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Abstract 

Reactivity-controlled compression ignition (RCCI) is a promising energy conversion strategy 

to increase fuel efficiency and reduce nitrogen oxide (NOx) and soot emissions through 

improved in-cylinder combustion process. Considering the significant amount of conducted 

research and development on RCCI concept, the majority of the work has been performed 

under steady-state conditions. However, most thermal propulsion systems in transportation 

applications require operation under transient conditions. In the RCCI concept, it is crucial to 

investigate transient behavior over entire load conditions in order to minimize the engine-out 

emissions and meet new real driving emissions (RDE) legislation. This would help further 

close the gap between steady-state and transient operation in order to implement the RCCI 

concept into mass production. This work provides a comprehensive review of the performance 

and emissions analyses of the RCCI engines with the consideration of transient effects and 

vehicular applications. For this purpose, various simulation and experimental studies have been 

reviewed implementing different control strategies like control-oriented models particularly in 

dual-mode operating conditions. In addition, the application of the RCCI strategy in hybrid 

electric vehicle platforms using renewable fuels is also discussed. The discussion of the present 

review paper provides important insights for future research on the RCCI concept as a 

commercially viable energy conversion strategy for automotive applications.  

Keywords: Reactivity controlled compression ignition (RCCI); control; performance; 

emissions; transient behavior; hybrid vehicles 

 

 

 

 



 

Nomenclature 

AHRR Apparent heat release rate 

ATDC After top dead center 

BMEP Brake mean effective pressure 

BTE Brake thermal efficiency 

BEV Battery electric vehicle 

CAD Crank angle degree 

CDC Conventional diesel combustion 

CDF Conventional dual fuel 

CFD Computational fluid dynamics 

CI Compression ignition 

CL Close loop 

CNG Compressed natural gas 

CO Carbon monoxide 

COM Control-oriented model 

COV Coefficient of variation 

CPBC Cylinder pressure-based control 

DF Dual fuel 

DI Direct injection 

DISI Direct injection spark ignition 

DMDF Dual mode dual fuel 

DOC Diesel oxidation catalyst 

DPF Diesel particulate filter 

EGR Exhaust gas recirculation 

EHN Ethylhexyl nitrate 

EPA Environmental protection agency 

ERC Engine research center 

FPGA Field programmable gate arrays 

GDI Gasoline direct injecton 

GHG Greenhouse gas emissions 

GIE Gross indicated efficiency 

HCCI Homogenous charge compression ignition 

HD Heavy-duty 

HEV Hybrid electric vehicle 

HWFET Highway fuel economy test 

HRR Heat release rate 

ICE Internal combustion engine 

IMEP Indicated mean effective pressure 



 

ITE Indicated thermal efficiency 

IVC Inlet valve closing 

LCA Life cycle analysis 

LQI Linear quadratic integral 

LTC Low temperature combustion 

LD Light duty 

MHEV Mild hybrid electric vehicle 

MIMO Multiple input multiple output 

MPC Model predictive control 

MTU Michigan technological university 

NG Natural gas 

NOx Nitrogen oxides 

NMOG Non-methane organic gases 

OL Open loop 

OEM Original equipment manufacturer 

PFI Port fuel injection 

PFR Premixed fuel ratio 

PHEV Plug-in hybrid electric vehicle 

PID Proportional integral derivative 

PM Particulate matter 

PRR Pressure rise rate 

RCCI Reactivity controlled compression ignition 

RDE Real driving emissions 

SAE Society of Automotive Engineers 

SCR Selective catalytic reaction 

SI Spark ignition 

SOC Start of combustion 

SOI Start of injection 

UDDS Urban dynamometer driving schedule 

UHC Unburned hydrocarbons 

ULSD Ultra-low sulfur diesel 

WHTC World harmonized transient cycle 

WTW Well-to-wheel 

 

 

 

 



 

1. Introduction 

      Concerns on greenhouse gas emissions (GHGs), combustion generated pollutant emissions 

and energy security are having a considerable impact on the future development of internal 

combustion (IC) engines, and have led to investigations of advanced combustion strategies as 

well as alternative hybrid propulsion systems for automotive applications [1, 2]. Low 

temperature combustion (LTC) strategies such as homogeneous charge compression ignition 

(HCCI) [3] and reactivity controlled compression ignition (RCCI) [4] have the potential to 

achieve simultaneously low emissions of both nitrogen oxides (NOx) and particulate matter 

(PM), while maintaining high thermal efficiencies [5, 6]. RCCI combustion has been 

introduced to address the drawbacks of the HCCI strategy in terms of limited operating range, 

low combustion control and excessive unburned products [7, 8]. In RCCI combustion, a low 

reactivity fuel like gasoline was premixed through port and a high reactivity fuel like diesel is 

directly injected into the cylinder; thus, it is possible to achieve more efficient control of 

ignition timing and combustion rate by changing the ratio of the two fuels with different 

reactivities [9, 10]. Therefore, RCCI is a fuel-flexible combustion strategy and has the potential 

to use various combinations of gasoline and diesel-like fuels particularly produced from 

renewable resources with low carbon footprint [11, 12].  

        Regardless of the benefits of RCCI strategy, its operation is restricted to engine medium 

loads [13, 14], due to the high carbon monoxide (CO) and unburned hydrocarbons (UHC) 

emissions at low engine load operation,  and high pressure rise rates (PRR) at high loads which 

still need to be addressed [15]. Thus, to extend the operating range, solutions have been 

proposed such as mode-switching to utilize RCCI concept in practical applications [16]. By 

operating conventional dual fuel engines in RCCI mode, the thermal efficiency of the engine 

can be further increased while at the same time pollutant emissions can be reduced. On the 

other hand, RCCI combustion with lower gas temperatures compared to conventional diesel 



 

combustion (CDC), results in lower heat losses and higher fuel conversion efficiencies, and 

due to the sensitivity of reactions to thermal and chemical composition of air-fuel mixtures, 

combustion control of RCCI engines is a major challenge during transient operations. 

         The literature has shown that engine performance under steady-state conditions is not 

generally a true indicator of transient emissions [17, 18], since significant amount of the total 

emissions are produced during the short periods when rapid speed/load changes happen [11, 

15]. Considering the significant amount of conducted research and development of RCCI 

combustion, the majority of the work has been performed under steady-state conditions [19, 

20]. However, for transportation applications, RCCI concept requires operation under transient 

conditions, since robust performance for a wide variety of operating conditions is key to real-

world application.  

        Unlike HCCI combustion, combustion phasing (indicated by CA50, i.e., crank angle of 

50% cumulative heat release) and indicated mean effective pressure (IMEP) can be controlled 

in RCCI strategy [21].  An overview of different RCCI control studies is given in  [22], and the 

following challenges have been determined on the control side associated with RCCI 

combustion: 

• Stable and safe combustion: At low load, misfire must be avoided, while at high loads 

peak pressure and peak pressure rise rate limits must be mitigated. RCCI combustion 

has high sensitivity to parameters controlling the mixing of low- and high-reactive 

fuels. Output work, peak pressure and engine-out emissions can also change due to 

variations in the EGR ratio, or variations in injection parameters due to wear of the 

components. Individual cylinder control of fueling parameters is therefore used to cope 

with these effects and achieve optimal efficiency for all cylinders. Cylinder balance can 

be realized by controlling all individual cylinders in parallel [23]. The intra-cycle 



 

differences as well as the inter-cylinder differences can be significantly decreased with 

feedback control, resulting in an improved load operating range. 

• Precise air-fuel path control: In order to achieve the required dynamic in-cylinder 

conditions, highly dynamic fuel path control with robust stability and precise air path 

control are necessary. This control of coordinated air-fuel path also benefits integrated 

engine-aftertreatment control in order to achieve potential targets for HC and CO 

emissions, for mode switching and optimum thermal management [24-26].  

• Handling alternative fuel combinations: RCCI combustion has the potential to be 

flexi-fuel and various fuels can be used. A prerequisite for this is the use of two fuels 

with quite different auto-ignition properties. Fueling is adjusted with feedback control 

to influence the auto-ignition cycle and compensate for fuel auto-ignition properties 

that diverge from requirements due to changes in fuel composition at various 

conditions. This must eventually be endorsed for a wide variety of fuels; so-called fuel 

flexibility [22, 27].  

      While initial RCCI studies were encouraging, further improvements have been undertaken 

to assess its ability to achieve future emissions reduction and assess its commercialization in 

automotive, stationary and marine applications (using natural gas-diesel for mid-speed marine 

engines) [28, 29]. These developments are supported by new, single-fuel operation [30-32], 

optimized combustion system [33], variable valve timing [34], and new aftertreatment 

technologies [35, 36]. RCCI combustion engines not only are useful in mobile applications but 

also they can be used in stationary applications such as power generator, particularly in hybrid 

configuration combined with fuel cells [37] and electric motors [38]. 

       Although, there are several published review papers on RCCI combustion in the literature 

[15, 19, 39], they have paid less attention to cover the transient behavior, thus there is still need 



 

for a dedicated review paper to bridge the gap and address combustion control for 

commercialization of this concept in future thermal propulsion systems. Additionally, there 

have been quite considerable amount of published work in the literature addressing the 

combustion control and transient behavior of RCCI strategy taking into account main RCCI 

state operating constraints like in-cylinder PRR limit, peak in-cylinder pressure limit, 

maximum allowed engine-out emission limits, and combustion stability limit (𝐶𝑂𝑉𝐼𝑀𝐸𝑃). The 

objective of the present paper is to provide a comprehensive review on performance and 

emissions of the RCCI combustion with consideration of transient effects, as well as its 

vehicular applications particularly in hybrid electric vehicle (HEV) configurations. For this 

purpose, various experimental and simulation studies for RCCI combustion control, 

combustion mode-switching to extend operating range, the effects of alternative fuels in 

transient operation, and RCCI engine in hybrid electric configurations have been reviewed. 

Concluding remarks with promising future research directions for commercial viability of 

RCCI combustion are provided. 

2. RCCI transient operation 

      While majority of vehicles operate under transient conditions, most of the engine research 

work has been carried out under steady-state conditions, since transient testing needs 

specialized and often costly equipment [40, 41]. There are also significant variations in 

emissions of the engines reported in the literature for various test cycles under transient 

operation. Swain et al. [18], for example, reported that 60% of the under-predicted HC and PM 

emissions could occur during transient diesel engine operation. These findings are crucial, 

because the RCCI strategy has also been developed with most of the data in the steady-state 

operating conditions, and for on-road applications, robust performance has to be guaranteed 

under real-world conditions, including engine speed-load transients, varying fuel quality and 

varying ambient conditions.     



 

         A comprehensive study was conducted by Glewen et al. [42] in a light duty diesel engine 

to investigate transient behavior of LTC and CDC strategies. It was noticed that there are 

significant differences for all load transitions between transient and steady-state emissions and 

combustion noise. The results of the transient tests were compared with measurements 

conducted at the same speed and fuel rate during steady-state operation to identify variations 

in control parameters and subsequent engine efficiency between transient and steady-state 

operation. Eventually, it was found that the thermal inertia of the engine components can 

influence the transient emissions as the volumetric efficiency, NOx and HC emissions can be 

changed when working at different temperatures from the steady-state conditions.  

       Compared to very early injection strategies associated with HCCI, controllability of the 

combustion process is significantly improved in RCCI, but still requires attention to phase 

correctly. Due to controllability challenge, RCCI concept drove the research community to 

develop advanced control strategies. The techniques adopted for controlling combustion in 

RCCI engines play a key role in addressing current and future automotive industry 

requirements for propulsion systems. The conventional open-loop (OL) control technique 

attempts to achieve a desired combustion behavior by controlling the system boundary 

conditions, indirectly, with the goal of achieving an optimal trade-off between engine 

emissions, combustion noise, drivability performance, etc. In order to gain accurate control 

over engine with great margins of safety, close-loop (CL) combustion control, primarily based 

on in-cylinder pressure signals have been introduced [43]. CL control of the ignition delay is 

key, since this LTC concept is significantly affected by inevitable differences in temperature 

or EGR variations between cylinders. So far, OL control systems based on calibration maps 

designed for a specific set of operating conditions have been frequently used to date, rather 

than CL control strategies. The cost and complexity of these calibration maps, however, are 

rapidly becoming unacceptable, and CL control systems also seem crucial for further increases 



 

in fuel conversion efficiency [44]. First fundamental studies on RCCI transient performance 

comparing OL and CL phasing control methods were carried out by Hanson [45] in a light duty 

diesel engine at engine research center (ERC) of University of Wisconsin-Madison. Fig. 1 

illustrates the test engine schematically. 

 

Fig. 1. RCCI engine test setup configuration (Reprinted from [45] with the permission of 

Author) 

          

OL and CL phasing control methods for engine combustion were utilized for RCCI 

whereas CDC was only controlled in OL. The controller worked with 2D torque-based tables 

to control the EGR, intake pressure and fuel injection parameters. The controller had tables 

loaded with CDC values reflecting the OEM 2005 EURO IV calibration in steady-state 

condition. Additional tables were included for RCCI operation to control the gasoline port fuel 

injection (PFI) system. Then, these tables were recalibrated at a steady-state with appropriate 

RCCI values to provide the optimal combustion phasing and emissions. A simulated pedal 

accelerator was provided to the controller to run the engine. From this current engine speed 

and pedal position command, the interpolated table value was utilized for the correct engine 

control parameter, such as duration of the PFI or target pressure of the intake manifold. 



 

       The same torque-based controller was used for CL RCCI operation, with additional code 

to control the cycle-by-cycle combustion phasing. A proportional integral derivative (PID) 

controller was used for CL operation to control phasing of the combustion. The PID method 

was first used by Olsson et al. [21] for CL control of an HCCI engine, and discussed in detail 

in Refs. [46-48]. In the RCCI tests, CA50 was determined from the cylinder #2 pressure trace 

of each cycle using CL control and was compared to a target value from a 2D table. The RCCI 

CL controller changes the PFI ratio on a cycle-by-cycle basis by changing the duration 

commands for gasoline PFI and diesel direct injection (DI) to advance or delay CA50 as 

necessary to meet the target value.  

       The RCCI combustion controlled by OL and CL was compared with the OL CDC in a 1-

4 bar brake mean effective pressure (BMEP) change of load at 1500 rpm [46]. Both combustion 

modes used similar intake conditions but the RCCI experiments did not use EGR. The CDC 

mode used a calibration of the EURO IV method of fuel injection, while the RCCI mode was 

calibrated using best practices from previous experiments on steady-state operation. Fig. 2 

illustrates the BMEP as an engine cycle function for three specific transient modes of testing. 

It can be observed that load increase from 1 to 4 bar BMEP with RCCI taking roughly 80 cycles 

to close 4 bar. It was due to either low wall temperatures while operating at low loads and then 

transitioning to high loads, or to a lack of PFI enrichment during the transient operation. Fig. 3 

depicts comparison of RCCI OL and CL and CDC emission performance; As can be predicted 

from a CDC engine, and also based on Glewen et al.’s [42] observations, HC emissions are 

small and PM and NO are relatively high. By having lower NO and PM with higher HC, RCCI 

emissions are distinct from the CDC performance. It is also obvious here that the CL controller 

operated and improved engine performance. The reason of the HC spike was not completely 

clear, but it was attributed to the cooler cylinder walls from running at low load or lack of PFI 



 

enrichment. From OL to CL, NO and PM emissions were very similar as the charge is well-

mixed and the small shift in CA50 did not affect them as much as it did for the HC emissions. 

 

 

Fig. 2. RCCI OL and CL control and CDC BMEP over the step load transient (Reprinted 

from [46] with the permission of SAE) 

 
 

Fig. 3. CDC OL and RCCI OL and CL emissions performance (Reprinted from [46] with the 

permission of SAE) 

       

       Hanson and Reitz [46] also noticed that the engine was capable of operating with RCCI 

combustion with lower PM and NO emissions, but higher HC and CO emissions than CDC 

over the defined transient engine operating conditions using either OL or CL combustion 

 
 



 

phasing feedback control. Later, they carried out the transient combustion of RCCI and CDC 

with the effects of emissions over an speed variation from 1000 to 2000 rpm [49] and from 

2000 to 1000 rpm at constant BMEP load of 2.0 bar. It was shown that the engine can be 

controlled using RCCI combustion under transient engine speed operation. Overall conclusion 

was that transient RCCI operation of the engine speed was possible with either an OL or a CL 

controller. In addition, RCCI was able to operate with EGR, airflow rate, intake temperature, 

engine speed, intake pressure and pedal position in a wide range of operating conditions.  

From the findings reviewed in this section, it was noticed that it is possible to operate the engine 

in the RCCI mode over a transient load step change without significant issues, and RCCI 

operation with a quite simple OL steady-state controller was possible over transient conditions.  

The addition of a CL controller can lower the HC emissions seen during the RCCI transient 

event. 

3. RCCI combustion Control 

       A lot of research work has been conducted over the last two decades on engine combustion 

control. These studies usually concentrate on a single combustion concept and use cylinder 

pressure as the primary feedback variable [43, 50]. Precise control of combustion in RCCI 

engines can have significant results on the performance and thermal efficiency of the engine. 

Prior works on RCCI combustion controller design fall into two categories based on the 

platform for controller implementation and testing. The first category includes RCCI 

controllers using high fidelity RCCI models such as control-oriented models to verify 

controller performance, while the second category included controllers validated on a real 

RCCI engine as shown in Fig. 4.  

       Among simulation studies, Wu et al. [51] used an experimentally validated GT-Power 

model to establish a technique for combustion phasing control during load transitions of a 

multi-cylinder RCCI engine. The engine was given a step change in the pedal command and 



 

worked to accomplish the load changes without any CL feedback. The load transition period 

was 50 cycles, and it involved a transient load-up and load-down of 1 bar to 4 bar BMEP at 

1500 rpm. Six load-up cycles and seven load-down cycles were chosen to reflect the entire 

transition phase. The PFI ratio was used as a control parameter for raising the CA50 differences 

caused by the pressure lag of the intake manifold. By changing the PFI ratio, the CA50 can be 

predicted at various PFI ratios for each cycle, as illustrated in Fig. 5. The horizontal lines in the 

indicate the optimal CA50 for load-up and load-down transitions, accordingly. The cumulative 

amount of fuel from cycle 2 to cycle 50 is nearly doubled compared with the quantity of steady-

state fuel at cycle 0. The cycles from cycle 0 to cycle 30 have identical IVC temperatures for 

the 4 bar to 1 bar BMEP transition, while the IVC temperature at cycle 50 is about 30 degrees 

lower, and the overall fuel quantity from cycle 2 to cycle 50 is around half the steady-state fuel 

quantity at cycle 0. The combustion phasing is retarded during the load-down process, while 

the fuel quantity falls from 12.6 mg/cycle at cycle 0 to 6.54 mg/cycle at cycle 2. 

 

Fig. 4. Overview of previous RCCI combustion control studies [47, 48, 51-54]. 



 

        It can be seen in Fig. 5 that during the load-up transition from cycle 0 to cycle 44 has 

similar CA50 at the same PFI ratio while the overall fuel quantity at cycle 0 is half the value 

of next cycles. The additional modeling results indicated that CA50 was retarded by 7 to 15 

degrees during the transition for the load-up phase if the pre-calibrated steady-state PFI table 

was employed the lower intake pressure compared with the fuel system's rapid response. The 

findings implied that the proposed control strategy can be used for CL control during engine 

transient operating conditions. 

        Combustion phasing and heat release control are crucial for advanced combustion 

strategies such as RCCI to guarantee reliable and safe operation. Additionally, CL control of 

the ignition delay is also important, as RCCI combustion is strongly influenced by temperature 

or EGR variations between cylinders.  Therefore, RCCI would need additional controls to suit 

the CDC load output including model-based control to compensate for the temperature of the 

combustion chamber wall and transient effects of PFI fueling. 

 

  

Fig. 5. Simulation results of CA50 during the engine transient at various PFI ratios for 

each cycle (Reprinted from [51] with the permission of ASME) 

        Researchers at Michigan Technological University (MTU) developed the first validated 

physics-based control-oriented model (COM) for RCCI combustion considering transient 

engine operation [52, 55]. A mean value COM of RCCI was built by integrating an auto-

ignition model, a burn duration model, and a Wiebe function to predict the combustion phasing. 



 

The COM was parameterized and validated using simulation data from an experimentally 

validated, comprehensive CFD combustion model developed in KIVA-3V code. The findings 

indicated that the COM can estimate the SOC, burn duration and CA50 with an average error 

of less than 2 crank angle degrees. In addition, a dynamic mean value COM was developed for 

modelling RCCI engine operation on a cycle-to-cycle basis. This model was then simplified 

and linearized around a stable operating point of the engine. A Linear Quadratic Integral (LQI) 

was designed to control the combustion phasing of the RCCI engine by modulating the 

premixed fuel ratio (PFR). The linearized COM is then used to design an observer based LQI 

controller to track a desired CA50 trajectory. The state-feedback controller regulates the CA50 

at its desired value, while the integral component of the controller removes the steady-state 

error in the tracking process. It also assists in rejecting any disturbances in engine operation, 

including temperature and fueling variations (𝜑). The structure of the observer-based LQI 

controller is shown in Fig. 6. 

       The quantitative metrics corresponding to the controller performance are given in Table 1. 

Due to the model mismatch between the linearized COM and the physical model of the engine, 

some level of steady state error (𝑒𝑠𝑠) was noticed. However, as the model was augmented and 

its order was increased by the addition of the integral controller, this 𝑒𝑠𝑠 was successfully 

reduced to zero, thus significantly improving the controller performance. Other characteristics 

of the controller such as settling time (𝑡𝑠), rise time (𝑡𝑟), and maximum overshoot demonstrated 

fast and accurate controller performance. Moreover, a state observer was developed to estimate 

the states of the engine, as they are not measurable during the operation of the engine. 

Furthermore, the performance of the observer was examined during the transient operation of 

the engine, which exhibited accurate estimation of the states. 



 

 

Fig. 6. Schematic of designed RCCI combustion phasing controller at MTU (Reprinted from 

[52] with the permission of ASME) 

Table 1. Tracking performance of the controller (Reprinted from [52] with the permission of 

ASME) 

Controller performance metric value 

Maximum overshoot  0.4 CAD 

Rise time (𝑡𝑟)  3 Cycles 

Settling time (𝑡𝑠)  6 Cycles 

Steady state error (𝑒𝑠𝑠)  0 CAD 

 

        Later, Indrajuana et al. [53] proposed a multiple input multiple output (MIMO) feedback 

control strategy using a combination of control parameters including  ignition delay, IMEP and 

premixed ratio on a multi-zone model for natural gas/diesel RCCI combustion (see Fig. 7). The 

cycle-to-cycle monitoring technique utilizes diesel injection timing, quantity of diesel and 

natural gas fuels to monitor the desired engine load, ignition delay, and mixture ratio. They 

showed that the robust and stable performance of the proposed control strategy for simulated 

disturbance rejection and reference monitoring situations, although it has the potential to reduce 

interaction between the controlled variables. 



 

 

Fig. 7. Combustion control with CL for multi-zone combustion model (Reprinted from [53] 

with the permission of Elsevier) 

      

A COM-based model was developed by Guardiola et al. [56] based on physical equations, 

which aimed to predict the SOC and the CA50 in RCCI combustion using a modified knock 

integral model taking into account the fuel blending ratio of both fuels. The model was 

optimized and validated using experimental data from a heavy-duty engine that showed good 

results in transient operation. Fig. 8 Shows the results obtained for the calculation of SOC and 

CA50 of many cycles from various operating conditions. The model showed good results in 

the CA50 estimation with an average error of ±0.43 CAD.  

         



 

 
 

Fig. 8. SOC and CA50 estimation and error distribution from the COM against 

experimental values from tests used for calibration (Reprinted from [56] with the 

permission of Elsevier) 

 

         The reviewed papers here show that the proposed models provide a fast and reliable route 

to identify an RCCI engine model, and to design a model predictive controller to control CA50 

for varying engine conditions. The experimental results also demonstrated that the designed 

controllers can follow the desired CA50. The availability of in-cylinder pressure sensors started 

a new era in engine control. With these sensors, more detailed information of the in-cylinder 

process became available. A literature study [57] shows that cylinder pressure-based control 

(CPBC) is a key enabler for principles of ultra-high performance and clean combustion in 

RCCI strategy. In addition, CPBC has shown to minimize the calibration effort and increase 

the robustness of operation for all combustion principles. We also need to have better 

understanding of self-learning control capabilities and coordinated air-fuel path control for in-

cycle control of the HRR shape to fully leverage the CPBC potential.        



 

         Second category of RCCI combustion controllers design includes studies with RCCI 

controller implementation on an experimental engine setup. Real-time RCCI control during 

engine load and transient speed operation is difficult, since RCCI combustion phasing depends 

on nonlinear thermo-kinetic reactions controlled by reactivity gradients of the fuels. There are 

multiple control variables (e.g., PR, SOI, DI fuel split ratio) that can be used to control 

combustion phasing. The model- based control of RCCI combustion phasing is a great tool for 

real-time control during transient operation of the engine, which requires a computationally 

efficient combustion model that encompasses factors such as, injection timings, fuel blend 

composition and reactivity.  

          Bekdemir et al. [58] initially proposed a multi-zone model in a heavy-duty natural 

gas/diesel RCCI engine to explain the auto-ignition process and predict the in-cylinder 

pressure. After validation, the model was used to create a real-time, map-based control which 

was then applied in a CL controller, based on PID behavior on the amounts of gas and diesel 

injected, but also on the timing of diesel injection. The resulting 5-dimensional map describes 

the dependency of engine outputs (NOx emissions, IMEP, CA50, PMAX, and PPR) on control 

inputs (SOI, diesel mass flow, and NG mass flow). Furthermore, the effect of disturbances in 

intake conditions, such as intake manifold pressure and temperature, on combustion and engine 

performance can be examined. This combustion model was capable to be embedded in the 

existing air path model, as illustrated in Fig. 9. 

 



 

 

Fig. 9. Control-oriented NG-diesel RCCI model (Reprinted from [58] with the permission of 

SAE). 

        RCCI combustion strategy enhances the demands on feedback combustion control, and 

economic considerations impose the use of low-end control hardware limiting implementation 

options. Significant development has been carried out within the field of Field Programmable 

Gate Arrays (FPGAs) in recent years, since they are a type of flexible devices in performance 

and cost sensitive applications. Arora and Shahbakhti [47] developed new algorithms for 

combustion phasing calculations and real-time in-cylinder pressure analysis and implemented 

a FPGA to measure cycle-by-cycle RCCI combustion and efficiency metrics. Such cycle-by-

cycle data is then utilized as a feedback to the controller for combustion, which is applied on a 

real-time processor. The designed RCCI controller changes CA50 and IMEP at the same time 

during transient engine operations. To control CA50, either start of injection (SOI) timing of 

high reactive fuel or premixed ratio (PR) was used. The results showed that the designed RCCI 

controller can maintain desired CA50 during engine load transients and also reach to a desired 

IMEP within 2-4 engine cycles. As is evident from Fig. 10, for the lower load area (i.e., IMEP 

= 450 kPa), SOI differs for controlling CA50 in that operating range. Likewise, PR is used to 

control CA50 for the higher load, where higher PR and advanced SOI are needed. For the test 

run 2 which takes place at 1300 rpm a similar approach was used. Both experimental runs 

indicate that the controller is particularly able to retain the optimum CA50 particularly during 



 

the load switch. It takes about 2-4 engine cycles for IMEP monitoring to achieve the desired 

value. This lag is largely due to the transient fueling response of the low pressure PFI rail. 

Finally, the results of the experimental validation indicated that the built RCCI controller can 

sustain required CA50 during transient engine load and also achieve a desired IMEP within 2-

4 engine cycles. In another study, Kondipati et al. [48] developed a new PI controller for an 

RCCI engine and used a physics-based model to tune the PI controller. Their experimental 

results proved controller capability to reach desired CA50 in 2–3 engine cycles with an average 

tracking error of 1 CAD. 

 
 

Fig. 10. Test results for controller at intake air temperature: 60°C and pressure: 95 kPA;  

left: Run 1. n: 1000 rpm, target CA50: 4 CAD ATDC; right: Run 2. n: 1300 rpm, target 

CA50 : 5 CAD ATDC (Reprinted from  [47] with the permission of SAE) 

        

       Apart from PID method to control combustion [47, 48], COM is another strategy to model 

combustion of the engine, which consists of determining the combustion physical process while 

maintaining a fast computational time, making it suitable for real-time control applications [59-

61] . To adjust the combustion phasing of an RCCI engine, COM approaches and model 



 

predictive controller have been recently developed [62]. Raut et al. [54, 63] employed a model-

based approach for dynamic modelling and predictive model control of an RCCI combustion 

system. A Xilinx Spartan-6 FPGA, with a clock speed of 80MHz and a memory of 4824 kB, 

was designed for real-time simulations of combustion metrics such as CA50, IMEP, HRR and 

SOC to allow cycle-to-cycle combustion control. The combustion metrics were then inserted 

into the MABX's real-time processor board, where the controller was embedded. There were 

two categories of experiments, including steady-state and transient. Results were recorded for 

300 engine cycles for the transient tests, which included PR changes (defined as the ratio of 

isooctane energy to total fuel energy) and SOI. The transient experiments were used to 

determine the RCCI model for CA50 and IMEP predictions. Data for 100 engine cycles were 

also recorded for a steady-state data point analysis of the combustion. The experiments were 

performed at a constant speed of 1000 rpm and a constant intake temperature of 600 C. A fuel 

quantity (FQ) sweep was performed for various combinations of PR and SOI. Combustion 

stability is defined using a common parameter which is widely used in the literature, i.e., 

coefficient of variation of IMEP (𝐶𝑂𝑉𝐼𝑀𝐸𝑃) and calculated by: 

𝐶𝑂𝑉𝐼𝑀𝐸𝑃 =
𝜎𝐼𝑀𝐸𝑃

𝜇𝐼𝑀𝐸𝑃
 (1) 

        Where 𝜎𝐼𝑀𝐸𝑃 and 𝜇𝐼𝑀𝐸𝑃 are the standard deviation and mean of 𝐼𝑀𝐸𝑃, respectively. In this 

analysis COVIMEP was measured for steady-state tests over 50 engine cycles and it was 

calculated over 10 engine cycles for transient operation. Fig. 11 depicts the proposed RCCI 

combustion controller structure at MTU. The running constraints of the RCCI engine included 

the maximum permissible PRR (≤ 8 bar/CAD), permissible peak in-cylinder pressure (≤ 65 bar) 

and combustion stability (𝐶𝑂𝑉𝐼𝑀𝐸𝑃 ≤ 5%) were all considered during the creation of the engine 

map that is part of the designed controller structure. The engine map gives feedforward values 

of PR, SOI and CA50 based on the required load and current engine speed. Either SOI or PR 



 

control was applied on the basis of the sensitivity values. Next, switched MPC controllers 

change CA50 and IMEP to the desired values. Additionally, in the control structure, a fuel 

compensator was designed and implemented to account for the dynamics of fuel transport due 

to PFI injections, especially when the PR changes. The CA50 and IMEP were the only 

measurable system states. The built MPC requires complete state feedback; therefore, an 

observer was designed. The observer predicts the current state of the system (Xk) based on the 

existing output (Yk) and system input (Uk) measurements. The important point about this work 

was that the MPC controller incorporated engine-out emissions constraints as part of the 

calibrated engine map. The experimental results showed that the designed multi-MPC is 

successfully able to maintain the desired CA50 and reach the required IMEP for a range of PR 

values. In addition, the developed model can predict cycle-to-cycle CA50 and IMEP with 

average errors of 1.8 CAD and 36 kPa, respectively. 

 

Fig. 11. Proposed control system for RCCI engine load and combustion phase adjustment 

(Reprinted from [54] with the permission of Elsevier) 

      

      Overall, the use of real-time RCCI combustion controller for transient engine load 

operations can be very effective tool. The designed controllers showed an accurate tracking 

performance of the desired combustion phasing and successfully rejects external disturbances 



 

in engine operating conditions. While the physics-based approach is powerful, it requires 

accurate, COMs which are hard and time consuming to develop. An alternative approach is to 

utilize data-driven modeling (DDM) to develop RCCI models adapting support vector 

machines (SVM) to adjust MPRR, while controlling IMEP and CA50 [64, 65]. 

4. Combustion mode-switching strategies  

         In RCCI concept, under certain low-load conditions the dual-fuel mode is not feasible, 

such that the engine inherently requires two combustion modes: At low loads, the engine can 

be operated in Diesel-only mode, while at medium and high loads both fuels are injected and 

engine can run in dual-fuel RCCI mode [66]. Consequently, mode-switching enables operation 

over the full engine envelope [67], despite of being challenging task as various actuator 

settings, from both the fuel and the air paths, change significantly during the transition. It 

requires a smooth transition between different operating conditions, such as lambda (λ), EGR 

rate, intake temperature and blend ratio, without compromising combustion stability, engine 

safety and drivability. This transition has to be guaranteed for all operating conditions, 

including engine speed-load transients, varying fuel quality and varying ambient conditions. 

       The operation of RCCI engine using combustion mode-switching offers the benefit of 

higher thermal efficiency compared to single-mode operation. For various fuel combinations, 

the engine research community has shown that running dual fuel engines in RCCI mode, is a 

feasible way to further improve thermal efficiency compared to Conventional Dual Fuel (CDF) 

operation of the same engine.   

       In 2016, RCCI real-world operating conditions was explored by Hanson et al. [68] through 

a series of simulations using low coolant temperatures and combustion mode switching to 

improve RCCI combustion at low load operation. The first set of experiments investigated 

RCCI operation during cold start conditions, and the next set of tests investigated combustion 

mode switching between RCCI and CDC. A combination of OL and CL controls enabled RCCI 



 

to operate at a 1500 rpm, 1.0 bar BMEP operating point over this range of coolant temperatures. 

At 1500 rpm, 2 bar BMEP operating condition, the engine was instantaneously switched 

between CDC and RCCI combustion using the same OL and CL controls as the cold start 

testing. During the mode switch tests, emissions and performance were measured with high-

speed sampling equipment. The tests revealed that it was possible to operate RCCI down to 

48 °C with simple OL and CL controls with emissions and efficiency similar to the warm 

steady-state values. In addition, the mode switching tests were successful in switching 

combustion modes with minimal deviations in emissions and performance in either mode at 

steady state. 

        The dual-mode RCCI/CDC concept was also extensively investigated at CMT-Motores 

Térmicos. Universitat Politècnica de València (UPV) as a technique for completing an engine 

map region in which RCCI operations become crucial for either excessive HC and CO 

emissions (low load) or MPRR (high load). Generally, this concept is based on covering all the 

engine map switching between the RCCI and the CDC operating modes [69, 70]. The results 

obtained indicated that RCCI combustion can be utilized between 25% and 35% load, and it 

can provide up to 2% increase in GIE than CDC but led to lower efficiency at low engine 

speeds. In addition, it was demonstrated that the regeneration periods of the DPF during dual-

mode operation can be reduced more than twice, which entails a great reduction of the diesel 

fuel amount injected in the exhaust line. From a technical point of view, the modifications 

required to incorporate the dual-mode RCCI/CDC on the engine configuration can only be 

justified if the aftertreatment needs are minimized and the fuel economy is improved compared 

to CDC. To accomplish this, it is important to optimize the operating range covered by RCCI 

in the engine map.  

        To further investigate the application of RCCI concept in automotive engines, and 

mitigate these shortcomings of RCCI/CDC, the dual-mode dual-fuel (DMDF) concept, 



 

combining RCCI and diffusive dual-fuel diesel-gasoline combustion, was developed [16, 35, 

71-73]. The combustion strategy of the DMDF concept is modified as the engine load is 

increased. Hence, during the low load operation, the concept uses a fully premixed RCCI 

strategy. From medium load, the concept switches to highly premixed RCCI and dual-fuel 

diffusive strategy up to full load operation. The stability and control of combustion in each of 

the strategies depend mainly on the low reactivity/high reactivity fuel ratio, the injection 

settings and the EGR rate [74]. It has been shown that an appropriate EGR strategy in the 

DMDF concept is not only important to ensure the correct operation of each strategy involved 

in this concept, but also that it has a substantial impact on pollutants emission. Particularly, 

during the RCCI strategy the increase in low pressure EGR rate provided a reduction in NOx 

emissions [75]. They also evaluated emissions and efficiency of two dual-mode RCCI 

combustion strategies (i.e., DMDF and RCCI/CDC) under the World Harmonized Transient 

Cycle (WHTC) test suggested by the EURO VI Heavy Duty Engine Emissions Regulation 

[35]. A 1-D model of a Volvo FL240 truck was built with GT-Suite for this purpose. 

Experimental emissions and fuel consumption data on the real medium-duty engine used in the 

FL240 truck were collected experimentally. Table 2 provides a comparison of the raw 

simulated values for the two dual-mode concepts. One of the main benefits of using DMDF is 

the reduction in NOx emissions. This mode, on the other hand, provides higher values for CO 

and HC emissions, which demonstrates the need for an aftertreatment system to meet the 

emissions legislation levels. Despite the better CO and HC emission values, the RCCI/CDC 

strategy requires more than 3 g/km of urea to minimize NOx to EURO VI rates (in WHVC 

driving cycle conditions) and thus requires a different aftertreatment system.  

 



 

Table 2. Comparison of emissions and fuel consumption between the two dual-mode 

concepts. EURO VI limits are given as reference (Reprinted from [35] with the permission of 

Elsevier) 

 EURO VI RCCI/CDC DMDF 

BSCO [g/kWh] 4.00 3.64 33.67 

BSHC [g/kWh] 0.16 3.31 7.79 

BSNOx [g/kWh] 0.46 2.52 0.33 

BSSoot [g/kWh] 0.01 0.015 0.018 

BSFC [g/kWh] - 230.17 213.87 

 

       The findings show that the concept of DMDF permits the specific fuel consumption to be 

decreased by 7% on average compared to the RCCI/CDC concept. In addition, with DMDF 

mode, NOx emissions are about 87% lower, fulfilling the EURO VI requirements without the 

need for a selective catalyst reduction (SCR) system. In comparison, for DMDF, HC and CO 

emissions are approximately 2 and 10 times greater than RCCI/CDC case, respectively.       

Although the RCCI strategy is a promising combustion mode, very high UHC and CO 

emissions levels restrict its application at very low loads and pose a further challenge for the 

diesel oxidation catalyst (DOC). Furthermore, the diffusive dual-fuel combustion applied at 

high engine load produces significant soot that should be minimized within the DPF [76]. A 

few studies have been carried out recently to determine the response of DOC and DPF systems 

when used for the RCCI employing experimental and modelling approaches [71, 77, 78]. The 

DOC results revealed poor conversion performance, where the exhaust temperature is low at 

low load operating conditions (see Fig. 12). On the other hand, the thermal inertia under 

transient conditions, allowed improved low load DOC behavior, achieving DOC emissions one 

order of magnitude lower than those from the steady-state measurements. It has also been 

shown that the most of the nucleation mode and part of the accumulation mode from the dual-

fuel RCCI combustion can be eliminated by DOC [79]. Regarding the DPF, it has been shown 

that the low concentration of NOx and soot emissions created during combustion does not 



 

result in significant changes in the NO2/NOx ratio before and after the DPF, suggesting a low 

level or absence of passive regeneration. In the case of active regeneration, both the operating 

conditions of CDC and DMDF obtained adequate reductions in the overall soot trapped due to 

the rise in exhaust temperature as a result of the HC and CO conversion promoting active 

regeneration in the DMDF strategy. 

 

Fig. 12. Schematics of the research methodology for DOC study in RCCI strategy (Reprinted 

from [78] with the permission of Elsevier) 

             

           For Diesel-ignited natural gas engine concepts, reported studies about combustion mode 

switching are limited. Indrajuana et al. [80] proposed a model-based control development 

approach to deal with the large number of control inputs, coupling between air and fuel path, 

mode-switching dynamics, and sign changes in a systematic way in dual fuel engines. 

Previously developed COM [53] was extended with a new CDF model to simulate both CDF 

and RCCI operation. The CL controller combines static decoupling with next-cycle CA50-

IMEP-Blend ratio control. For a mode-switching sequence in a low load operating point, the 

CL controlled engine demonstrated stable behavior and good reference tracking. Some 

researchers have also been working on CL control schemes for combustion mode transitions in 

RCCI engines using other combinations of fuels such as ethanol/Diesel [81]. During mode 

transitions, the changes of the AFR are smaller than those observed in natural gas/Diesel dual-



 

fuel engines, where, due to shortcomings of today’s CNG catalysts, the only feasible dual-fuel 

operation is with stoichiometric exhaust gas conditions. Hence, the research focused on the 

actuation of the fuel injection, while the positions of the air path actuators are held constant or 

are chosen based on a steady-state lookup table [82]. 

        Recently, Guardia et al. [83] used a real-time cycle-to-cycle CL combustion control with 

in-cylinder pressure signal as a feedback applied to a dual fuel engine. A control concept was 

designed for controlling the IMEP and the combustion phasing at a desired value while keeping 

the MPRR under a defined and safe threshold in all the combustion modes used over the engine 

map (RCCI to DDF). Two experimental validations are presented, being a disturbance rejection 

at stationary conditions and a significant IMEP transient from low to high load including 

combustion mode switching without exceeding the operation limits. According to such 

limitations, three different strategies have been investigated including, RCCI fully premixed, 

from idle up to 40% load, corresponding approximately to 8 bar IMEP; RCCI highly premixed, 

from 40% up to 75% load, about 15 bar IMEP; and DDF, from 75% up to full load as shown 

in Fig. 13. The developed control application used a real-time data acquisition and processing 

system combined with an embedded FPGA real-time controller for the injection management. 

Experimental tests were conducted in a medium-duty engine using gasoline as the port-injected 

fuel and diesel for the DI. At low load, RCCI combustion was used while a diffusive dual-fuel 

combustion was employed at higher loads. The developed controller proved the ability to 

activate such control in a transition between RCCI and DDF mode. 

        



 

 

Fig. 13. RCCI combustion concept: injection strategies and AHRR profiles of the three 

combustion modes (Reprinted from [83] with the permission of SAGE). 

       

        From the findings reviewed in this section, it was also possible to switch combustion 

modes readily while the engine was running with just the CL controller. Most emissions 

followed the steady-state values, except for HC, which spiked when RCCI was switched to 

CDC. Switching between RCCI and CDC during a transient speed and load test would be of 

interest. Mode switching may be very important if low temperature oxidation catalysts are not 

available. Without appropriate oxidation catalysts, commercial implementation of RCCI may 

be difficult. Another use could be at high load where the combustion noise is limiting for RCCI. 

Switching to CDC could increase the power density of the engine in areas where the engine 

emission regulations are less stringent. RCCI will require additional controls to match the CDC 

load capabilities, including model-based control to account for combustion chamber wall 

temperatures and PFI fueling transient effects, including fuel build up on the intake runner 

walls.        

5. Effect of alternative fuels on RCCI transient performance 

       In view of the attraction of RCCI combustion in terms of reactivity control, many 

researchers have devoted their attention to the investigation of alternative fuels. In addition to 

conventional low and high reactive fuels (i.e., gasoline and diesel), various types of fuels can 



 

be used with dual-fuel RCCI combustion [15]. The majority of research on low reactivity fuels 

has considered gaseous fuels, e.g., natural gas [84-86], syngas [87-89], alcoholic fuels like 

ethanol [90, 91], methanol [92] and butanol [93, 94], and the others focused on high reactivity 

fuels, such as biodiesel [95, 96]. However, the main focus of these studies was on steady-state 

operation. 

       Hanson et al. [97] performed experiments on a light-duty multi-cylinder RCCI engine 

using production level engine hardware. The gasoline was replaced with E20 and tests were 

carried out over the US EPA FTP75 test cycle on a large speed/load map reflecting the light-

duty vehicle operation. ULSD was substituted with B20 in another series of experiments and 

tests were conducted at loads of 2.0, 2.6 and 4.2 bar BMEP, and at engine speeds of 2000, 1500 

and 2300 rpm. It was found that with E20, due to the lower tendency of ethanol for auto-

ignition, the peak load could be increased from 8 bar to 10 bar BMEP. Use of E20 was found 

to minimize the required fraction of gasoline PFI, which led to increased NOx emissions. 

However, replacing ULSD with B20 was shown to improve the combustion efficiency at low 

loads and would allow a reduced fraction of PFI.  In the second part of this study, E85 and B20 

were selected as the PFI and the DI fuels, respectively. By using E85 as the PFI fuel, it was 

possible to achieve 11 bar BMEP at 3000 rpm compared to 10 bar with E20, while meeting 

MPRR operating limits. The 3000 rpm was selected as the engine speed because with RCCI, 

the highest turbocharger efficiency was achieved, an optimized RCCI engine could lower the 

engine speed for peak output with improved turbocharger performance. Fig. 14 shows the 

cylinder pressure and HRR for this operating condition. It can be observed that the BTE for 

RCCI was 43% compared to 40% for CDC at this operating condition. 

      



 

 

Fig. 14. E85/B20 RCCI cylinder pressure and heat release rate at N = 3000 rpm (Reprinted 

from [97] with the permission of SAE) 

          

       In 2014, Curran et al. [98] investigated RCCI combustion ability to minimize drive cycle 

fuel efficiency and emissions by simulating fuel economy and emissions for an RCCI-enabled 

multi-mode vehicle operating over a variety of driving cycles using multi-mode RCCI 

experimental engine maps with E30 and ULSD fuels, and compared them to CDC and PFI 

petrol engines ranging from 1.8L to 4.0L. Simulations were carried out assuming a 

conventional mid-size passenger vehicle with an automatic transmission optimized for each 

engine. The simulated fuel economy results are shown in Fig. 15 for all engines in the mid-size 

passenger car with fuel economy optimized transmissions. The 2.4L PFI engine was proven to 

provide the best among the PFI engines in terms of fuel economy. The results of the modeled 

fuel economy indicated a 10 percent improvement over the CDC baseline with the city and 

highway cycles and 6- 8 percent with the RCCI/CDC maps on the supplementary drive cycles. 

Compared to the 2.7 PFI baseline, which showed 30% fuel efficiency increase over the 2.4L 

PFI baseline, the RCCI/CDC engine was found to have more than 40 percent fuel economy 

increase over all drive cycles. 



 

  The use of E30 for the low-reactivity fuel was also shown to shift the coverage of the drive 

cycle to a higher load. However, the high HC and CO emissions in the simulations along with 

the reduced exhaust temperature will pose a challenge to comply with Federal emissions 

regulations and may need change of the operating strategy at low load or advancements in 

catalyst technology. 

 

 

Fig. 15. Performance and changes in fuel economy for all PFI engines, CDC only operates 

with the CIDI base engine and multi-mode RCCI/CDC (Reprinted from [98] with the 

permission of SAE) 

       In order to enable the RCCI strategy for commercial applications, efforts have been 

made to investigate single-fuel RCCI by utilizing a single fuel tank with a low reactivity fuel, 

together with a small secondary tank for a cetane improver. In these studies, a low reactive fuel 

was used as a PFI, as well as the DI fuel when doped with small amount of cetane improver 

[99]. Another way towards commercialization is to achieve single-fuel RCCI using a mixture 

of reformer gas and high reactive fuel [100] or using gasoline/diesel mixtures (i.e., dieseline) 



 

[101]. Gross [102] experimentally examined the transient performance of dieseline45 (mixture 

of diesel and gasoline) as the high reactivity fuel for RCCI combustion in the light-duty multi-

cylinder diesel engine and compared to results of gasoline/diesel RCCI combustion. Transient 

load steps were carried out in an upload and download scenario between 2.6 bar BMEP and 4 

bar BMEP at a constant engine speed of 1500 rpm. Fig. 16 compares the combustion 

performance of the gasoline/diesel, gasoline/dieseline45 and dieseline45/dieseline45 cases. As 

can be seen, the single-fuel approach displays a higher maximum pressure rise rate for the high 

load period, but still stays within the self-imposed limits. Here, increased PFI fractions and 

thus a higher quantity of premixed fuel causes a simultaneous onset of combustion throughout 

the combustion chamber with increased peak HRR levels and a shortened combustion duration. 

Dieseline45/dieseline45 depicts the highest overshoot of about 3CAD for the download case 

and about 5 CAD for the upload case. In the download case, the targeted values are reached 

after about 90 cycles, while the upload case could not recover within the number of cycles 

recorded. This is most likely caused by cylinder wall temperature effects, that are not accounted 

for in steady-state calibration maps. Cylinder walls are cooler from running at low load, causing 

a delay in combustion due to slower kinetic reaction rates. On the other hand, high cylinder 

wall temperatures from running at high load in combination with an increase in DI fuel amounts 

and hence increased stratification cause the combustion phasing to be advanced during the 

download phase as already reported by Hanson [45]. 



 

 

Fig. 16. Combustion performance for the download and upload cases (Reprinted from [102]) 

 

Comparing the emission results in Fig. 17, it can be seen that HC was highest, and NO 

was lowest for the single-fuel RCCI operation. The cause for the spike at the onset of the 

transient was attributed to the cooler combustion chamber walls and port-fuel effects. HC 

emissions are fairly constant across the load change for both the gasoline/diesel and the 

gasoline/dieseline45 case. The single-fuel case on the other hand shows an increase in HC with 

increasing load and vice-versa. The single-fuel HC emissions are increased, especially for the 

high load period, due to the high quantities of premixed fuel, hence increasing the charge 

equivalence ratio and reducing the amount of DI fuels. While the single-fuel approach shows 

low NO levels overall, the gasoline/diesel and gasoline/dieseline45 cases display higher NO 

levels from the increase in DI fraction. In addition, the difference between the high and low 



 

load periods for the gasoline/diesel and gasoline/dieseline45 are much higher compared to the 

dieseline45/dieseline45.  

 

 

Fig. 17. Emissions performance for the download and upload cases (Reprinted from 

[102]) 

 

       In another research work, Gross and Reitz [103] used a "single-fuel" method for RCCI 

combustion using PFI gasoline and DI injection of gasoline mixed with a small amount of 

cetane improver 2-ethylhexyl nitrate (2-EHN) with a 3% volume percentage under transient 

conditions, and compared it to the transient RCCI combustion process with gasoline/diesel. 

Results indicated that single-fuel RCCI operation can be accomplished, but involves major 

changes in operating conditions, and for gasoline/gasoline–EHN operation NOx emissions 

were significantly increased. It was also noted that the NO emissions were increased above the 



 

fuel-bound threshold triggered by changes to the injection strategy. Furthermore, even with 

most of the fuel being gasoline, the results for HC for EHN were the same or lower than for 

diesel, particularly for high loads. During the combustion of EHN, smoke opacity was not a 

factor, as it was almost non-existent and constant during changes in load. It can be summarized 

that the unique fuel properties of these biofuel blends as well as single-fuel mode with cetane 

improver can increase the benefits of the use of RCCI combustion compared to CDC in 

automotive engines. 

        Overall, it was found that the RCCI engine was able to operate with variety of biofuels 

with only minor changes to the fuel injection and air system parameters. Ethanol fuel blends 

offered higher peak load, which allowed for a higher peak BTE. B20 was also shown to increase 

the transient response of the combustion phasing. Finally, E20 blends were shown to offer 

lower NO spike during transient testing due the lower PFI fractions. In addition, single-fuel 

RCCI operation and use of biofuels are a promising way to commercialize RCCI in short term. 

6. RCCI concept in hybrid vehicle configuration 

        Despite the advancements in the field of combustion, it is still a challenge to meet the 

constraints in terms of local and GHG emissions. In this sense electrification is becoming 

increasingly widespread in the OEMs to reduce the total CO2 generated in their fleet. Since 

2010, the production of electric vehicles (EVs) and hybrid electric vehicles (HEVs) has 

achieved remarkable progress [104]. Moreover, continuous efforts are being made to encourage 

a better range and lower life cycle GHG emissions from these vehicles in order to make them 

commercially competitive to IC engine powered vehicles. Combined with advanced 

combustion modes, electrification seems to have potential to reduce the overall CO2 generated 

emissions by the vehicle fleets [105, 106]. In comparison to conventional SI engine, LTC aims 

to increase fuel economy for HEVs, where the electrification of the powertrain will provide 

extra power to drive the vehicle and decouple the engine and the battery, making it easier for 



 

the engine to operate in a high-efficiency area [107]. A considerable amount of work has been 

conducted to investigate the various LTC strategies such as the HCCI concept in series HEVs 

[108, 109]. Some researchers have recently tested the use of RCCI combustion mode in mild 

and full HEVs [110, 111]. The key objective was to determine the advantages of combining a 

hybrid vehicle system with an advanced combustion engine operating in RCCI mode. The 

second objective was to establish a methodology for optimizing hybrid powertrains based on 

an advanced combustion engine which has already been developed. 

      In 2015, RCCI combustion was first used in a hybrid vehicle [38]. The demonstrator 

vehicle was a 2009 Saturn Vue that was modified using a 1.9L GM diesel engine in RCCI 

mode. The engine is coupled to a 90 kW AC motor, serving as an electrical generator to charge 

a 14.1 kW-hour lithium-ion traction battery pack that is powered by a 75 kW drive motor. 

Complete vehicle testing was carried out at Oak Ridge National Laboratory's Vehicle Research 

Laboratory (ORNL) and chassis dynamometer experiments were carried out at the Ford Motor 

Company's Vehicle Emissions Research Laboratory (VERL). The fuel economy and emission 

data from the hybrid platform were compared with data from the EPA and Argonne National 

Laboratory (ANL) for the Chevrolet Volt in order to allow meaningful comparisons to 

production vehicles. Fig. 18 shows tailpipe emission results compared to the normal Volt and 

US EPA Tier 2 Bin 5 standard. Compared to the Ford data, despite the improved HC emissions, 

it was observed that they are still too high. Given that the current exhaust aftertreatment does 

not reduce the NOx emissions, additional improvements to the fuel injection strategy are 

essential to get the NOx emissions closer to the 0.043 g/km target. Also, PM was tested at 

ORNL for the RCCI HWFET. PM emissions of the RCCI were 1.15 mg/km. The HWFET does 

not have a PM standard, but the PM emissions are low, particularly when compared with the 

1.86 mg/km EPA Tier 3 standard and the 6.21 mg/km Tier 2 standard, which are utilized as a 



 

reference frame only. They demonstrated that a vehicle with an RCCI engine could be run over 

a US EPA test cycle. 

  

Fig.18. Series hybrid UW HWFET emissions compared to the Series-Parallel Hybrid 

Chevrolet Volt and US EPA Tier 2 Bin 5 and Tier 3 standard levels (Reprinted from [38] 

with the permission of SAE) 

 

       ORNL researchers [112, 113] evaluated simulated fuel economy and engine emissions 

from lean gasoline direct injection (GDI), RCCI, CDC and PFI engines in conventional and 

hybrid light-duty vehicles using Autonomie simulation kit. Dynamometer measurements were 

used to produce engine performance maps of a BMW 120i, 2.0 L engine, a Saab 2.0-L, fuel-

flexible, TC engine, a 4-cylinder, 1.9L GM TC diesel engine, and a modified version of the 

GM diesel engine. Since the RCCI operating range did not cover the entire speed and load 

specifications of the simulated light-duty drive cycles, a multi-mode CDC/RCCI mode was 

utilized such that the engine was operated in RCCI mode whenever possible, but was converted 

to CDC at the maximum and lowest engine operating points where RCCI combustion was not 

practical. Fig. 19 depicts the fuel economy simulated for both conventional and hybrid vehicles 

powered by each engine type. In view of the fact that RCCI requires two fuels, for the 

CDC/RCCI case diesel equivalent fuel economy was used to simplify the study. The best and 

worst fuel economies for conventional powertrain cases were obtained with CDC/RCCI and 



 

PFI, accordingly. It was demonstrated that the fuel economy for CDC-only and lean GDI are 

substantially higher than for PFI. CDC/RCCI achieves better fuel economy over all simulated 

drive cycles, relative to CDC only. In specific, the advantages for the highway driving cycle 

are rising substantially.  Lean GDI has a 17–23% greater fuel economy than PFI, due to the 

fact that the lean GDI engine efficiency is considerably higher than PFI over the simulated 

drive cycles. However, the fuel economy of lean GDI is still less than the cases allowed by 

CDC-only and RCCI. Specifically, these findings do not consider any fuel consumption needed 

for pollution control devices which could significantly modify the comparisons as explained 

below. 

 

Fig. 19. Simulated vehicle fuel economy powered by various combustion engines over 

different city and highway drive cycles (Reprinted from [113] with the permission of 

Elsevier) 

            Use of the advanced combustion and hybridization would offer substantial benefit to 

the light duty fuel economy. However, it is also important to analyze how these innovations 

compare with the new US EPA Tier 3 emission standards. Table 3 compares the estimated 

emission cuts that the new legislation will entail. The most difficult form of pollution is non-

methane organic gases (NMOG)+NOx emissions, which for most situations needs 

approximately 99% reduction. Furthermore, each of the advanced combustion technologies 

faces various challenges. Hybridization decreases emissions for simulations except for the 



 

estimated CDC PM emissions; hence, hybridization will reduce the size and overall cost of the 

aftertreatment system. Hybridization also requires engine start-stop cycling, which can lower 

exhaust temperatures and affect the efficiency of the catalyst.  

      Overall, for both non-hybrid and hybrid powertrains, vehicles with RCCI-enabled engines 

were expected to have the highest fuel economy for all drive-cycles. Like lean GDI, 

hybridization tended to increase incentives to exploit the efficiency benefits of running on 

RCCI mode. NOx emissions from the RCCI engine-out were low and significantly decreased 

with increased use of this mode enabled by hybridization. Although the NOx level for RCCI 

were very low, due to high CO and HC emissions and low exhaust temperatures, meeting the 

NOx+NMOG Tier 3 Bin 30 regulation is very difficult. The latter feature of RCCI is of concern 

since it was estimated that exhaust temperature would fall occasionally below 2000 C, where 

CO and HC oxidation would become challenging. 

       At MTU, Solouk and Shahbakhti [114-118] developed a multi-mode LTC-SI engine 

incorporated in HEV over the driving cycle to increase the overall fuel efficiency. The stock 

SI engine was converted to an LTC-SI engine in multi-mode which can be seen in Fig. 20, and 

the LTC strategy was achieved in both HCCI and RCCI modes. 

Table 3. Estimated rate of emission reductions required to achieve U.S. EPA Tier 3 Bin 30 

regulation (Reprinted from [113] with the permission of Elsevier) 

Combustion 
Drive cycle 

Unit 

CO 

reduction 

NMOG+NOx 

reduction 

PM 

reduction 

PFI Conventional hybrid 
87.2% 

79.2% 

99.4% 

99.2% 

 

0.0% 

0.0% 

Lean GDI Conventional hybrid 
81% 

74% 

99.3% 

99.1% 

34.3% 

0.0% 

CDC/RCCI Conventional hybrid 
84.2% 

66.8% 

99.1% 

98.6% 

- 

- 

CDC-only Conventional hybrid 

76.1% 

0.0% 

 

98.2% 

96.8% 

82.6% 

85.9% 

 



 

         

 

(a) 

 

(b) 

Fig. 20. (a) Developed experimental test bench for the LTC-based range extender with BEV 

powertrain with a 465 hp AC dynamometer at MTU; (b) fuel-flexible multi-mode LTC-SI 

engine test system schematics (Reprinted from [54] with the permission of Elsevier) 

     

    The fuel consumption of the vehicle is shown in Fig. 21 over EPA Urban Dynamometer 

Driving Schedule (UDDS: represents city driving conditions for light duty vehicle testing) 

and HWFET cycles. The findings demonstrate the superiority of the LTC-SI multimode 



 

engine in the mild hybrid over the single-mode SI. However, this improvement is lower over 

the HWFET driving cycle, because the engine operating points are largely placed in fuel-

efficient regions independent of the level of electrification. They found 1.4% to 

8.8% reduction in fuel consumption in the equivalent powertrain design for the hybrid 

electric platform with the multi-mode LTC-SI engine. Furthermore, the results for the UDDS 

driving cycle showed that the full advantage of the LTC-SI multi-mode engine is achieved at 

a mild electrification level, where the running time of the LTC mode increases drastically 

from 1.5 percent in Plug-in Hybrid Electric Vehicle (PHEV) to 30.5% in mild HEV. 

 

Fig. 21. Fuel consumption in two driving cycles and three electrification stages for multi-

mode and single mode engines (Reprinted from [117] with the permission of SAE) 

 

       Researchers at MTU also studied the optimum fuel consumption improvement in a light 

duty battery electric vehicle (BEV) configuration with a multi-mode LTC-SI range extender. 

Fig. 22 displays an increase in fuel consumption of the LTC-SI multimode and single-mode 

LTC range extenders over a single-mode SI engine in the BEV configuration. It shows that in 

the multimode case, the maximum reduction in fuel consumption is 12.4% in the UDDS, which 

is 1.4% higher than the best single-mode one achieved in HCCI engine. The multi-mode engine 



 

showed the minimum fuel consumption for driving cycles resulting in a greater discrepancy 

between the BTE of HCCI and RCCI modes [118]. 

 

 

Fig. 22. Reduction of fuel consumption of BEV operating with various range extender 

engines over the SI engine during the driving cycles UDDS, HWFET and US06 (Reprinted 

from [118] with the permission of Elsevier) 

 

        Recently, a number of research studies on the use of the RCCI strategy in HEV 

configuration have been carried out at CMT-UPV [119-123]. Initial studies have shown that 

the use of hybrid series vehicles in combination with RCCI substantially decreases the vehicle's 

overall fuel consumption while retaining the NOx and soot engine-out emissions under the 

Euro 6 limits. Such a finding directly affects the final after-treatment costs, as the need for DPF 

and SCR systems can be minimized [119]. In the case of a series hybrid vehicle concept 

equipped with a retrofitted diesel engine to operate in RCCI mode with ethanol–diesel fuels 

over the WLTC and RDE driving cycles was studied. The results show an average reduction 

for the engine-out NOx, soot and CO2 of 90%, 98% and 10% respectively, thus satisfying the 

Euro 6 regulation. However, the cost of a series hybrid powertrain makes it less competitive 



 

than the more widespread solution of parallel hybrid architecture. In the work of Benajes et al. 

[121], study with the diesel-gasoline RCCI engine was performed for both the parallel and mild 

hybrid architectures. In particular, numerical analysis was performed by implementing a 

supervisory controller for the powertrain energy management built with Rule-Based Control 

(RBC), which requires great calibration effort. Parallel hybrid vehicles integrate a supervisory 

energy management control unit, which has the key task to best split the power request between 

the IC engine and the electric machine while operating with a charge sustaining mode, which 

means that the battery energy content must be preserved. For more than two decades, different 

control strategies have been investigated for this purpose. Rule-based control strategies, also 

called heuristic strategies, are an ensemble of ad-hoc rules which define the operational status 

of the IC engine and the electric machine for each operative case of the vehicle, according to 

some control parameters as, for instance, the vehicle speed and the rechargeable energy storage 

system (RESS) state: complex design of these kind of strategies is able to provide very good 

results in terms of fuel economy, when compared to the benchmark solutions obtained with 

dynamic programming (DP).  

         Garcia et al. [124] compared energy management strategies comparison for a parallel full 

hybrid electric vehicle using RCCI combustion. Adaptive Equivalent Minimization Control 

Strategy and Rule-Based Control strategy, while dynamic programming was used to size the 

electric grid of the powertrain to provide the best optimal solution in terms of fuel economy 

and emissions abatement. The results showed a great potential of the parallel full-hybrid 

electric vehicle powertrain equipped with the dual-mode engine to reduce the engine-out 

emissions, also to increase fuel economy with respect to the homologation fuel consumption 

of the baseline vehicle. The optimal supervisory control strategy was found to be the emissions-

oriented Adaptive Equivalent Minimization Control Strategy, which scores a simultaneous 



 

reduction of 12% in fuel consumption, 75% in engine-out nitrogen oxides emissions and 82% 

in engine-out soot, with respect to the baseline conventional diesel combustion engine vehicle. 

       In a series of experimental and computational simulations, Benajes et al. [121] investigated 

a parallel full HEV and a mild hybrid vehicle (MHEV) based on a WLTC to achieve lower fuel 

consumption and NOx emissions compared to a conventional engine. The hybrid vehicles were 

simulated using both CDC and diesel-gasoline RCCI combustion modes. Each powertrain has 

been designed with respect to component capacity (battery, electric motors ...), engine 

operating points, energy management strategy and gear ratios. Experimental tests were 

conducted using the Euro 4 GM 1.9L light-duty engine in single-cylinder engine configuration 

without any aftertreatment system being used. The vehicle chosen to carry out the simulations 

was the Opel Vectra using ignition compression engine in the experimental tests. 

  

Fig. 23. Main parameters of optimum case for CDC-RCCI and CDC engine maps: (a) 

Mild hybrid; (b) Parallel hybrid (Reprinted from [121] with the permission of Elsevier). 

 

       In the spider graph of Fig 23., a summary of the optimum cases was given. CDC-RCCI 

increases overall mass consumption as mentioned above, with a major reduction in NOx 

emissions. The size of electric motor size and battery capacity were more similar among the 



 

two combustion modes, since the RCCI mode on the CDC map allows the development of 

lower NOx in the 2500 rpm region. Meanwhile, the CDC needs to keep engine speed in the 

lower zone so as not to generate high NOx emissions. As depicted in Fig. 23, in terms of battery 

capacity, the best cases were observed around 50 Ah, which reflects the high battery capacity. 

Moreover, the optimal was reached in the zone of medium EM size for the electric motor 

capacity. 

       In recent years, due to the growing concern regarding climate change, many governmental 

organizations and researchers have concentrated on the life cycle analysis (LCA) [125, 126] to 

measure the effect on GHG emissions and other parameters for new technologies. Same 

researchers [122] tried to describe multiple powertrains in a passenger car using the RCCI 

combustion mode with different hybrid platform configuration. In the latest European 

homologation method, numerical and experimental tests were carried out to determine the fuel 

consumption and emissions. In addition, a cradle-to-grave LCA was conducted to account for 

all stages of the development, use and disposal of vehicles. To do this, the impact of the growth, 

maintenance, re-cycling and disposal cycle of fuel (liquid and electricity), traditional and 

hybrid electrical components (electric motors, batteries, etc.), was included. It was found that 

combining dual-fuel combustion with mild and full electrified hybrid modes makes extra fuel 

consumption gains with a maximum of 25% full hybrid electric vehicle compared to the OEM. 

Fig. 24 indicates CO2 and GHG-100 emissions for both hybrid and non-hybrid technologies. 

The dotted line shows the OEM diesel vehicle baseline scenario. With a minimum for PHEV, 

a sharp decrease can be seen with the electrification level. The LCA shows that the PHEVs can 

achieve a 12% reduction in total CO2 compared to the full hybrid electric vehicle and a 30% 

reduction compared with the no-hybrid diesel configuration. 



 

 

Fig. 24. The results of CO2 and GHG-100 emissions for the hybrid and no-hybrid 

vehicles derived from LCA study (Reprinted from with the permission of Elsevier). 

 

         Garcia et al. [120, 123, 127-129] also assessed the potential for combining various 

successful CO2 and other emission reduction technologies. In a series hybrid vehicle model, an 

RCCI concept and a pre-chamber ignition system (PCIS) were simulated with 

ethanol/bioethanol and diesel fuels. Firstly, the data analyzed from the simulation was 

optimized by combining experiment design and the Kriging fitting process. Then, under two 

separate driving cycles, the WLTC and RDE, the results obtained for the hybrid and CDC are 

compared. A DOC model is then used to measure the HC and CO emissions from the tailpipe 

using the hybrid LTC concept. Subsequently, an LCA was carried out to review the bio-

ethanol's global potential for reducing GHG emissions. Fig. 25 demonstrates the LCA CO2 

emissions for the various vehicle platforms using US-produced fuels. The left bar graph depicts 

the CO2 emissions without taking the biogenic indicator into account and the impact of land 

use changes. It was found that the gasoline 2021 concept and the battery electric vehicle have 

the lowest values. Battery and electricity production emissions for bioethanol vehicles are even 

lower than the Well-to-Wheels (WTW). However, the trend is reversed when considering 



 

biogenic impact and the transition in land use of bio-ethanol. Both E100 or E85 models resulted 

in lower overall LCA CO2 emissions than BEV or gasoline concepts. The biogenic effect 

ignores the CO2 emissions from the tailpipe and is greater than the influence of land use change. 

The output of fuel and vehicles are therefore the parameters which have impact in the overall 

result. The range extensor SI E100 was also found to be the best case, followed by the SI no-

hybrid. 

 

Fig. 25. LCA CO2 emissions in US scenario with and without taking into account the 

biogenic indicator and land use change effects (Reprinted from [120] with the permission of 

Elsevier). 

 

In the most recent work, García et al.  [130]  studied the potential of RCCI combustion 

in two medium duty trucks (18-ton and 25-ton maximum payload) with full hybrid P2 

architecture. It was found that the hybridization allows the de-rating of the engine from 350 hp 

(OEM CDC maximum power) to 210 hp. The compression ratio was reduced from 17.0 to 12.5 

and six gasoline PFI injectors and a low pressure EGR system was added. The numerical 

modeling of a complete truck model was performed in GT-Suite. The model was previously 

calibrated with on road experimental results with the OEM powertrain. The results showed that 

with the boost mode operation is possible to achieve higher wheel torque output than the 



 

conventional diesel powertrain. The de-rating of the engine is a commonly approach by OEMs 

to satisfy several truck platforms with the same engine. Therefore, the application with RCCI 

mode plus the electrification is a potential solution for the peak pressure gradient inside the 

combustion chamber. A ruled based controller was used with a special calibration to optimum 

fuel consumption. The study demonstrated that is possible in transient conditions to fulfill EU 

VI NOx and soot emissions while achieving 2025 European CO2 targets (15% of reduction 

versus OEM diesel powertrain). The study also showed that 600 V combined with battery size 

of 8 kWh and 13 kWh for the 18-ton and 25-ton Truck is the best cost-effective selection. This 

result was achieved after a balance between currently battery cost and CO2 penalties estimated 

by the European Union for 2025. The main benefits of the electrification of the powertrain are 

the higher ICE control over the best operative points of the RCCI ICE and the recovery of the 

braking energy.  

Since RCCI studies are of great interest for future research, Table 4 summarizes the 

main RCCI combustion studies in hybrid configurations for vehicle applications. Overall, 

Results reviewed showed that PHEV technology along with use of RCCI has also the potential 

to reduce local and global pollutant emissions. The PHEV has the greatest advantages in terms 

of minimizing fuel consumption and engine-out emissions, and the 50 g/km CO2 goal for 

medium battery sized PHEVs can be met, whereas the NOx and soot rates are below the Euro 

6 limits. The RCCI strategy also offers a great potential for fuel saving in SHEV configuration, 

which can be up to 12.6% higher over a modern SI engine.  

 



Table 4. RCCI combustion studies in hybrid configurations for vehicle applications. 

Authors` Research objectives 
Engine/motor type and 

Experiments 
Modeling/Simulations Main results 

Hanson et al. 

[38] 

Fuel economy testing of an 

RCCI engine integrated in a 

series hybrid vehicle under 

FTP75 and HWFET cycles 

2009 Saturn Vue chassis 

and a modified 1.9L turbo-

diesel engine with RCCI 

combustion. The engine was 

coupled to a 90 kW AC motor 

serving as an electrical 

generator to charge a 14.1 

kW-AC lithium-ion traction 

battery pack which is driven 

to the rear wheels by a 75 kW 

drive motor 

---- 

A vehicle with an RCCI engine could be 

run over a test period for US EPA 

certification. The load-sustaining fuel 

economy of the Chevrolet Volt was 5.6 vs 

5.11 L/100 km due to higher series hybrid 

powertrain losses compared to the parallel 

configuration of the Volt series. Based on the 

experimental and simulated results of the 

HWFET, it was calculated that the vehicle can 

meet US EPA Tier2 bin5 NOx emissions on 

the HWFET while achieving 4.4L/100 km. 

 

Gao et al. [113] 

Simulation of high-

efficiency combustion driving 

cycles (Lean GDI and RCCI 

modes) on fuel economy and 

exhaust emissions in light-

duty vehicles 

A modified GM, four-

cylinder, 1.9L TC diesel 

engine operating in RCCI 

mode 

Autonomie software was used 

to simulate both conventional 

and hybrid powertrain 

configurations  

Hybridization increases energy efficiency 

and lean GDI and RCCI pollution 

management. Lean combustion modes GDI 

and RCCI substantially lower the exhaust 

temperatures. Overall, it is anticipated that 

advanced combustion engines for passenger 

cars (enabled for lean GDI, RCCI) would 

require substantial fuel efficiency gains 

relative to current PFI engines. The use of 

these advanced combustion engines in hybrid 

vehicles tend to deliver even greater benefits 

in terms of fuel economy. 

 

Solouk and 

Shahbakhti [115] 

Work on energy efficiency 

and fuel economy of RCCI 

engine developed into series 

hybrid electric vehicle 

(SHEV) architecture using 

various forms of energy 

management (EMC) strategies 

GM Z19DTH diesel engine 

converted for RCCI operation 

1.9L, CR= 15.1, rpm= 

1000–3500 

Matlab/Simulink was used to 

develop a forward-in-power 

HEV model  

The simulation results indicated a fuel 

economy gain of 13.1 -14.2 %by using an 

RCCI engine for various driving cycles over a 

conventional SI engine in SHEV. Compared 

to a conventional CI engine, this fuel 

economy saving is limited to 3%, though NOx 

emissions are slightly lower. Simulation tests 

indicated that in more intense driving cycles 



 

(e.g., US06), the RCCI engine provides more 

fuel economy improvement compared to less 

extreme driving cycles (e.g., UDDS). 

Solouk and 

Shahbakhti [116] 

Research on the possible 

fuel efficiency of using a 

multi-mode (SI / HCCI / 

RCCI) LTC engine in a series 

Extended range electric 

vehicles (EREV) under the 

UDDS and HWFET cycles 

GM 2.0 L Ecotec DI 

Turbocharged SI engine 

CR=9.2 E-motor is a 100 kW 

Remy synchronous induction, 

RMS PM100DX inverter, 5 

kWh/65 kW LG Chem 

battery. 

An in-house Matlab code was 

implemented to determine the 

combustion and efficiency 

parameters using the data 

acquired from dSPACE ®, 

LabVIEW ® and ACAP. The 

RCCI engine is integrated in a 

series hybrid powertrain based 

on a 2009 Saturn Vue vehicle 

 

The results indicated that the multi-mode 

LTC engine provides an increase of 2% more 

fuel economy over the best single-mode LTC 

engine operation. Both findings depend on the 

type of driving cycle and the fuel penalty for 

switching mode. Depending on the mode-

switching fuel penalty value, the HCCI and 

RCCI engine modes can be the dominant 

optimal engine operating modes. 

Solouk and 

Shahbakhti [117] 

Experimental and 

numerical analysis of a multi-

mode (SI/HCCI/RCCI) LTC-

SI engine integrated with a 

parallel hybrid electric 

configuration under UDDS 

and HWFET cycles 

GM 2.0 L Ecotec DI 

Turbocharged SI engine 

CR=9.2 E-motor is a 100 kW 

Remy synchronous induction, 

RMS PM100DX inverter, 5 

kWh/65 kW LG Chem 

battery. 

An in-house Matlab code was 

implemented to determine the 

combustion and efficiency 

parameters using the data 

acquired from dSPACE ®, 

LabVIEW ® and ACAP. The 

RCCI engine is integrated in a 

series hybrid powertrain based 

on a 2009 Saturn Vue vehicle 

 

The simulation results showed a reduction 

in fuel consumption for the hybrid electrical 

powertrain with the LTC-SI multi-mode 

engine over a single-mode SI engine on the 

same powertrain configuration from 1.4% to 

8.8%. In addition, the results for the UDDS 

driving cycle showed that the maximum 

benefit of the LTC-SI multi-mode engine is 

reached at a mild level of electrification, 

where the running time of the LTC mode 

increases drastically from 1.5 % in PHEV to 

30.5 % in mild HEV. 

 

Solouk and 

Shahbakhti [118] 

Investigating the optimum 

fuel consumption 

improvement of a multi-mode 

(SI / HCCI / RCCI) LTC-SI 

range extender in a light-duty 

BEV configuration 

GM 2.0 L Ecotec DI 

Turbocharged SI engine 

CR=9.2 E-motor is a 100 kW 

Remy synchronous induction, 

RMS PM100DX inverter, 5 

kWh/65 kW LG Chem 

battery. 

An in-house Matlab code was 

implemented to determine the 

combustion and efficiency 

parameters using the data 

acquired from dSPACE ®, 

LabVIEW ® and ACAP. 

The simulation findings suggested that the 

single-mode HCCI and RCCI range extenders 

give fuel consumption increase of 11.0 per 

cent and 5.4 per cent respectively over a 

single-mode SI range extender in the city 

driving period. Such developments increase to 

12.1% and 9.1% in the motorway cycles. Up 

to 1.4% higher fuel efficiency is achieved in 

multi-mode operation over various driving 



 

periods compared to single-mode operation 

HCCI/RCCI. As the driving cycle average 

required power increases, the HCCI mode 

predominates in the contribution of RCCI 

mode. 

Solouk and 

Shahbakhti [131] 

Explore the ability of a 

multi-mode (SI / HCCI / 

RCCI) LTC-SI engine being 

incorporated in a parallel 

hybrid electric configuration; 

A 2.0-l LTC-SI GM Ecotec 

LHU fuel-flexible engine and 

a 100-kW electrical 

powertrain connected to a 465 

hp double-ended AC 

dynamometer E-motor is a 

100 kW synchronous 

induction Remy, a 5 kWh/65 

kW lithium-ion LG Chem 

battery. 

An in-house Matlab code was 

implemented to determine the 

combustion and efficiency 

parameters using the data 

acquired from dSPACE ®, 

LabVIEW ® and ACAP. 

 

The results for the driving cycle of UDDS 

showed that the full advantage of the LTC-SI 

multi-mode engine is realized in the mild 

electrification stage, where the running time 

of the LTC mode increases dramatically from 

5.0% in a PHEV to 20.5% in a mild HEV. In 

contrast with complete electrified vehicles 

such as PHEVs, in the multi-mode LTC-SI 

system, mild electrified vehicles such as mild 

HEVs are best suited for increasing fuel 

economy. The PHEV however has the lowest 

fuel consumption among the other stages of 

electrification. 

Benajes et al. 

[119] 

Explore the ability of series 

hybrid vehicle (SHV) CDC 

and RCCI to offer low engine-

output and CO2 emissions 

under the RDE and WLTC 

driving cycles 

GM 1.9L light-duty CDC 

and diesel-gasoline RCCI 

engine in single-cylinder 

engine 

The Opel Vectra is the 

vehicle selected to do the 

simulations. The analysis of the 

different powertrains proposed 

was tested using Gamma 

Technologies ®'s commercial 

program GT-Suite. 

 

Compared with the CDC scenario, the 

RCCI-SHV definition decreases the CO2 

emissions by half. The use of operating 

conditions optimized to meet Euro 6 limits as 

battery charging points allowed a SHV 

concept that presents NOx and soot emissions 

within regulation limits to be obtained without 

DPF and SCR systems being needed. The use 

of SHV in combination with RCCI 

substantially decreases the vehicle's overall 

fuel consumption while maintaining the 

emission rate of NOx and soot below the Euro 

6 limits. 

 

Benajes et al. 

[121] 
   

The CDC-RCCI dual-mode model 

demonstrated changes in NOx and soot 



 

Experimental and 

computational simulations to 

investigate the ability of a 

parallel complete hybrid 

electric vehicle (P2-FHEV) 

and a mild hybrid vehicle 

(MHEV) to achieve lower fuel 

consumption and NOx 

emissions than a traditional 

WLTC-cycle powertrain 

Euro 4 GM 1.9L light-duty 

CDC and RCCI diesel-petrol 

engine in single-cylinder 

engine configuration and 

without any post-treatment 

system 

The Opel Vectra is the vehicle 

selected to do the simulations. 

The analysis of the different 

powertrains proposed was tested 

using Gamma Technologies ®'s 

commercial program GT-Suite. 

emissions, with comparable energy 

consumption and CO2 emissions values 

compared to CDC. The parallel architecture 

offers a reduction in fuel consumption of 

about 20% compared to CDC. In addition, the 

mild hybrid technology with start-stop, torque 

assist, and regenerative braking capability 

demonstrated a reasonable balance between 

complexity and gain in fuel consumption. 

Benajes et al. 

[122] 

Experimental and numerical 

simulations to test the 

ability of hybrid electric 

vehicles with dual-fuel Mild 

(MHEV), Complete 

(FHEV) and Plug-in 

(PHEV) compared to OEM 

and traditional dual-fuel 

powertrain in the WLTC 

loop along with a life cycle 

review (LCA); 

Euro 4 GM 1.9L light-duty 

CDC and RCCI diesel-petrol 

engine in single-cylinder 

engine configuration and 

without any post-treatment 

system 

The Opel Vectra is the 

vehicle selected to do the 

simulations. The analysis of the 

different powertrains proposed 

was tested using Gamma 

Technologies ®'s commercial 

program GT-Suite. The LCA 

study is carried out with the 

GREET (the open source 

calculator developed by the 

national laboratory of Argonne); 

 

Results show the PHEV has the highest fuel 

consumption and engine-out emission 

benefits. With this technology, the 50 g/km 

CO2 aim for PHEVs with a medium battery 

size (15 kWh) can be achieved while NOx 

and soot rates are below the Euro 6 limits. 
Additionally, the RCCI technology 

demonstrates great advantages for the other 

hybrid platforms in achieving the Euro 6 

soot point. The LCA shows that the PHEVs 

can achieve a 12% reduction in total CO2 

compared to the FHEVs, and a 30% 

reduction compared to the no-hybrid diesel 

model. 

 

Garcia et al. 

[120] 

Assessment of the range 

extender series hybrid 

vehicle utilising three 

combustion modes SI, PCIS 

and RCCI fuelled with bio-

ethanol, as well as a 

numerical model LCA 

The vehicle chosen to 

conduct the simulation is a 

Class B (Ford Fiesta) 

passenger car, which equips 

the SI engine used in one of 

the test benches. 

The GT-Suite interface 

produced a 0D-powertrain 

application. The model was fed 

experimental results obtained in 

two motor test beds to accurately 

replicate the ICE behavior 

The findings showed that a Class B vehicle 

may be fitted with a de-rated ICE working 

under advanced bioethanol-fueled 

combustion concepts. The RCCI mode had 

the full potential to reduce NOx emissions. 

However, by using high levels of H2 the 

PCIS allowed to reduce the tank to wheel 

CO2 emissions by up to 60 g/km. 



 

Garcia et al. 

[[130]] 

Study the potential of RCCI 

combustion in hybrid trucks 

to reduce CO2, NOx and 

soot emissions. 

Volvo Truck FL 18-ton and 

FE 25-ton. Engine use is a six-

cylinder engine adapted for 

RCCI diesel-gasoline mode. 

The GT-Suite interface 

produced a 0D-powertrain 

application. The model was fed 

experimental results obtained in 

a multi-cylinder engine test 

bench. The vehicle was validated 

with on road measurements for 

the diesel conventional 

powertrain. 

2025 CO2 targets for trucks can be achieved 

with the RCCI + hybrid technology. The 

vehicles achieve EU VI legislation for all 

payloads and driving cycles tested. The P2 

with battery size of 8 kWh for FL 18-ton 

and 13 kWh for the FE 25-ton are the most 

cost-effective solutions. 

 



7. Discussion and Future outlook            

RCCI has been shown to be able to operate under transient conditions, which is a big step 

towards mass production applications; however, the precise feedback control system to control 

the engine parameters is necessary to minimize cycle-to-cycle variation and to ensure 

consistent and safe operation. In RCCI transient operation, transient effects of cylinder wall 

temperature, port injected fueling and thermal inertia of engine components play a significant 

role, and it has to be taken into account during obtaining optimized calibration maps and 

choosing control strategies. In addition, these factors usually cause a spike in emissions at the 

onset of load change.  

   Another challenge which inhibits commercialization of RCCI is being dual fuel nature and 

the difficulties of having two different separate tanks and two different injector systems. Single 

fuel RCCI operation can be achieved by utilizing single fuel tank with a low reactivity fuel 

together with a small secondary tank for a cetane improver or by generating the secondary fuel 

from the primary fuel through catalytic fuel reforming. Use of on-board fuel reforming can 

lead to a promising result, however, further investigations are needed for its transient operation 

and control system.  

A mass-production application of the RCCI technology could alter conventional exhaust 

aftertreatment systems. Advanced aftertreatment systems are likely to become a significant 

limiting factor, particularly until more efficient catalysts for HC and CO oxidation at low 

temperatures become available. It was shown that 100% conversion efficiency for CO and 

more than 90% for UHC can be achieved with advanced DOC during long engine service 

periods. 

   The PHEV with RCCI combustion engine has shown the greatest advantages in terms of 

minimizing fuel consumption and engine-out emissions, and the 50 g/km CO2 goal for medium 

battery sized PHEVs can be met, whereas the NOx and soot rates are below the Euro 6 limits. 



 

Furthermore, RCCI strategy offers a great potential for fuel saving in SHEV configuration, 

which can be up to 12.6% higher over a modern SI engine.  

         Future work can consider investigations of RCCI combustion using alternative carbon-

free fuels in single-fuel and transient mode operation. Co-optimization of fuels and engine 

systems could be developed to additionally leverage benefits in terms of efficiency and 

emissions improvement [132]. The work will focus on the application of transient RCCI control 

to tackle complex and real-world drive cycles. This includes full engine map operation, which 

is expected to include mode switching between dual fuel and RCCI combustion using advanced 

model-based controllers. This will set challenging tracking requirements to the coordinated air-

fuel path strategy, while meeting constraints including RI, MPRR, and maximum allowable 

cyclic variability (e.g. COV<5%). The progress in modelling and experiments is paving the 

way for future RCCI research concentrating on multi-cylinder engine controls and the 

emissions. The engine-out emissions, combustion noise, combustion stability, and safety 

should be directly incorporated as constraints in the design of optimal RCCI combustion 

controller. 

       In order to operate at high loads and handle large load transients, more model-based 

feedback controls should be required, while meeting the constraints on emission and 

combustion stability. With regards to COM approach, in order to improve the currently 

available models, a deeper study of the RCCI combustion modelling must be carried out under 

a wider range of operating conditions. Furthermore, efficient control of RCCI engines in real 

time during transient operation is challenging due to the need for high fidelity combustion 

models. Data-driven models can be implemented integrated to optimization methodologies to 

address these challenges and precisely predict engine performance [133]. More control inputs 

can be also considered to allow independent control of CA50, IMEP while being able to 

independently adjust MPRR and COVIMEP within desired limits. 



 

        RCCI combustion with hybrid electrified powertrain has shown a large potential in order 

to meet the future emission legislations. RCCI engines can be optimally designed for HEV 

application, allowing high efficiency RCCI operation at target engine speed and loads, thus 

reducing the control challenges and calibration of RCCI engines. For hybrid configuration 

research, investigating biofuels and synthetic/e-fuels [134-137] in RCCI concepts according to 

upcoming emissions regulations for CO2 will be of particular interest. In addition, since most 

of literature research focused on light duty vehicles, multi-mode hybrid powertrain can be 

investigated for commercial and medium/heavy duty trucks to achieve CO2 target reductions. 

8. Conclusion 

      The present review shed light on the commercial viability of RCCI combustion strategy in 

automotive applications. Initial results from RCCI, showed that it takes higher number of 

cycles to reach the desired loads but with model-based control techniques the desired load can 

be obtained with much lower number of cycles. Single fuel RCCI can reduce HC emissions but 

NOx significantly increased, however high CO/HC emissions at low load is an inhibiting factor 

for RCCI to be commercialized. Replacement of gasoline with alcohols (e.g., E85) has 

increased the maximum achievable load during transient operation, and can be considered as 

the promising fuel for RCCI vehicular applications. In addition, switching to CDC could 

increase the power density of the engine at high loads in areas where the engine emission 

regulations are less stringent. The dual-mode CDC-RCCI also demonstrated improvements in 

NOx and soot emissions in hybrid systems, with comparable energy consumption and CO2 

emissions compared to CDC values. With regard to implementing RCCI engine controllers, it 

was found that advanced controllers perform well for a wide range of engine operating 

conditions and are stable when the operating region moves outside the calibrated region. It is 

important to choose the optimum control variable in different operating regions. Thus, a 



 

framework can be implemented to select among different control variables. Results reviewed 

here, showed that PHEV technology along with use of RCCI engine has the potential to reduce 

local and global pollutant emissions. Overall, this review demonstrates the great commercial 

viability of RCCI combustion for automotive application in the short and medium-term.  
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