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Abstract 

This experimental work investigates the capabilities of the reactivity controlled 
compression ignition combustion concept to be operated in the whole engine map and 
discusses its benefits when compared to conventional diesel combustion. The 
experiments were conducted using a single-cylinder medium-duty diesel engine fueled 
with regular gasoline and diesel fuels. The main modification on the stock engine 
architecture was the addition of a port fuel injector in the intake manifold. In addition, 
with the aim of extending the reactivity controlled compression ignition operating range 
towards higher loads, the piston bowl volume was increased to reduce the compression 
ratio of the engine from 17.5:1 (stock) down to 15.3:1. 

To allow the dual-fuel operation over the whole engine map without exceeding the 
mechanical limitations of the engine, an optimized dual-fuel combustion strategy is 
proposed in this research. The combustion strategy changes as the engine load 
increases, starting from a fully premixed reactivity controlled compression ignition 
combustion up to around 8 bar IMEP, then switching to a highly premixed reactivity 
controlled compression ignition combustion up to 15 bar IMEP, and finally moving to a 
mainly diffusive dual-fuel combustion to reach the full load operation. The engine 
mapping results obtained using this combustion strategy show that reactivity controlled 
compression ignition combustion allows fulfilling the EURO VI NOx limit up to 14 bar 
IMEP. Ultra-low soot emissions are also achieved when the fully premixed combustion 
is promoted, however, the soot levels rise notably as the combustion strategy moves to 
a less premixed pattern. Finally, the direct comparison of reactivity controlled 
compression ignition versus conventional diesel combustion using the nominal engine 
settings, reveals that reactivity controlled compression ignition can be a potential 
solution to reduce the selective catalyst reduction and diesel particulate filter 
aftertreatment necessities with a simultaneous improving of the thermal efficiency. 
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1. Introduction 

The stringent emissions standards introduced for internal combustion engines suppose 
a major challenge for the research community. The technological solution adopted by 
the manufactures of diesel engines to meet the NOx and particulate matter values 
imposed in the EURO VI regulation relies on using selective catalyst reduction (SCR) [1] 
and diesel particulate filter (DPF) systems [2], which increases the complexity and cost 
of the engine. Alternatively, several new combustion modes aimed at avoiding the 
formation of these two pollutants by promoting low temperature combustion (LTC) 
reactions, are in focus of study nowadays [3]. In this sense, homogeneous charge 
compression ignition (HCCI) has demonstrated great potential to inhibit the emission of 
these two pollutants while maintaining high efficiency [4][5]. However, low combustion 
control, high mechanical engine stress and excessive unburned products were identified 
with HCCI [6]. Some researchers suggested that to promote a proper HCCI operation, 
the in-cylinder reactivity must vary depending on the engine operating conditions, which 
could be achieved using high cetane fuels at low load and low cetane fuels at medium-
high load [7]. Moreover, several other techniques aimed at modulating the in-cylinder 
reactivity such as the residual gas trapping [8], valve lift optimization [9], variable valve 
timing [10] and fuel modification [11] were studied. These methods were found to be 
beneficial for reducing the HCCI shortcomings, but were not enough to enable a wide 
HCCI operating range. By this reason, the use of gasoline-like fuels under partially 
premixed combustion (PPC) strategies gained interest to be studied [12]. In this sense, 
several researchers confirmed the gasoline PPC as a promising strategy to improve the 
heat release control while reducing the NOx and soot emissions simultaneously [13][14]. 
However, the low load PPC operation using gasolines of octane number (ON) greater 
than 90 was found to be inadequate due to the excessive combustion instability 
[15][16]. Trying to solve this problem, some researchers investigated the use of a spark 
plug to assist the low load PPC operation. It was found that the spark discharge improves 
the control of the PPC combustion process, temporal [17] and spatially [18], over the 
low load gasoline PPC combustion process, but led to excessive NOx and soot emissions 
[19], even using double injection strategies [20][21]. 

Among the LTC combustion concepts, the dual-fuel strategy commonly known as 
reactivity controlled compression ignition (RCCI) has the major scientific interest 
nowadays [22]. This strategy relies on injecting a low reactivity fuel in the intake port 
and a high reactivity fuel directly in-cylinder [23]. The RCCI combustion mode differs 
from the conventional dual-fuel combustion in that RCCI relies on decoupling the end of 
injection of the direct injected fuel and the start of combustion [24]. This promotes a 
well-mixed and dilute charge, which provides ultra-low NOx and soot emissions together 
with high efficiency over a wide range of engine speeds and loads [25]. In addition, RCCI 
concept allows better control of the combustion process than the single-fuel LTC 
strategies thanks to the capacity of modulating the fuel reactivity depending on the 
engine operating conditions [26]. The literature demonstrates that to attain these 
combustion characteristics, a highly premixed combustion strategy is necessary [27]. 
This is typically done using a double injection diesel pulse, with the first injection at 
around -60 to -40 CAD ATDC and the second one at around -35 CAD ATDC [28]. The first 
injection was found to be necessary to improve the in-cylinder reactivity in the crevices 
zones, where high amount of gasoline gets trapped [29]. The second diesel injection is 



needed to act as an ignition source, and should be relatively advanced to have enough 
mixing time to avoid soot formation [30]. In spite of these benefits, this type of injection 
strategy results in excessive maximum pressure rise rate (PRR) and maximum in-cylinder 
pressure (Pmax) when increasing the engine load, which limits the maximum engine load 
achievable with RCCI operation [31]. This occurs because the in-cylinder charge comped 
of homogeneously mixed gasoline and highly premixed diesel (from the first injection) 
autoignites abruptly when the main diesel pulse is injected [32]. 

In order to extend the engine operation up to full load without exceeding the engine 
mechanical limits, a switch to conventional diesel combustion (CDC) can be done [33]. 
This solution, commonly known as dual-mode engine operation, showed a promising 
potential for reducing the aftertreatment necessities in terms of exhaust fluids (urea and 
diesel) consumption. However, the need for a high compression ratio to ensure high 
efficiency when running in CDC mode, resulted in a dramatic reduction of the effective 
RCCI operating range [34]. This fact rests potential to the concept and questions the 
advantages of moving from CDC to a dual-fuel architecture. Another possible solution 
to allow the operation in all the engine map could be the modification of the dual-fuel 
injection/combustion strategy to avoid the excessive PRR and Pmax as engine load 
increases, which can be done moving from a highly premixed dual-fuel strategy (RCCI) 
to a less premixed strategy progressively. Although this method entails penalizing the 
NOx and soot emissions as compared to a highly premixed RCCI strategy, the capabilities 
of this alternative versus CDC must be studied in detail. Thus, the present investigation 
aims at evaluating the potential of this solution, in which dual-fuel operation is achieved 
over the whole engine map using different injection strategies. To do this, firstly, a 
dedicated testing procedure is defined to obtain engine maps that are used to analyze 
the performance and engine-out emissions of the dual-fuel combustion strategy 
proposed. Later, a direct comparison between dual-fuel and conventional diesel 
combustion operation is presented by means of engine maps differences, which allows 
to extract the main advantages and drawbacks of the combustion mode under 
investigation. 

2. Materials and methods 
2.1. Test cell characteristics and engine description 

The tests performed in this study were carried out in a single-cylinder engine which 
comes from a medium-duty stock engine. In addition, the engine satisfies the newest 
EURO VI limitations and was specially developed for urban freight distribution purposes. 
As shown in Table 1, the nominal compression ratio (CR) of the production engine is 
17.5:1. Previous studies showed that, with this CR, the RCCI operation is limited to a 
narrow region between 25% and 35% load, even using a mid-level ethanol blend (E20-
95) as a low reactivity fuel [35]. In a further study, it was found that the RCCI operating 
range can be extended up to 80% load by reducing the CR to 12.75, however the region 
below 25% load showed lower efficiency than CDC [36]. Thus, in the present study, an 
intermediate CR of 15.3:1 was set in the engine by increasing the bowl volume as 
compared to the stock piston (Figure 1). The bowl geometry for the RCCI piston was 
defined following the guidelines provided in literature [37][38], which suggests that 
wider bowl geometries with lower surface areas are beneficial to increase the efficiency 
of the RCCI concept [39]. This is explained due to both, the lower heat transfer and the 
enhanced burning of the gasoline located at the crevice region. The lower heat transfer 



is consequence of the lower area-to-volume ratio and the enhanced gasoline burning 
results from the better flow of the high temperature gas until the crevice zone [29]. 

Table 1. Engine characteristics. 

Style 4 Stroke, 4 valves, DI diesel engine 

Manufacturer / model VOLVO / D5K240 

OEM ECU calibration EURO VI 

Maximum power 177 kW @ 2200 rpm 

Maximum brake torque 900 Nm @ 1200-1600 rpm 

Maximum in-cylinder pressure 190 bar 

Bore x Stroke 110 mm x 135 mm 

Connecting rod length 212.5 mm 

Crank length 67.5 mm 

Total displaced volume 5100 cm3 

Number of cylinders 4 

Compression ratio (nominal) 17.5:1 

Compression ratio for RCCI 15.3:1 

 

 

Figure 1. Cross sectional view of the stock (CR 17.5:1) and RCCI (CR 15.3:1) piston geometries. 

In order to operate the engine under RCCI mode, the engine was modified by adding an 
additional injection system, as it is observed in Figure 2. Therefore, it is possible to 
modify the properties of the fuel blend and fuel mixture depending on the operating 
conditions. For this purpose, single-cylinder engine (SCE) operation was carried out by 
an in-house controller based in Drivven systems for the correct acquisition and injection 
control, replacing the function of the original engine manufacturer (OEM) electronic 
control unit (ECU), allowing full control of the direct injection (DI) and port fuel injection 
(PFI) parameters. 

 

 



Figure 2. Fuel injection systems scheme. 

The high and low reactivity fuels used were regular diesel and 95 octane number 
gasoline, respectively. Their main properties are listed in Table 2. All the properties were 
obtained following American society for testing and materials (ASTM) standards. 

Table 2. Physical and chemical properties of the fuels. 

 Diesel Gasoline 

Density [kg/m3] (T= 15 °C)   824 720 

Viscosity [mm2/s] (T= 40 °C)   2.8 - 

RON [-] - 95 

MON [-] - 85 

Biodiesel content [% by volume] <0.2 - 

Cetane number [-] 51 - 

Lower heating value [kJ/kg] 42.92 42.4 

 

The engine was equipped with a common-rail injection hardware which is in charge of 
the direct diesel injection. The injector and nozzle main properties are presented in 
Table 3. 

Table 3. Characteristics of the high reactivity fuel injector. 

Actuation Type Solenoid 

Steady flow rate @ 100 bar [cm3/min] 1300 

Number of Holes 7 

Hole diameter [µm] 177 

Included Spray Angle [°] 150 

Maximum injection pressure [bar] 2000 

 

The second fuel injection system was in charge of injecting the gasoline. The whole 
injection system was developed in-house, except the elements commercially available 
such as the PFI. The circuit consists of a fuel pump, a fuel tank, fuel filter and the 
mentioned injector. The PFI was placed at the intake manifold once it was ensured its 
capabilities in order to supply the total amount of gasoline during the intake stroke. 
Avoid fuel pooling at the intake valves was the main target due to the variability 
produced by this phenomenon. Therefore, the injection timing was set 10 CAD after the 
intake valve opening (IVO) providing enough time for the gasoline to cover the distance 
between the injector and the valve seats. The main properties are shown in Table 4. 

Table 4. Characteristics of the low reactivity fuel injector. 

Injector Style Saturated 

Steady flow rate @ 3 bar [cm3/min] 980 

Included Spray Angle [°] 30 

Injection Pressure [bar] 5.5 

Injection Strategy Single 

Start of Injection Timing 340 CAD ATDC 

 



The engine was installed in a fully instrumented test cell, equipped with the required 
equipment to operate and control the engine, as it is shown in Figure 3. The SCE differs 
from a regular research SCE. The solution adopted by the authors represents a hybrid 
set-up between a multi-cylinder engine and a research SCE [40]. This system allows 
operating an isolated cylinder as a SCE while the other three cylinders are governed by 
the stock ECU in order to equalize the cylinder-to-cylinder maximum load and pressure 
[41]. As a result, this hybrid SCE solution relies in a less cost effective option compared 
with the traditional research single cylinder engines and incorporates the advantage of 
enable the possibility to extend the scope of the study. On the other hand, it is not 
possible to obtain torque-based results for the isolated cylinder due to the crankshaft 
and the dynamometer is the same for both engines, resulting the measurements invalid. 
Nonetheless, the combustion process is studied by using indicated parameters avoiding 
thereby the limitations. 

From Figure 3 it is possible to see that the multi-cylinder engine (MCE) is also fully 
instrumented, being monitored during the operation. In addition, the in-cylinder 
pressure is monitored in real time for both engines in order to equalize the engines. 
Concluding this part, just remark that the exhaust gas recirculation (EGR) loop from the 
MCE was removed to compensate the energy lost because of the isolated cylinder. 

 

Figure 3. Test cell scheme. 

Figure 3 shows all the elements required to isolate the cylinder under study, particularly 
for the air-loop. The air management must ensure stable intake air conditions along the 
engine map. Therefore, a screw compressor supplies the boosted air to the intake.  Once 
the boost pressure is reached, the air is conditioned in terms of humidity and 
temperature. An air dryer and a heater adjust the air conditions continuously during the 
engine operation. In order to replicate the backpressure produced by the turbine, a 
valve is placed in the exhaust line controlling the pressure at the exhaust settling 
chamber. An additional air-loop is located in the test cell in charge of the EGR flow supply 
by means of low pressure EGR taken from the exhaust settling chamber. EGR rate was 
determined by using the experimental measurement of CO2 concentration at the 
exhaust and at the intake. The other emissions obtained experimentally at the test cell 



are NOx, O2, unburned HC and CO, and have been analyzed with a five gas Horiba MEXA-
ONE-D1-EGR analyzer. This equipment averages the measurement of a 40 seconds 
sample while the operating point is completely steady. As it is stated in [42], the 
combustion efficiency is determined by using the CO and unburned HC measurements 
(Equation 1): 

Comb. Eff = (1 −
HC

mf
−

CO

4 ∙ mf
) ∙ 100       (1) 

 

An AVL 415S Smoke Meter was used to measure the smoke emissions. The smoke Meter 
averages between three samples of a 1 liter volume each with paper-saving mode off. 
This equipment provides the results directly in Filter Smoke Number (FSN) units. The in-
cylinder pressure signal was measured with a Kistler 6125C pressure transducer and its 
respective amplifier Kistler 5011B10. Finally, the crank angle position was obtained by 
using a shaft encoder with 1800 pulses per revolution, providing a resolution of 0.2 CAD. 
The accuracy of the instrumentation used in this work is summarized in Table 5. 

Table 5. Accuracy of the instrumentation used in this work. 

Variable measured  Device  Manufacturer / model Accuracy 

In-cylinder pressure 
Piezoelectric 
transducer Kistler / 6125C  ±1.25 bar 

Intake/exhaust pressure 
Piezorresistive 
transducers Kistler / 4045A10 ±25 mbar 

Temperature in settling 
chambers and manifolds 

Thermocouple TC direct / type K ±2.5 °C 

Crank angle, engine speed Encoder  AVL / 364  ±0.02 CAD 

NOx, CO, HC, O2, CO2  Gas analyzer  HORIBA / MEXA-ONE-D1-EGR 4% 

FSN  Smoke meter  AVL / 415S ±0.025 FSN 

Gasoline/diesel fuel mass 
flow Fuel balances  AVL / 733S ±0.2% 

Air mass flow Air flow meter Elster / RVG G100  ±0.1% 

 

2.2. In-cylinder pressure signal processing 

The in-house developed one-zone model used to perform the combustion analysis, 
named CALMEC, is fully described in reference [43]. The combustion diagnosis tool uses 
the in-cylinder pressure signal from the engine experiments as a main input, but it also 
needs to be feed with other variables such as the engine speed, inlet and exhaust 
coolant and oil temperatures, air mass flow, EGR rate and fuel mass, among others.  

The combustion diagnosis tool is fed with the pressure traces of 150 consecutive engine 
cycles for each operating point, which leads to analyze the cycle-to-cycle variation. The 
individual raw pressure data is smoothed using a Fourier series low-pass filter. After 
that, a representative cylinder pressure trace is obtained by averaging the collected 
cycles, which is used to perform the analysis. Thus, the first law of thermodynamics was 
applied between the intake valve closing (IVC) and exhaust valve opening (EVO), 
considering the combustion chamber as an open system because of the blow-by and 
fuel injection. The mean gas temperature in the chamber is calculated using the ideal 



gas equation of state. In addition, the gas thermodynamic conditions in the chamber are 
obtained through the in-cylinder pressure signal to feed the convective and radiative 
heat transfer models [44], as well as the filling and emptying model that provided the 
fluid-dynamic conditions in the ports, and the heat transfer flows in these elements. The 
convective and radiative models are linked to a lumped conductance model to calculate 
the wall temperatures. 

The main results from the model used during the analysis shown in this work are the 
bulk gas temperature and the maximum in-cylinder pressure rise rate. In addition, the 
rate of heat release (RoHR) and some parameters derived from the RoHR analysis are 
used. In particular, the start of combustion (SOC) and the combustion phasing (CA50) 
are defined as the timing of the 5% and 50% cumulated heat release, respectively. 

3. Results and discussion 

The results of the current investigation are divided in three subsections. The first 
subsection is dedicated to explain the combustion strategy used to obtain the RCCI 
results. The second subsection shows the RCCI emissions and performance results in 
form of engine maps. Finally, the last subsection is dedicated to discuss the potential of 
the RCCI concept by performing a direct comparison with the CDC operation with the 
same engine configuration. 

3.1. Combustion strategy description 

Three different combustion strategies have been used to achieve the dual-fuel 
operation in the whole engine map. Mandatory constraints to define these combustion 
strategies were to ensure maximum pressure rise rates (PRR) and in-cylinder pressure 
peaks (Pmax) below 15 bar/CAD and 190 bar, respectively. As shown in the engine map 
depicted in Figure 4, the switch between the different fueling strategies is merely 
defined by the engine load: 

 From idle up to 40% load (around 8 bar IMEP), the combustion strategy can be 
defined as fully premixed. This combustion strategy is achieved using a double 
diesel injection pulse with highly advanced injection timings. Because of the high 
mixing time available before the start of combustion, ultra-low NOx and soot 
emissions are obtained. As a counterpart, the diesel injection timing has not much 
influence on the combustion phasing, which is basically governed by the fuel 
reactivity through the gasoline fraction. As shown in Figure 4, the fully premixed 
combustion is characterized by a Gaussian-shaped heat release of short duration 
and rapid expansion period, which explains the high efficiency of this strategy. 

 From 40% up to 75% load (around 15 bar IMEP), the combustion strategy can be 
defined as highly premixed. This combustion strategy is also achieved using a 
double diesel injection pulse, but in this case with the second injection taking place 
in the vicinities of the top dead center (TDC). In this sense, the first injection is 
intended to improve the reactivity in the crevices zone, where high amount of 
gasoline gets trapped [30], while the second diesel injection during the high 
pressure and temperature instants of the cycle acts as an ignition source. Because 
of the less premixing time for the diesel injection that takes place near TDC, higher 
soot levels than with the fully premixed strategy are found, however it can be still 
achieved NOx emissions below the EURO VI limit. This strategy provides a higher 



degree of combustion control due to the partial diffusion burning, being the CA50 
very sensitive to the second diesel injection. 

 From 75% up to full load, the combustion strategy can be defined as diffusive. This 
combustion strategy is achieved using a single diesel injection with a delayed 
injection timing, which allows introducing the high amount of fuel needed to 
achieve the required load without exceeding the engine mechanical constraints 
(PRR and Pmax). Even so, the combustion typically starts with a high RoHR peak due 
to the gasoline burning during the first diesel reactions. After this, the combustion 
event is characterized by a long diesel-like tail during the expansion stroke. 
Because of the diffusive nature of the combustion, high levels of soot emissions 
are obtained and NOx emissions cannot be maintained below the EURO VI limit. 

 

Figure 4. Injection/combustion strategies used to cover the engine map (left) and examples of the RoHR 
traces from each combustion strategy at 1500 rev/min (right). 

 

3.2. Dual-fuel emissions mapping 

The experimental procedure followed to obtain the engine maps can be summarized in 
the three consecutive steps shown in Figure 5, where the engine variables tuned in each 
step are shown in parentheses. As the figure shows, the objective of the first step is 
finding potential engine settings that allow stable engine operation at the desired 
engine load and under the constraints imposed (PRR, Pmax and COV). Later, the second 
step proposes a routine to reach operating conditions that fulfill the EURO VI NOx limit 
together with ultra-low soot emissions. Finally, the third step aims at minimizing HC and 
CO emissions at the same time that fuel consumption is improved and NOx and soot 
emissions are maintained under the limits stablished. If the constraints imposed in each 
step are fulfilled, a fully premixed RCCI condition is obtained as a result (RCCI FP). If not, 
depending on the engine load, a highly premixed RCCI (RCCI HP) or a diffusive dual-fuel 
(D-F Dif) operating condition is reached, as explained in the combustion strategy 
description. 



  

Figure 5. Experimental procedure followed to obtain the dual-fuel engine maps shown in this section. 

Figure 6 shows the NOx and smoke emissions maps obtained with the combustion 
strategy described in the previous section. As it can be seen, this combustion strategy 
allows achieving engine-out NOx emissions below the EURO VI limit (0.4 g/kWh) up to 
75% load for all the engine speeds, where the fully and highly premixed RCCI modes are 
implemented. The shape of the NOx emissions map is well related with the gasoline 
fraction (GF) and EGR rate used (Figure 7). As can be confirmed comparing both figures, 
the peninsulas with the highest NOx emissions correspond to the portion of the map 
with the lowest GF and EGR. In this sense, increasing the direct injection fraction of 
diesel fuel causes locally higher equivalence ratios and higher temperatures, thus 
producing more NOx. Lastly, it is interesting to remark that the portion of the map 
between 75% and full load is mainly fulfilled with NOx levels ranging between 0.6 and 
0.8 g/kWh and some peaks of around 1.2 and 1.4 g/kWh, which supposes a drastic 
reduction as compared to the 10 g/kWh typically attained with the current diesel 
engines at full load conditions, which are calibrated to be used with an SCR system. 

The shape of the smoke emissions map is merely defined by the combustion strategy 
used in each portion of the map. As the combustion strategy moves from fully premixed 
to diffusive, i.e. from low to high load, soot emissions raise. As shown in Figure 6, the 
portion of the map below 10 bar IMEP (RCCI mode) was completed with smoke 
emissions less than 0.2 FSN, which is consequence of the wide mixing time for both 
diesel injection pulses and the low EGR rate used in this region (Figure 7). The medium 
load region (up to 15 bar IMEP) was fulfilled with around 0.6 FSN of smoke in average, 
with peaks of 1 and 1.2 FSN in some operating conditions. The raise in soot emissions in 
this portion of the map is explained by both, the switch to a less premixed strategy for 
the diesel fuel and the higher EGR rates used. Finally, a maximum peak of 2 FSN is 
observed at full load conditions (22 bar IMEP) in the high speed zone of the map, which 
is not dramatic considering the typical values obtained during CDC operation. 



 

 

Figure 6. NOx and smoke emissions maps for the dual-fuel strategy. 

The gasoline fraction was typically set to the highest value that could be achieved with 
the highest combustion stability and lowest HC emissions. As shown in Figure 7, this 
resulted in a minimum GF of 20% at low speed and low load to avoid excessive unburned 
products and combustion instabilities, increasing to nearly 80-90% in the engine map 
region between 5 and 10 bar IMEP for all engine speeds. At high load, it was necessary 
to decrease the GF to avoid excessive PRR. Regarding the EGR rate, the figure shows that 
it increases as the engine load increases. As it can be seen, the portion of the map up to 
around 8 bar IMEP was covered with only 20% of EGR rate. This is due to the use of the 
fully premixed RCCI strategy, which allows reaching very low NOx and soot emissions, 
inherently. Later, when switching to a highly premixed strategy, the EGR rate was 
increased up to a maximum value of 50% at 12 bar IMEP to extend the premixing time 
and minimize the diffusion burning of the second diesel injection. Finally, in the upper 
portion of the map, the EGR rate was reduced again up to values of around 30% to avoid 
the excessive soot emissions provoked by the diffusive dual-fuel combustion strategy. 

 



 

Figure 7. GF and EGR rate maps used to implement the dual-fuel strategy. 

Figure 8 shows the unburned hydrocarbon (HC) and carbon monoxide (CO) emissions 
maps. As it can be seen, both pollutants follow the same trend, with decreasing emission 
levels as load and engine speed increase. At idle conditions and low engine speeds (950-
1500 rpm), the maximum peaks for both pollutants are found. The high amount of CO 
emissions can be explained looking at the maximum bulk gas temperature contour plot 
shown in Figure 9, where it is clear that the regions of lowest temperature correspond 
to those of maximum CO emissions levels. Considering the very low global equivalence 
ratio set at idle conditions (Figure 9), it can be stated that the incomplete combustion of 
over-lean fuel/air mixture is the dominant mechanism responsible for the CO emissions. 
Moreover, it can be seen that maximum bulk gas temperatures under 1200 K freeze the 
CO oxidation. Thus, the optimal combustion strategy will have a charge that results in 
bulk gas temperatures in the range of 1500 K to 1700 K, where the lower temperature 
limit ensures complete oxidation of carbon monoxide and the upper temperature limit 
promotes minimal NOx formation. 

The hydrocarbon emissions map is very similar to that of CO. In this sense, maximum 
peaks of around 14 g/kWh are observed at low load and low speed. Considering the 
equivalence ratio and the bulk gas temperature at this region, it is thought that the main 
precursor of HC emissions is the flame quenching due to the slowing down of the 
chemical reaction rates. Above 10 bar IMEP, very low HC emissions are observed, where 
global equivalence ratio is between 0.7 and 0.8 and bulk gas temperatures are above 
1700 K. 

 



 

Figure 8. HC and CO emissions maps for the dual-fuel strategy. 

 

 

 

Figure 9. Maximum bulk gas temperature and global equivalence ratio map for the dual-fuel strategy. 

Previous RCCI research performed by Prikhodko et al. [45] demonstrated that the 
chemical composition of the unburned products from RCCI operation differ notably to 
those from CDC. This fact resulted in a light-off temperature increase of the 
conventional diesel oxidation catalysts (DOC) when used to catalyze the exhaust 
emissions from RCCI. In particular, it was found that exhaust temperatures must be at 
least 300 °C to ensure an effective oxidation of CO and HC emissions, also confirming no 
catalyst activity for temperatures under 200 °C. Taking into account this scenario, it is 
interesting to examine the exhaust temperature for the engine map obtained with the 
combustion strategy proposed in this investigation. In the light of the results shown in 
Figure 10, it is possible to state that the operation of the DOC could be compromised 
only in the region below 4 bar IMEP and 1500 rpm. However, considering the great NOx 
margin up to the EURO VI limit, this portion of the map could be refined in further 
optimization steps to increase the exhaust temperature. From 4 to 8 bar IMEP the 



catalyst reactions are expected to start, presuming an effective oxidation above 8 bar 
IMEP, where the exhaust temperatures are over 300 °C for all the engine speeds. 

 

Figure 10. Exhaust temperature map for the dual-fuel strategy. 

3.3. Dual-fuel vs stock CDC operation 

This section evaluates the potential of the dual-fuel combustion strategy proposed in 
section 3.1. To do this, the engine maps presented in the previous section are compared 
against the ones obtained with the engine operating in conventional diesel combustion, 
using the ECU settings and the stock hardware (CR 17.5:1). For the sake of clarity, the 
results are depicted as contour plots of the difference between the two data sets (RCCI-
CDC in all the cases). This approach gives a clear overview about the general trends and 
the possible potential of the dual-fuel concept proposed in this paper over a current 
state of the art diesel engine. 

Figure 11 shows the NOx and soot emissions differences between RCCI and CDC. As it 
can be seen, RCCI provides a NOx reduction ranging from 75% to 98% as compared to 
CDC operation in all the engine map, showing the maximum peaks of NOx reduction in 
the low engine speed region. This results represent a good opportunity to reduce the 
urea fluid necessary to meet the EURO VI regulation with the current diesel engines. 
Regarding smoke emissions, they are greatly improved with RCCI in the region below 10 
bar IMEP and above 1800 rpm. In the low speed region, the improving is only observed 
at very low loads. In the rest of the map, the dual-fuel concept shows higher smoke 
results than CDC. This is due to the conjunction of two facts, the very low CDC smoke 
levels achieved with the EURO VI ECU calibration (at the expense of producing high 
amount of NOx emissions) and the relatively high smoke emissions coming from the 
dual-fuel diffusion combustion strategy used in this portion of the map. In spite of that, 
it is interesting to remark that smoke emissions with dual-fuel are not dramatic (Figure 
6), and it is expected to obtain low accumulated emissions if a stationary homologation 
cycle were conducted. 



 

 

Figure 11. NOx and smoke emissions reduction with the dual-fuel strategy versus CDC. 

Figure 12 shows the combustion efficiency difference, which computes both CO and HC 
emissions as shown in Equation 1. As the map reveals, the dual-fuel strategy proposed 
leads to lower combustion efficiency than CDC in all the engine map. This will suppose 
a source of inefficiency of the concept, mainly at low load, but it is interesting to note 
that the major contribution to the incomplete combustion is coming from CO emissions, 
which is desirable because it has typically four times less energetic content than HC. 
Nevertheless, it is possible to see that the region above 8 bar IMEP shows combustion 
efficiency penalties less than 4%, which is not dramatic considering that RCCI 
combustion mode is capable of counteracting this losses by means of the heat transfer 
reduction and the combustion process improvement. 

 

Figure 12. Combustion efficiency difference between RCCI and CDC. 

Finally, Figure 13 shows the corrected gross indicated efficiency (GIE) difference 
between RCCI and CDC. The current diesel engines are calibrated relying on the injection 
of urea fluid in the exhaust gas stream to increase the SCR efficiency and meet the EURO 
VI NOx emissions limit. In the case of the VOLVO D5K240 engine, the urea fluid is injected 



upwards the SCR using an air-assisted dosing system. To do so, a control module 
calculates the urea dosing rate needed based on various engine parameters, and the 
exact quantity of urea is mixed with air from the vehicle compressed air system. Then, a 
single-hole injector nozzle injects the urea-air mixture in the center of the exhaust 
stream. Thus, in order to perform a more realistic comparison between dual-fuel and 
CDC operation, an additional “fuel” consumption should be considered in the part of the 
maps that do not fulfill the NOx emissions limit in-cylinder. This will penalize the CDC 
operation in a greater portion of the map, since in the case of dual-fuel, the EURO VI 
NOx emissions limit is achieved up to 75% load. The urea necessary to reduce 1 g/kWh 
of NOx emissions can be estimated as 1% of the fuel consumption [46], so that the urea 
required to reduce the engine-out NOx emissions up to the EURO VI target can be 
estimated as shown in Equation 2. Considering this, the GIE for CDC can be corrected on 
a cost-basis as stated in Equation 3, which supposes the same price for both fluids. This 
correction is also applied to the GIE map of RCCI in the region in which the concept does 
not fulfill the EURO VI limit by itself (from 75% to full load), as shown in Equation 4. 

𝑚𝑢𝑟𝑒𝑎 = (𝑁𝑂𝑥𝑒𝑛𝑔𝑖𝑛𝑒−𝑜𝑢𝑡 − 𝑁𝑂𝑥𝐸𝑈𝑅𝑂 𝑉𝐼) ∙ 0.01 ∙ 𝑚𝑑𝑖𝑒𝑠𝑒𝑙        (2) 

𝐺𝐼𝐸𝐶𝐷𝐶_𝑐𝑜𝑟𝑟 =
𝑊𝑖

(𝑚𝑢𝑟𝑒𝑎 +  𝑚𝑑𝑖𝑒𝑠𝑒𝑙) ⋅ 𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙
       (3) 

𝐺𝐼𝐸𝑅𝐶𝐶𝐼_𝑐𝑜𝑟𝑟 =
𝑊𝑖

(𝑚𝑢𝑟𝑒𝑎 +  𝑚𝑑𝑖𝑒𝑠𝑒𝑙) ⋅ 𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙 +  𝑚𝑔𝑎𝑠 ⋅ 𝐿𝐻𝑉𝑔𝑎𝑠
       (4) 

Looking at the Figure 13, it is observed that the dual-fuel concept improves the engine 
efficiency over the whole engine map, showing an improvement equal or greater than 
3% in all the conditions in except of two conditions. As a general trend, the efficiency 
gain with RCCI increases as engine load increases, achieving efficiency improvements up 
to 7% compared to CDC at high load conditions, which confirm the clear benefits of the 
dual-fuel strategy proposed versus conventional diesel combustion.  

 

Figure 13. Corrected gross indicated efficiency difference between RCCI and CDC. The raw GIE maps 
have been corrected to account the urea injected in the exhaust system. 

4. Conclusions 

The present work has investigated the emissions and performance potential of an 
optimized duel-fuel strategy versus CDC in a medium-duty EURO VI diesel engine fueled 
with regular gasoline and diesel fuels. For this purpose, a dual-fuel strategy that changes 
as a function of the engine load has been developed and several performance and 
emissions maps have been obtained following a dedicated testing procedure.  



The dual-fuel combustion strategy proposed changes as a function of the engine load. 
At low loads, a fully premixed RCCI strategy is applied, which allows achieving ultra-low 
NOx and soot emissions simultaneously. As load increases, a highly premixed RCCI 
strategy is proposed. In this case, the injection timing of the second diesel injection is 
delayed towards TDC, which is necessary to minimize the knocking tendency. This 
strategy leads to NOx emissions below the EURO VI limit, but soot emissions are higher 
than with the previous strategy due to the richer equivalence ratios obtained at the 
autoignition. Finally, to complete the engine map between 75% and full load, a diffusive 
dual-fuel combustion strategy is applied. This is necessary to avoid the excessive 
pressure rise rates appearing during premixed combustion with high quantities of 
homogeneously mixed gasoline. In this case, NOx and soot emissions are higher than 
with the other strategies, but the emissions levels found are not dramatic. 

The analysis of the engine-out emissions of the dual-fuel concept proposed has shown 
that the low load low speed region should be optimized to minimized CO and HC 
emissions and increase the exhausts temperatures to ensure the effectiveness of the 
DOC. This work is feasible since in this portion of the map it was found a great margin of 
NOx emissions to the EURO VI limit, and therefore in-cylinder temperatures can be 
increased. The comparison versus CDC has revealed that this dual-fuel strategy has a 
great potential to reduce the NOx emissions of compression ignition engines in all the 
engine map, with a simultaneous reduction of smoke emissions in the low load region. 
Above 5 bar IMEP, the smoke emissions were found to be greater than those of the 
EURO VI diesel engine, but the majority of the engine map was fulfilled with levels below 
1 FSN. Finally, one important finding of the study is that, if the urea fuel is computed as 
additional fuel penalty, the dual-fuel concept shows indicated efficiencies greater than 
3% versus CDC in all the engine map, showing some peninsulas in which the 
improvement arrives up to 7%. 
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Abbreviations 

ASTM: American Society for Testing and Materials 

ATDC: After Top Dead Center 

CAD: Crank Angle Degree 

CA50: Crank angle at 50% mass fraction burned 

CDC: Conventional Diesel Combustion 

CO: Carbon Monoxide 

CR: Compression Ratio 

DI: Direct Injection 

DPF: Diesel Particulate Filter 

ECU: Electronic Control Unit 

EGR: Exhaust Gas Recirculation 

EVO: Exhaust Valve Open 

FSN: Filter Smoke Number 

HC: Hydro Carbons 

HCCI: Homogeneous Charge Compression Ignition 

IMEP: Indicated Mean Effective Pressure 

IVC: Intake Valve Close 

IVO: Intake Valve Open 

LTC: Low Temperature Combustion 

MCE: Multi Cylinder Engine 

OEM: Original Equipment Manufacturer 



ON: Octane Number 

PFI: Port Fuel Injection 

PPC: Partially Premixed Charge 

PRR: Pressure Rise Rate 

RCCI: Reactivity Controlled Compression Ignition 

RoHR: Rate of Heat Release 

SOC: Start of Combustion 

SCE: Single Cylinder Engine 

SCR: Selective Catalytic Reduction 


