their efficiency in reducing NOx emission on both conventional and alternative fuels are
explained in [33]. An overview of the various technologies such as biodiesel additives,
EGR, emulsion technology, and water injection on CDC operated with biodiesel is given
in [34]. A dedicated discussion on the RCCI engine operating with alternative fuels and
its potential to reduce NOx and soot emissions simultaneously is sparse in the literature.
Further, the changes in the thermal efficiency of RCCI engines with respect to CDC engines
need to be documented from various sources of literature. The scope of the present work
is to provide a comprehensive overview of the RCCI engine operation with alternative
fuels and of the effect of its control parameters on emissions and thermal efficiency. The
way forward for IC engines, future areas of work in the RCCI operation and advantages of
using biodiesel in CDC/RCCI toward CO2 reduction are discussed.

1.1. Basics of CI Engine Operation

Figure 2a depicts the rate of heat release from a CDC engine. The ignition delay period,
premixed phase, diffusion phase, and after-burning phase of the combustion are identified.
The air–fuel ratio at the periphery of fuel (see Figure 2b) will be within the flammability
limits and undergo combustion, releasing heat. This phase of combustion is termed the
premixed phase. Peak heat release will occur in this phase. The fuel at the core of the spray
will not burn during this phase. As the fuel at the periphery will be consumed by the
premixed combustion, the unburned fuel will find its way to the rest of the combustion
chamber from the center of the spray. During this transition state, mixing between fuel and
air continues and when the air–fuel ratio falls under flammability limits, combustion occurs.
This phase represents the diffusion phase and is characterized by a lower heat release rate
(HRR), higher crank angle duration, and maximum in-cylinder gas temperature. As the
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piston moves downward, the expansion of gases results in a decrease in gas temperature
and density. At certain cutoff levels of temperature and density, combustion ceases. The
heat released during the ending stage of combustion is termed the after-burning phase.
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Figure 3a shows the mean soot reaction rate for the CDC engine [37]. The crank
angles over which positive and negative reaction rates occur overlap with the premixing
and diffusion phases of combustion, respectively. Positive and negative signs for reaction
rate indicate the formation and destruction of the soot, respectively. Therefore, formation
and destruction as well as oxidation of soot occur in the premixing and diffusion phases,
respectively. Similar to soot, the majority of NOx is formed in the premixing phase of
combustion due to higher heat release, i.e., higher in-cylinder gas temperature. To reduce
these two emissions, HRR and air–fuel mixing in the premixing phase of combustion
need to be controlled. LTC concepts achieve a simultaneous reduction in soot and NOx
by reducing the fuel–air ratio locally and controlling the HRR in the premixing phase
of combustion. The formation of emissions for CDC and LTC concepts as a function of
temperature and equivalence ratio is depicted in Figure 3b. Formation of soot occurs
when the equivalence ratio is higher than 2. The accumulation of NOx occurs when the
in-cylinder gas temperature is above 2200 K. The in-cylinder conditions in the CDC model
exactly fall in the above range and result in the excessive formation of soot and NOx. In the
LTC concepts such as HCCI, PCCI, and RCCI, the equivalence ratio and temperature are
below 2 and 2200 K, respectively. This paves way for ultra-low NOx and soot emissions in
the engine exhaust in LTC methods. Comparatively, UHC emissions will be higher in LTC
methods due to lower in-cylinder gas temperature.
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1.2. Fundamentals of RCCI

In the RCCI engine, combustion is based on the dual-fuel engine concept. The intake
stroke is used to inject LRF into the cylinder (e.g., gasoline, methanol, ethanol, natural gas)
so that air and LRF are mixed thoroughly. Towards the end of the compression stroke,
HRF is injected into the cylinder under high pressure [38]. The RCCI combustion strategy
controls SOC and combustion rate by changing the amount of LRF and the injection timing
of HRF. Combustion is improved by higher ignition delay and stratification of fuel charge
within the combustion chamber.

Heat Release

A typical HRR curve of RCCI combustion is shown in Figure 4. The curve has two local
maxima with the magnitude of the first one being lower than that of the second one. The
first heat pulse is known as low-temperature heat release (LTHR) and the second heat pulse
is referred to as high-temperature heat release (HTHR). Usually, the in-cylinder gas mixture
temperature in the LTHR phase is lower than that in the HTHR; hence these two regions are
termed the low-temperature region (LTR) and high-temperature region (HTR), respectively.
The LTR and HTR regions are separated by the negative temperature coefficient (NTC)
region. The majority of the fuel burns in the HTHR phase, and the maxima of this phase
depend on the amount of LRF.
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A comparison between the HRR of CDC and RCCI operations at 5.4 bar IMEP were
investigated by Murugan et al. [40]. LRF in these experiments is the mixture of CH3OH
and polyoxy methylene dimethyl ethers (PODE), and diesel is used as HRF. In the RCCI
operation, longer ignition delay (ID) and shorter combustion duration (CD) are observed.
Owing to the longer ID, the extent of homogeneity achieved between fuel and air is higher.
As a result, soot is reduced by 90%. The diffusion phase is reduced to the minimum level,
indicating that before SOC, better homogeneous fuel and air mixture are obtained. The
evaporation of LRF, CH3OH, is reflected as negative heat release between crank angles (CA)
of −25◦ and −13◦ (see Figure 3 in [40])). This leads to lower compression pressure and
maxima of HRR are also delayed. These two factors reduce the in-cylinder gas temperature
and NOx formation by 80%. The relative difference in behavior of CDC and RCCI is nearly
the same at the chosen engine speeds of 1350, 1600, 1850, and 2100 rpm. The premixing
ratio (PR) of the RCCI mode was 77% for all the speeds. The HRR in the RCCI engine is
affected by many operating parameters such as type of LRF and HRF, PR of LRF, injection
strategies, EGR ratio, piston bowl geometry, and compression ratio. A discussion of these
parameters is presented in the following sections.
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2. Effect of Operating Parameters on Emissions of RCCI Engine
2.1. Low-Reactive Fuels

Fuels are divided into LRFs and HRFs based on their properties. Diesel and biodiesel
are HRFs based on their high cetane numbers. Increased injection pressure and good
atomization of HRF result in less ID and increased in-cylinder pressure in the combustion
chamber [38]. Gasoline is considered an LRF based on its high-octane number. In addition
to gasoline, alternative fuels such as ethanol, methanol, CNG, NG, biogas, producer gas,
acetylene, and isobutyl are considered LRFs. Figure 5a compares the reactivity of diesel,
natural gas, and gasoline in terms of ID as a function of temperature [41]. Diesel and NG
have, respectively, the lowest and highest ID among these three fuels. The reactivity of
fuel can be quantified with ID. Usually, HRF will have a lower ID and LRF will have a
higher ID.
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Table 1 lists various fuels that are used as LRF and HRF in RCCI engines and their
effect on ignition delay and engine emissions. The “signs “+” and “−” indicate an increase
and decrease in the respective parameters with reference to the CDC operation. “NA”
refers to data not available. A similar notation is used for the tables presented in the rest of
the article. The latent heat of vaporization of the fuel is also shown in Table 1. Ethanol has a
higher latent heat of vaporization and leads to a higher ignition delay for a given premixing
ratio. Figure 5b shows in-cylinder pressure and HRR obtained with ethanol, butanol, and
n-amyl alcohol as LRF [42]. PR based on energy is fixed at 0.47 for the three combinations.
The three curves deviate from each other in the combustion phase, indicating the effect
of fuel properties. The latent heat of vaporization of the ethanol is higher than that of the
rest of the two fuels, resulting in higher ID. The combustion duration is also relatively
higher. As a result, the in-cylinder pressure obtained with ethanol is lower at the beginning
of the combustion and higher in the later stages of the combustion. Similar trends are
observed at all the tested PRs of 0.56, 0.65, 0.76, and 0.85. However, the type of fuel has a
larger impact on the in-cylinder average temperature. At a PR of 0.45, ethanol yielded a
higher Tmax, whereas, at a PR of 0.85, n-amyl alcohol has a higher Tmax. This resulted in
lower NOx for ethanol at PR 0.85. The relative difference in PM levels between the fuels is
comparatively lower.

Table 1. Summary of RCCI engine investigations with different fuels as LRF.

Authors LRF/HRF PR
%

Latent Heat of
Vaporization kJ/kg

ID
%

NOx
%

Soot
%

HC/CO
%

[42] Ethanol, n-butanol, n-amyl alcohol/diesel 45–85 840, 584, 427 NA NA NA NA

[43] Ethanol/diesel 0–40 840 30
+

80
− NA 84/70

+/+

[44] Isopropanol + butanol + ethanol
(3:6:1)/biodiesel 0–66 632 22

+
4.8
−

25
−

96/80
+/+
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Table 1. Cont.

Authors LRF/HRF PR
%

Latent Heat of
Vaporization kJ/kg

ID
%

NOx
%

Soot
%

HC/CO
%

[45] CNG+ H2 (30%)/sunflower biodiesel 60–80 NA 12
+ − NA +/+

[46] Isobutanol/diesel 43–71 578 68
+ − − +/+

[47] Methanol/PODE 45–85 630 60
+

71
−

55
−

94/79
+/+

Table 2 illustrates the effect of fuel combinations for LRF and HRF on efficiency and
emissions. Iso-butanol has a 23% lesser calorific value and a 14% higher octane number
compared to that of gasoline [48]. Higher latent heat of vaporization and octane number
of iso-butanol result in longer ID. Due to this, better mixing is achieved and the peak
in-cylinder temperature has reduced. Oxygen content in the iso-butanol has accelerated the
oxidation process of both HC and CO. Due to these three reasons, the exhaust emissions,
NOx, HC and CO were decreased by 5%, 19.7% and 31% respectively with iso-butanol.
Altering the HRF from diesel to thevetia peruviana biodiesel has resulted in a decrease
in thermal efficiency of 8% [49]. The reduction in NOx emissions is about 5%. HC, CO
and soot increased by 21%, 7% and 7% respectively. The poor performance of thevetia
peruviana biodiesel is attributed to its higher viscosity and lower calorific value. Effects of
PODE as HRF on performance and emissions are investigated by [47]. Compared to diesel,
PODE is found to have 1.1% higher thermal efficiency. NOx emissions increased by 44%
and those of HC, CO and soot decreased by 38%, 60% and 43% respectively. PODE fuel has
less carbon content than diesel which helps to reduce the soot formations.

Table 2. Effect of fuel combinations for LRF-HRF on thermal efficiency and emissions at fixed engine
speed of 1500 RPM.

Authors LRF HRF PR
% Operating Conditions BTE/

ITE NOx HC CO Soot

[48]
Gasoline Diesel 40–60% 2.4 bar IMEP,

IP-800 bar − 4 13.7 67.5 −

Iso-butanol Diesel 40–60% 2.9 bar IMEP,
IP-800 bar − 3.8 11 46 −

[49]

Gasoline Diesel 10–50% 3.14 bar BMEP,
IP-900 bar 23 2.7 0.9 0.72 4.1

Gasoline
Thevetia

peruviana
biodiesel

10–50% 3.14 bar BMEP,
IP-900 bar, B20 21 2.55 1.15 0.78 4.4

[47]
Methanol Diesel 70–85% 3.4 BMEP, IP-480 bar, EGR 26 30.75 1.2 2.6 4.5 0.016

Methanol PODE 70–85% 3.4 BMEP, IP-480 bar, EGR-26 31.1 2.15 1.6 1.8 0.009

2.2. Premixing Ratio

The ratio of the mass of LRF to the summation mass of LRF and HRF is known as
the premixed ratio. PR is one of the dominant parameters that affect the performance and
emissions of RCCI engines. [47] conducted experiments on the CDC and RCCI modes at
a speed of 1500 rpm. Diesel and PODE were used as HRF. CH3OH was used as an LRF
and PRs used were 70, 75, 80, and 85 with an injection pressure of 3 bar. For all these trials,
the EGR rate was fixed at 26%. Figure 6a shows pressure and HRR obtained with PODE
as HRF at 3.4 bar BMEP. The solid line represents CDC operation with PODE as fuel. The
compression pressure is higher with CDC operation. With the introduction of LRF in the
RCCI operation, compression pressure reduces. This is due to the vaporization of LRF. With
the increase in PR, the amount of heat taken by LRF for vaporization from the in-cylinder
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gas mixture increases. As a result, the compression pressure and temperature decrease
as the PR increases. This also leads to an increase in the ID with an increase in the PR.
The maxima of HRR increase as the PR is increased. However, the crank angle at which
maxima occur shifts away from the top dead center (TDC), leading to lower in-cylinder gas
temperatures.
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Figure 6b shows that NOx decreases as the PR increases from 70 to 85. This is due to
the reduction in the average gas temperature, with the increase in PR. At this load point,
it is observed that soot is not a strong function of PR. HC and CO emissions are found to
increase with the increase in PR. Testing was done with diesel as HRF also. It was observed
that HRR and in-cylinder pressure obtained with diesel were lower than those of PODE.
Unstable engine operation was noticed when PR was more than 85%.

A similar investigation was performed by [44] at 2400 RPM on a single-cylinder engine.
A mixture of isopropanol, butanol, and ethanol with a volumetric ratio of 3:6:1 was used as
the LRF and diesel and biodiesel were used as the HRFs. The injection pressure of HRF
was about 300 bar and that of LRF was about 5 bar. Engine performance and emission
data were measured for PRs of 0, 15, 30, 45, and 60 and corresponding HRR for a load of
15.42 Nm, and are shown in Figure 7a. With the increase in PR, the in-cylinder pressure
and HRR also increase. Owing to the vaporization of the LRF, as the PR increases, pressure
and temperature toward the end of compression decrease. This increases the extent of
mixing and ID, and the majority of the LRF burns in the premixing phase. As a result,
the HRR and in-cylinder pressure and rate of pressure rise increase as the PR increases.
This effect is more pronounced as the load on the engine is increased (see Figure 7b). For
the 60% load condition, when the PR is increased from 15 to 60, NOx increased by 43%
and smoke decreased by 93%. However, both HC and CO increased by 75% and 9.6%,
respectively. Table 3 provides a summary of recent investigations on RCCI engines with
different PRs keeping ethanol as the LRF. Corresponding HRF, load point, injection timings,
and emissions are also given. The “signs” “+” and”−” represent relative change with
respect to minimum PR. The same convention is used in the rest of the tables.
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Table 3. Summary of studies on RCCI engines with different premixing ratios keeping ethanol as LRF.

Authors HRF PR
%

BMEP
(Bar)/CR

Injection
Timing (bTDC)

NOx
%

Soot
%

HC/CO
%

[42] Diesel 47, 57,
& 67 6.1/18.5 60 & 30 − + +/+

[50] Diesel 60 & 80 9.6/16 14–11 − − +/+

[51] Mahua
biodiesel 10–90 6.3/17.5 55–23 − − +/NA

[52] Safflower
Biodiesel 30 & 50 7.6/17 15 50

− NA 76/25
+/+

2.3. EGR Rate

Under high load conditions, excessive pressure rise is observed in the RCCI mode [53].
The EGR technique can be used to control the rate of pressure rise [54]. Owing to its
higher heat capacity and by reducing oxygen availability, EGR controls the rate of pressure
rise. It also results in a reduction of NOx, similar to that observed in the CDC operation.
However, EGR is bound to reduce thermal efficiency and increase HC and CO emissions.
Hence, a trade-off study between emissions, rate of pressure rise and efficiency needs to be
conducted. [55] investigated the effect of EGR on the rate of pressure rise and emissions
on a four-cylinder turbocharged engine at IMEP of 8 bar and speed of 2000 RPM with a
swept volume of 1.6 L. The LRF and HRF are methane-rich natural gas and hydro-treated
vegetable oil, respectively. High PR ranging from 57% to 94%, which represents high load
operations, is used. Figure 8a shows the effect of EGR on the rate of heat release for PR of
88%. EGR strongly suppresses premixed combustion and increases the CD. Heat release
curves shift away from TDC, indicating the reduction in the rate of pressure rise. As the
EGR increased from 0% to 8%, 15%, and 23%, the peak HRR decreased by 32%, 36%, 42%,
and 59%, respectively, compared to that of the non-EGR cases.
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at BMEP of 5.1 bar [56].

For the same load point, the authors explored different combinations of PRs and EGR
ratios and their effect on NOx (see Figure 9a). For a given EGR rate, as the PR in terms
of the energy share increases, NOx reduces. This is mainly due to the cooling effect of
LRF. Figure 9a also indicates that a higher amount of EGR is required to control the NOx
emissions for lower PRs. For a given EGR rate, soot decreases as the PR increases (see
Figure 9b). As PR is increased, more amount fuel burns in the homogeneous phase, thus
resulting in the reduction of soot. A combination of lower PR and higher EGR rate leads
to higher soot formation. The influence of cold EGR on emissions is shown in Figure 8b
for BMEP of 5.1 bar [56]. On X-axis, “H.EGR” and “C.EGR” represent hot and cold EGR
respectively. Cold EGR reduces the NOx further compared to hot EGR, and accordingly, a
lower rate of pressure rise is also observed. However, it has a significant adverse effect on
HC and CO emissions and a marginal effect on smoke.
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load point of 8 bar BMEP and 2000 rpm [55].

The effect of the temperature of the mixture under intake valve close (IVC) condi-
tions on HRR and emissions was investigated numerically by [57]. AVL FIRE along with
Chemkin II was used to simulate RCCI combustion and to predict engine-out emissions.
Load conditions were 4 bar IMEP and 800 RPM. Except for the 5% EGR, HRR continuously
decreased with an increase in the EGR rate, as shown in Figure 10a. A similar effect on
LTHR also can be noticed. Note that, in simulations, the angle at which peak in HRR occurs
is not strongly influenced by EGR, opposite to that observed in test data, as shown in
Figure 8a. As the temperature of the mixture at IVC is increased (see Figure 10b), autoigni-
tion of the mixture occurs earlier and higher HRR can be noticed. This leads to higher peak
firing pressure. [58] Investigated the performance of the RCCI engine at 1500 RPM with nat-
ural gas and diesel as LRF and HRF respectively, PR 80%. Effects of variations in injection
pressure (300–2400 bars), EGR (0–36%), and SOI (8–30% CA bTDC) on performance and
emission were studied using an experimental and computational approach. The findings
showed that with the introduction of 33% EGR, NOx reduces by 68%. Some of the other
recent investigations with EGR using different alternative fuels are shown in Table 4. The
attempted LRFs are natural gas, gasoline, butanol, and iso-butanol. The PRs are in the
range of 35–80 and the EGR rate is in the range of 15–50. In all these investigations, with
the EGR, NOx was reduced with a penalty on HC/CO emissions. The highest reduction
was achieved in NOx and soot (with respect to PR) for the combination of iso-butanol and
diesel for a load of 2.7 bar, with an EGR ratio of 22 [46]. Note that for this combination,
there was a drastic reduction in NOx and soot emissions simultaneously, which is required
for Euro 6/BS 6 emission regulations.
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Table 4. Summary of RCCI investigations with different EGR rates and their influence on
engine emissions.

Authors LRF/HRF IMEP
Bar PR% EGR% NOx% Soot% HC/CO%

[46] Iso-butanol/
diesel 2.7 43–71 22 − − +/+

[54] Butanol/biodiesel 4–12 60–80 20–47 − + +/+

[56] Methanol/diesel 3.4 & 5.1 57–90 0–40 − − +/+

[59] E20-95/B7 7.5 49–79 41–53 − NA +/−

[60] Natural gas/diesel 4–6 55–95 15, 20 − NA +/+

[61] Natural gas/diesel 4, 9, 23 35 0–48 − + +/+

2.4. Compression Ratio

Compression ratio (CR) is one of the design parameters that influence performance
and emissions significantly. The higher the CR, the higher the compression pressure,
temperature, and density. These three factors reduce the ID as well as mixing delay. As a
result, the combustion rate and indicated thermal efficiency will be higher at higher CRs.
However, higher temperatures result in higher engine-out NOx emissions. Therefore, CR is
preferred to reduce NOx emissions with a penalty on efficiency and HC/CO emissions. A
similar logic extends to RCCI engines also. The HRRs for CRs of 17 and 14 at 10 bar BMEP
are shown in Figure 11a. The LRF and HRF are CNG and diesel, respectively [62]. Higher
ID, lower peak HRR, and higher CD can be noticed for CR 14. Further LTHR is not clearly
visible. Toward the end of the expansion, CR 14 has a higher temperature, and hence lower
CRs will have higher expansion temperatures compared to those with higher CRs. The
effect of CR on emissions is shown in Figure 11b.

CR 14 emits 10%, 71%, and 64% lower NOx emissions compared to CR 17 for engine
speeds of 1200, 1500, and 1800 rpm, respectively. HC emissions are higher by about 35%
at all speeds. Non-monotonic changes in the soot and CO emissions are noticed. This
indicates that soot is mostly influenced by local thermodynamic conditions rather than
average gas conditions. [63] investigated CR effects on an RCCI engine numerically. Closed
cycle combustion simulations were performed for CRs of 12, 13, 14, 15, 16.1, and 17. By
changing the position of the cylinder head, the CR of the engine was changed. LRF and
HRF used in the simulations were gasoline and diesel, respectively. Figure 12a shows HRR
obtained with CRs of 12, 14, and 16.1. With the decrease in CR, a decrease in the rate of
pressure rise and HRR was noticed. Another method to reduce CR is to delay IVC timings.
Using this approach, the authors studied the RCCI performance for identical CRs. The
obtained HRR values for lower CRs are similar to those presented in Figure 12a. Engine-out
emissions obtained with different CRs are shown in Figure 12b. Low CR meets Euro 6 limits
of NOx and soot with good tolerance. Table 5 summarizes recent works on different CRs
with RCCI engines. The minimum CR attempted is 11, and in the study [62], the maximum
load operated with a CR of 11 was 21 bar. Under this load condition, the exhaust emissions
were within Euro 6 limits.

Table 5. Summary of RCCI engine investigations with different compression ratios and their effect
on engine emissions.

Authors LRF/HRF CR PR%/EGR% IMEP
Bar

NOx
%

Soot
%

HC/CO
%

[64] Biomass/diesel 12–18 34–48/NA 3.17, 4.23 NA NA +/+

[62] CNG/diesel 14 & 17 63.4−88.9/42, 51 7, 9, 10 − − +/+

[65] Gasoline/diesel 14.4 & 11 75 & 80–70/NA 6.9 & 14–23 − − +/+
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Table 5. Cont.

Authors LRF/HRF CR PR%/EGR% IMEP
Bar

NOx
%

Soot
%

HC/CO
%

[66] CO2/diesel 20 25–45/NA 6.5 44
+

10
+

18/6
+/+

[67] CNG/safflower
biodiesel 13–19 5–15/NA 17.34 50

−
39
−

1/4
+/+
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2.5. Bowl Geometry

The in-cylinder phenomena such as fuel–air mixing, swirl and tumble motion of fuel–
air mixture, amplification of turbulence, and swirl during the compression process are
strongly influenced by the piston bowl [37]. Hence, the shape of the piston bowl needs to
be optimized to reduce emissions and fuel consumption. In the RCCI mode, fuel injections
will be very much advanced or delayed. A further amount of HRF that needs to be injected
for a given load point will be lower compared to that of the CDC. Therefore, injection
duration will be lower, and accordingly, the piston bowl shape needs to be redesigned for
optimum performance of the RCCI engine.

Performance and engine-out emissions of RCCI engines were investigated with three-
piston bowls at 1200 RPM and are shown in Figure 13a [65]. The base piston bowl is stock,
and the other two are modified in the squish region to reduce HC and CO emissions. The
modified piston bowls also have a lower surface area and hence reduce heat transfer losses
during the combustion. The piston bowls have a compression ratio of 14.4 and are tested
at low, medium, and high load points. From the experimental data, it is observed that
the RCCI combustion is sensitive to the piston bowls at low load points. At medium- and
high-load points, the extent of sensitivity is lower. Figure 13b shows emissions at a high
load point at 19.3 bar IMEP with the three-piston bowls. Combustion is optimized with
both single- and double-injection strategies. Excessive soot levels are noticed with the
double-injection method whereas, with single-injection, engine-out soot levels are within
Euro 6 emission limits. Among the three-piston bowls, soot levels obtained with the bathtub
piston bowl are higher. The corresponding heat release curves and mean gas temperatures
are shown in Figure 14. The combustion is characterized by four peaks in the HRR. The
bathtub piston bowl with a single injection has a lower magnitude in the HTHR region,
which caused higher soot levels. Extensive combustion optimization is performed at all
three load points, and using optimization techniques, it was found that the most suitable
bowl geometry for the RCCI operation is stepped geometry.
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To quantify the effects of change in piston bowl geometry on heat transfer losses,
computational fluid dynamics (CFD) simulations were performed on the above three bowls,
that is, stock, stepped, and bathtub by [68]. The conditions in CFD simulations were
identical to those of testing given in reference [65]. The CFD-predicted HRR, HC, and CO
emissions were compared with those of the testing data. LTHR was captured by predictions.
However, at a high load point, significant deviations between predicted and measured
emissions were noticed, and the deviation was highest for the bathtub piston bowl. The
CFD solution data analyzed and heat transfer losses for the three bowls are represented
in terms of a bar chart. Figure 15a,b represents the budget of fuel energy for the three
bowls for low and high load points. The bathtub piston has a 16% lower surface area, and
this resulted in reducing the heat transfer losses by 7.89% at a low load operating point.
However, such high benefits are not realized at high-load operating points. On the basis
of the gross indicated work, authors chose the stepped piston bowl, which has a medium
reduction in surface area, as the optimum combustion bowl for RCCI engines that can
operate from low to high load operating points.

The effects of shape and depth of the piston bowl and chamfered ring-land on the
performance and emissions of RCCI engines were investigated numerically by [61]. The
chosen piston bowl shapes were stock, bathtub, and cylindrical, which are shown in
Figure 16a. Converge software was used for simulations, and chosen engine speeds were
800, 1300, and 1800 RPM. The LRF and HRF are natural gas and diesel, respectively.
The piston bowl profiles have a large impact on NOx formation with the bathtub bowl
producing the highest NOx at the three chosen engine speeds. As the surface area is lower
for the bathtub profile, it has relatively higher gas temperatures, as shown in Figure 16b,
and leads to higher NOx emissions. When bowl depth changes, it alters the piston surface
area and squish area. These two factors change heat transfer losses and mixing between air
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and HRF. Enhancing bowl depth increases piston surface area, hence more heat losses; on
the other hand, it improves the mixing process and leads to improvement in combustion.
These two factors counter each other to give net benefits. A bowl depth of 1 cm was found
to be optimum for the chosen engine conditions. Similar trends were observed with the
chamfering radius of the ring-land. Other notable works on the design of piston bowls for
RCCI engines include [69–71]. The main idea in these works was to reduce the HC/CO
emissions by optimizing the bowl depth and squish region.
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2.6. High Load Operation of RCCI

As the load on the engine increases, the fuel quantity that is injected into the engine
needs to be increased. This leads to the enhancement of PR. As a result, the majority
of the fuel burns in the premixing phase. Hence, an excessive rate of pressure rise and
autoignition of the fuel and air mixture occurs [72]. Therefore, control of pressure rise at
high load operation is required for the successful implementation of RCCI on production
vehicles. Pressure rise can be countered by reducing the compression ratio, incorporating
EGR, and adopting innovative injection strategies. In the RCCI mode, a six-cylinder
turbocharged engine at high loads was tested [73]. LRF as gasoline and HRF as PODE
were used to achieve RCCI operation. The IMEP values of load point are 19.86, 20.43,
21.78, and 23.05 bars. The corresponding cylinder pressure traces and HRRs are shown
in Figure 17a. The EGR technique along with a late injection of HRF (3–9◦ before TDC)
was used to control the pressure rise. The amounts of EGR and injection timings were
controlled so that the maximum pressure rise was below 12 bar/CA. Owing to late injection,
combustion of premixing fuel occurs after TDC. The amounts of EGR used for the above
load conditions were 28.8, 32.4, 33.7, 34.5, and 35.9 respectively. Engine-out emissions
are shown in Figure 17b. There is a continuous reduction in NOx as the load increases.
This is due to an increase in the EGR rate with respect to load. Smoke initially increases
and then decreases. The investigation shows that EGR and late injection can achieve
high-load operation.
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Authors LRF HRF 
PR%/ 

EGR% 

IMEP  

Bar 

ROPR 

(bar/deg) 

NOx 

% 

Soot 

% 

HC/CO 

% 

[29] E85 Diesel 83/47 16.5 10 − − − 

[70] Ethanol Diesel 85/40 17 10 NA NA −/− 

[73] Gasoline  PODE 70/42, 65 13.5 12 − − NA/NA 

[74] Gasoline Diesel 0–80/NA 20 15 
85 

− 
NC 
↔ 

NA/NA 

[75] Gasoline n-Heptane 89/41 14.6 − − − NA/NA 
↔ No Change, NA—Not Available. 

Figure 17. Operation of RCCI engine at high load operating points: (a) HRR and in−cylinder pressure
curves, and (b) emissions, NOx, and smoke [73].

Ref. [74] achieved high loads with the combination of EGR and low compression ratio.
LRF and HRF used in this study were gasoline and diesel, respectively, and PR for all the
high load points was in the range of 30–50%. Single- and late-injection strategies were used
for combustion. Figure 18a shows the EGR map used on a 15.3 compression ratio engine.
For high loads, i.e., IMEP > 15 bar, the EGR rate is in the range of 45 to 30%. The percentage
of difference in NOx emission between CDC and RCCI for the above engine is shown in
Figure 18b. It can be inferred that at a load of 1500 RPM, and 23 bar, RCCI operation results
in a reduction of NOx by 95% compared to that of CDC.
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Authors LRF HRF 
PR%/ 
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IMEP  

Bar 
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(bar/deg) 

NOx 
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Soot 
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HC/CO 

% 

[29] E85 Diesel 83/47 16.5 10 − − − 

[70] Ethanol Diesel 85/40 17 10 NA NA −/− 

[73] Gasoline  PODE 70/42, 65 13.5 12 − − NA/NA 

[74] Gasoline Diesel 0–80/NA 20 15 
85 

− 
NC 
↔ 

NA/NA 

[75] Gasoline n-Heptane 89/41 14.6 − − − NA/NA 
↔ No Change, NA—Not Available. 

Figure 18. Percentage difference between emissions obtained on RCCI and CDC engine as a function
of speed and IMEP. (a) EGR, and (b) NOx [74].
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The possibility of achieving high loads with a split-injection strategy was investigated
numerically by [41]. CR of 16.1 and EGR were used to control the combustion rate with
split injection. The HRF and LRF were diesel and gasoline, respectively. Figure 19a shows
cylinder pressure traces and Figure 19b shows HRR for IMEP of 13.5, 16, and 23 bar. SOI1
and SOI2 for 23 bar load points are 92.7 and 20.4 bTDC, and corresponding mass ratios are
70% and 30%, respectively. For all the high load points considered in this work, the rate of
pressure rise was below 8 bar/deg. Table 6 lists high-load operations achieved by other
authors. In the majority of the trails, gasoline is used as LRF. PR is in the range of 50–90%.
The EGR rate is in the range of 40–60%. Simultaneous reduction of NOx and soot was
achieved with the RCCI operation at high load operation. Compared to low-load operating
points, enhancement in HC/CO emissions is relatively higher. The rate of pressure rise is
between 8 and 12 bar/deg.
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Table 6. Summary of investigations performed on RCCI engines at high load operating points.

Authors LRF HRF PR%/
EGR%

IMEP
Bar

ROPR
(Bar/Deg)

NOx
%

Soot
%

HC/CO
%

[29] E85 Diesel 83/47 16.5 10 − − −
[70] Ethanol Diesel 85/40 17 10 NA NA −/−
[73] Gasoline PODE 70/42, 65 13.5 12 − − NA/NA

[74] Gasoline Diesel 0–80/NA 20 15 85
−

NC
↔ NA/NA

[75] Gasoline n-Heptane 89/41 14.6 − − − NA/NA

↔ No Change, NA—Not Available.

3. Discussion and Directions for Future Research

Brake thermal efficiency obtained with CDC and RCCI operations is listed in Table 7.
Other conditions such as compression ratio, load, speed, fuel, % change in NOx, and smoke
emissions are also shown in the table. In CDC with a compression ratio of about 17.5, at
loads of 4.5–6 bar, brake thermal efficiency ranges from 34% to 38%. Depending on the
operating conditions, the usage of biodiesel can result in a reduction of brake thermal
efficiency by about 5% compared to that obtained with diesel. The change in thermal
efficiency is contributed by multiple factors such as viscosity, calorific value, flash point,
and the presence of oxygen atoms in the fuel. Factors such as high viscosity and lower
calorific value result in a decrease in thermal efficiency. On the other hand, oxygen atoms
accelerate the combustion process, leading to improvements in thermal efficiency. These
two factors counter with each other to give a net reduction of about 5%. Owing to its higher
oxygen content, biodiesels emit a lesser amount of CO and HO compared to diesel. With
the RCCI cycle, brake thermal efficiency ranges between 45% and 55% depending on the
type of fuel and other operating conditions. RCCI improves thermal efficiency by reducing
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exhaust and heat transfer losses. Lower HRRs reduce heat transfer losses, and lower in-
cylinder temperature reduces exhaust losses. The highest thermal efficiency achieved, was
about 60% with the RCCI cycle (see Table 7, row 6). The highest efficiency was achieved by
piston cooling, modified piston bowl geometry, reduction of pumping losses, reduction of
thermal losses, etc. There was nearly a 5–10% increase in thermal efficiency when engine
operation switched to RCCI from CDC. The improvement in thermal efficiency results in a
reduction of CO2 emissions. Therefore, choosing the RCCI cycle over CDC will directly
yield 5–10% lower CO2 emissions. Additionally, RCCI results in a reduction of both NOx
and soot emissions.

Extensive research has been conducted on RCCI engines to understand various factors
that influence engine operation, and RCCI engines have the capacity to meet Euro 6
emission standards without aftertreatment devices. To take this technology to production
engines, more investigations need to be performed. Blends of hydrogen- and alcohol-
based biofuels can be used as LRF. Hydrogen has the potential to reduce HC and CO
emissions due to its fast-burning rate. Adding hydrogen reduces net hydrocarbon fuel,
thereby reducing CO2 emissions. Systematic optimization of the LRF injector location can
be performed by using a computational approach. Injector properties such as nozzle hole
diameter, pulse rate, and injection pressure can be optimized. Mixing between air and
LRF, air + LRF mixture, and HRF can be improved by optimizing the swirl ratio of the
intake port.

Choosing the appropriate combination of LRF and HRF is required for improving
efficiency and reducing emissions simultaneously. A combination of iso-butanol and diesel
was found to outperform the gasoline-diesel combination. Gasoline- thevetia peruviana
biodiesel has resulted in 8% lower thermal efficiency compared to gasoline-diesel combina-
tions. So further research is required to compensate for the reduction in thermal efficiency.
The methanol-PODE combination was found to have higher NOX by 44% compared to the
methanol-diesel combination with 1.1% higher thermal efficiency. Enhancement in NOx
with a corresponding reduction in soot may not bring the trade-off curve closer to emission
regulation margin limits. Even though the combination results in LTC, the simultaneous
reduction in NOx and soot has not occurred. Hence further research is required to improve
the emission aspects. As fuel stratification is dominant in RCCI combustion, a proper
combination of HRF and LRF is required to take the benefits of the LTC behavior. Hence
investigations should be performed to determine the correct combinations of fuels for LRF
and HRF.
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Table 7. Comparison of brake thermal efficiency obtained under CDC and RCCI conditions with alternative fuels.

Reference Operated Conditions Fuel
Performance

Combustion
Emissions

A-BTE D-BTE
%

NOx
%

Smoke
%

[76] CR of 17.5 in CDC mode at 6 bar
with 1500 rpm Corn oil (B10) 34.5 1.27 ↓ Negligible change in pressure and heat

release compared to diesel 1 ↑ -

[77] CR of 18 in CDC mode at 4.5 bar
with 1800 rpm

Diesel + jatropha + heptanol
(40 + 20 + 40) 38 5 ↓ - 14 ↑ 41.6 ↓

[78] CR of 17.5 in CDC mode at 6 bar
with 1500 rpm

Diesel + calophyllum
inophyllum

Decanol (50 + 10 + 40)
34.5 0.15 ↓ Slight increase in cylinder peak pressure

compared to diesel 35 ↑ 44 ↓

[79] CR of 16.1 RCCI at 4 bar with
1300 rpm

LRF-methane/
HR F–diesel,

PR-85

50.7
GIE 3.37 ↑ Advancement of peak pressure occurs at

RCCI mode. 97 98 ↓

[80] CR 16.8 of RCCI at 5 bar with
1200 rpm, EGR-12.5-26

Fuel–LR-ethanol
/HR–diesel 46 2 ↓ CDC mode has higher ROHR compared

to RCCI mode. 88 ↓ 55 ↓

[81] CR 14.9 of RCCI at 6.5 bar with
1300 rpm, EGR-42

LRF-E85 + EHN3/
HRF–diesel

59.1
GIE - - - -

[17] CR of 16.1 RCCI at 9.3 bar with
1300 rpm, EGR-41,

LRF-gasoline/
HR F–diesel,

PR-89

56.1
GIE 14 ↑ Increased PRRR (49%) and ROHR

compared to CDC mode of operation 99 ↓ 84 ↓

[82] CR of 16 RCCI at 10 bar with
1500 rpm, EGR-0-50

LRF-butanol/
HR F–biodiesel,

PR-20-80
48.5 4 ↑ For maximum premixing Ratio leads to

maximum peak pressure and ROHR. 38 ↓ 2 ↑

[83] CR 16 of RCCI at 9.2 bar with
2000 rpm, EGR-0-50

LRF-ethanol/
HR F–diesel,

PR-55–87
46.5 2 ↑ Increased ROHR with increased

injection pressure - 59 ↓

A-BTE—absolute brake thermal efficiency, D-BTE-difference in brake thermal efficiency, ↑ Increases, ↓ Decreases. GIE-gross indicate d efficiency, For CDC, % change is with reference to
diesel fuel, for RCCI, % changes are with respect to changes in PR.
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Intake air temperature is another parameter that significantly influences the rate of
pressure rise. This is because the combustion in RCCI is dominated by chemical effects and
temperature can affect ignition dynamics. When the engine is equipped with a turbocharger
and EGR, multiple combinations of intake temperature can be achieved. The effect of intake
temperature on the RCCI operation under such conditions is not yet explored thoroughly.
Dual-peak heat release curves showed improved engine performance and lower emissions
in the CDC operation [84]. In-cylinder combustion of RCCI can be optimized by injection
strategies to obtain dual-peak heat release curves. Such combustion optimization can yield
further improvements to RCCI engines. In addition to reducing the heat losses during
the combustion, piston bowl shapes can further be optimized to improve mixing between
the HRF and air + LRF mixture. HRF injector configurations in terms of the number of
holes, injection pressure, pulse rate, and duration can be optimized together with the
piston bowl shape. Such optimization can reduce soot, HC, and CO emissions similar
to those observed for CDC engines. Established technologies of CDC such as variable
valve timings, internal EGR, and multistage turbocharging can be extended to the RCCI
operation. A lower compression ratio of 11 can be used for the RCCI operation as it has the
potential for high-load operation. However, reduction in performance at low and medium
loads can be nullified with the above-said established CDC technologies. Even with a
compression ratio of 11, EGR is used to achieve high loads. There is a need to reduce the
EGR rate as, fundamentally, the RCCI concept was developed to avoid EGR. Cooling the
EGR can reduce the intake temperature and lower the rate of pressure rise also. Hence, EGR
coolers can be used to reduce EGR rates, which reduces HC/CO emissions and increase
combustion efficiency. The majority of high load operation with the RCCI engine was
achieved with diesel as HRF. Hence investigations can be performed with biodiesels at
high-load operation.

The accuracy of computational modeling of RCCI combustion needs to be improved.
As discussed earlier, significant differences between CFD-predicted and measured HRR of
RCCI operation at high load points are observed. As chemical kinetics dominates RCCI
combustion, models that describe ignition dynamics, intermediate chemical reactions, and
multicomponent diffusion need to be thoroughly analyzed and validated with suitable
experimental data. With many control parameters, choosing the optimum-configuration
RCCI engine is a very complicated task. Hence, one-dimensional thermodynamic tools
with proper validation can be used to reduce engine testing. Estimation of RCCI engine
performance with various premixing ratios, EGR rate, compression ratio, etc., can be
performed with a one-dimensional tool. Optimization algorithms, which are based on
artificial neural networks [85,86], and genetic algorithms [41] can be used to optimize
injection strategies.

The main advantage of RCCI engines is that aftertreatment devices such as DPF and
SCR are not required. Further, RCCI enhances thermal efficiency by about 5–10% compared
to CDC. RCCI engines have certain limitations also. As the combustion temperatures are
lowered, HC and CO emissions increase, as shown in Tables 1–6. Hence, a diesel oxidation
catalyst should be used to reduce these emissions. Another limitation of RCCI is high load
operation. When the load is increased beyond 13 bar IMEP, excessive pressure rise can
be observed. This leads to higher amounts of NOx. To reduce the rate of pressure rise,
various techniques such as EGR, compression ratio, and injection strategy are used. A brief
discussion of these solutions is explained in Section 3. Further, at high loads, PR is higher
and so the power cycle approaches homogeneous combustion. This can result in knocking.
Algorithms to detect and control knocking for the RCCI operation need to be developed.

The main obstacle to implementing RCCI technology in production engines is high-
load operation. For loads below 10 bar, the rate of pressure rise is within acceptable limits.
The BMEP of an engine generating 16 hp at 3600 rpm with 625 cm3 swept volume is
6.36 bar. Some of the light commercial vehicles use engines of this performance. Hence,
RCCI can be implemented for LCVs. A rigorous study of RCCI combustion at speeds
in the range of 3000–4000 RPM needs to be investigated for this purpose. The emission
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testing cycle will consist of vehicle acceleration and deceleration. The response of RCCI
combustion to such transient conditions should be investigated. Generators with a power
capacity of less than 15 kW can be another application for RCCI. The fixed-speed operation
of generators will offer some flexibility in optimizing the engine hardware for thermal
efficiency and RCCI combustion control strategy.

In the transport sector, the market for EVs is progressively increasing. This growth
rate is contributed to by government policies and customer preferences. When EVs are
charged with renewable energy sources, they provide net-zero emissions. However, the
infrastructure in the renewable energy sector is not good enough to provide power for all
EVs [87]. So, a significant amount of EVs will be charged by conventional power stations,
which use coal- or hydrocarbon-based fuels. This nullifies the leverage of EV vehicles
toward net-zero emissions. If one accounts for the transmission losses from the power
source to charging stations, then net emissions produced by EVs are comparable to those of
ICE vehicles. Further, the manufacturing of batteries requires huge amounts of rare-earth
elements, whose mining is a power-consuming activity [88]. The disposal of batteries is also
a concern, as they pollute land [89,90]. Hence, life-cycle emissions of EVs are comparable to
those of ICE vehicles even when they are charged with renewable sources. In summary, EVs
may provide net-zero tailpipe emissions, but from the perspective of life-cycle and battery
disposal, they are not zero-emission vehicles. There is a need to spread this awareness to
policymakers, government regulating bodies, and the common public.

The present battery technology is not good enough for EVs to replace the ICE vehicles
in the commercial vehicle segments [87,91]. Hence, ICE vehicles are going to dominate
in commercial segments for the next few decades. Similarly, ships, generators, and heavy
equipment will be powered by ICEs for several decades. This indicates that ICEs have a
bright future for the next few decades, and government regulating bodies and policymakers
should not abruptly prefer other technologies. Hence, a thorough analysis of life-cycle
emissions should be made for each application and technology, and then policies should be
framed with the aim of reducing emissions, thus paving the way for a cleaner environment.

It may take nearly 2–3 decades to furnish the necessary infrastructure in the renewable
energy sector to provide sufficient power for charging all EV vehicles. Until then, EVs
cannot be treated as net-zero emission vehicles. During this transition period, the transport
sector will be dominated by ICE vehicles, and so the environment will continue to receive
CO2 and other exhaust emissions. The 2017 data of Ritchie and Roser [92] indicate that
the transport sector contributes to 10% of global CO2 emissions. So, there is a greater
responsibility on IC engine designers to make it more fuel efficient, thereby reducing
CO2 emissions. The thermal efficiency of the vehicle can be improved by switching to
a diesel cycle from the gasoline cycle, weight reduction, effective thermal management
(including at start and idling conditions), and LTC concepts such as RCCI, mechanical
friction reduction, and effective utilization of exhaust energy. As shown in Table 7, biodiesel
blends lead to higher fuel consumption. Mostly biodiesels are made from local resources,
and CO2 emissions released for generating biofuels can be significantly lower compared to
those for hydrocarbon-based fuels. A majority of hydrocarbon fuels are extracted, refined,
and processed in Middle Eastern countries, and fuel is transported to other continents.
The burden of this transport is taken again by ICE-based ships/vehicles. So, when one
accounts for CO2 emissions from source to end-use, it is found that biofuels emit less CO2
into the atmosphere. This gives a boost to the local economy also, providing a way for a
sustainable society. Hence, policymakers and engine-makers should push for higher blends
of bio-derived fuels [93–95].

4. Conclusions

RCCI engine is a dual fuel operation, where low reactive fuel will be injected in the
intake port and high reactive fuel will be injected into the cylinder. The paper reviews recent
investigations on RCCI engines, and emission data presented in the article demonstrates
the capability to achieve Euro 6 emission norms without aftertreatment devices for NOx
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and soot. Effects of various engine operating parameters such as type of fuels, premixing
ratio, EGR rate and compression ratio are discussed. Heat transfer losses, HC and CO
emissions obtained on different piston bowl shapes are delineated. The methods used to
extend the operating range of the RCCI concept to high loads are explained.

When the premixing ratio is increased ignition delay is increased, and hence relatively
higher time is available for mixing between high reactivity fuel and air. Physical properties
of low and high-reactive fuels also influence the ignition delay. An increase in ignition
delay helps in reducing the NOx and soot simultaneously. Various fuels such as gasoline,
iso-propanol, iso-butanol, methanol, ethanol, 2,5-dimethylfuran, n-amyl alcohol, CNG+H2
mixture, methane and natural gas, etc., are attempted as low reactivity fuels. Diesel, PODE,
bio-diesel, etc., are used as high-reactive fuels. Depending on the load, pre-mixing ratios
ranged from 30% to 85%. EGR in the RCCI engine is used to control the rate of pressure
rise. Due to its higher heat capacity, EGR also results in a decrease in engine-out NOx. The
attempted EGR ratios are in the range of 15% to 50%. As a penalty with EGR, thermal
efficiency decreases, and HC and CO emissions increase. A lower compression ratio is
preferred to have a lower rate of pressure rise and NOx emissions. The majority of RCCI
operations are performed with compression ratios ranging from 14 to 17. The minimum
attempted compression ratio is 11. Piston bowl shapes with stock, step, and bathtub are
tested at low, medium and high load points. The stock-shaped piston bowl was found to be
more suitable for RCCI operation. Computational fluid dynamics simulations revealed that
the shape of the bowl has a lot of impact on heat transfer losses and HC and CO emissions.
Piston bowl depth and squish region are optimized to reduce HC, CO emissions and heat
transfer losses. By optimizing injection strategies, compression ratio, EGR rate and piston
bowl shape high load operation on RCCI engines can be achieved. Engine load as high as
23 bar BMEP is achieved with a combination of late single injection strategy compression
ratio: 11, pre-mixing ratio: 53, EGR rate: 36% and stock piston bowl.

Electric vehicles cannot be treated as zero-emission vehicles if they are not charged
with renewable sources. This fact needs to be popularized among the common public and
policymakers. Until alternative and affordable power sources are available, the transport
sector will be powered by IC engines, and they continue to pollute the environment. By
designing more efficient engines, the extent of pollution can be reduced. In compression
ignition mode, diesel can be substituted with blends of biodiesel. On a fuel-to-fuel basis,
biodiesel can lead to higher CO2 emissions, but when life-cycle emissions are accounted
for, biodiesel emits a lesser amount of CO2. Further usage of biodiesel blends reduces HC
and CO emissions. Switching to the RCCI operation can increase thermal efficiency by
about 10% with a corresponding reduction in CO2 emissions. Future research in RCCI
engines can be aimed at understanding RCCI behavior in acceleration and decelerations.
Further investigations should be performed to study RCCI combustion for speeds in the
range of 3000–4000 rpm. The performance, efficiency, and emissions from the RCCI engine
can further be optimized with a combination of hydrogen mixtures as LRF, biodiesel as
HRF, lower EGR rates, piston bowl shapes, injection strategies, and cold EGR. Efficiency
improvements with dual-peak heat release curves, variable valve timings, higher swirl
ratios, and mechanical friction reduction techniques should be explored. Studies should be
performed to enhance the understanding of diffusion between LRF, HRF and air during
the compression and combustion phase. Such diffusion is a key factor which results in
fuel stratification. Hence efforts should be directed towards the right combination of fuels
for LRF and HRF which can provide a simultaneous reduction in NOx and soot. There
is a need to design IC engines on an application-to-application basis with the objective
of reducing CO2, soot, and NOx emissions simultaneously. From this perspective, RCCI
should be implemented in light commercial vehicles and generators whose power rating is
below 16 hp.
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Abbreviations

BMEP Brake mean effective pressure
BSFC Brake-specific fuel consumption
CA Crank angle
CDC Conventional diesel combustion
CH3OH Methanol
CI Compression ignition
CNG Compressed natural gas
CO Carbon monoxide
CO2 Carbon dioxide
CR Compression ratio
DI Direct injection
EGR Exhaust gas recirculation
HC Hydrocarbon
HCCI Homogeneous charge compression Ignition
HRR Heat release rate
HRF High-reactivity fuel
HTHR High-temperature heat release
ID Ignition delay
IVC Inlet valve closing
LRF Low-reactivity fuel
LTC Low-temperature combustion
LTHR Low-temperature heat release
NOx Nitrogen oxide
NTC Negative-temperature coefficient
PCCI Premixed charge compression ignition
PFI Port fuel injection
PODE Polyoxy methylene dimethyl ethers
PR Premixing ratio
RPM Revolution per minute
RCCI Reactivity-controlled compression ignition
SI Spark ignition
SOC Start of combustion
SOI Start of injection
TDC Top dead center
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