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Abstract  

An experimental investigation was carried out with the aim to highlight the main 
benefits achievable by the implementation of an early Premixed Charge 
Compression Ignition (PCCI) diesel combustion concept, determining at the same 
time which are the constraints imposed on operating such a highly premixed 
strategy and which could be viable methods to possibly counteract them. 

At first, the potentialities of an early single-injection PCCI concept were 
evaluated on a 3.0 l, four-cylinder, four-stroke Euro VI production diesel engine 
(F1C Euro VI) provided by FPT Industrial, equipped with a short-route (high-
pressure) cooled exhaust gas recirculation (EGR) circuit, with a high-pressure 
Common Rail fuel injection system featuring solenoid injectors, and with a variable 
geometry turbine (VGT). With this engine, specifically designed to run under 
conventional diesel combustion (CDC) operations, experimental results showed 
that early PCCI operations (achieved by exploiting high levels of cooled EGR and 
retaining the control over combustion through highly advanced injection timings) 
were possible only with a very low maximum reachable brake mean effective 
pressure (bmep), around 2÷3 bar. Simultaneous engine-out soot and NOx reductions 
(of up to 99% and 95%, respectively, compared to their CDC levels) could be 
achieved, getting rid of their well-known trade-off typical of the CDC mode, but 
with several penalties associated. In this regard, the increased emission of 
incomplete combustion products (unburned hydrocarbons, HC, and carbon 
monoxide), the intense combustion noise (CN), the higher fuel consumption and 
the worse combustion stability were the most challenging. 

Then, to further investigate the early PCCI concept, enlarging its operating 
range, a modified engine (referred to as F1C PCCI), specifically designed to run 
under PCCI combustion mode, was derived from the conventional F1C Euro VI 
engine. Proper hardware modifications were designed by means of 3D CFD 
combustion simulations based on the preliminary PCCI tests carried out on the 
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which 50% of the injected fuel has burnt) has been exploited as a controlled 
parameter to implement real-time combustion control techniques. A pressure-based 
and a model-based combustion controllers, able to control in real-time the MFB50 
by properly shifting the start of injection (SOI) of the main fuel injection, have been 
developed and experimentally tested on the F1C Euro VI engine, in both steady-
state and transient conditions, under CDC mode, to prove their robustness. 
Moreover, steady-state tests have been performed under PCCI operations, 
highlighting benefits in terms of reduced cylinder-to-cylinder and cycle-to-cycle 
variability of the combustion process. 

As a further step, a preliminary assessment of the potentialities of single- and 
multiple-injection PCCI, intended to be calibrated inside a dedicated low-to-
medium load and speed portion of the engine map and combined with a 
conventional diesel combustion calibration outside of it (simulating a dual-mode 
operation strategy engine), was performed along simulated NEDC and WHTC 
cycles. The simulation exploited interpolation of steady-state map measurements in 
terms of exhaust pollutant emissions, fuel and urea consumptions, giving an 
estimation of the possible benefits/penalties compared to a reference CDC case, 
even if not intended to be an accurate evaluation of real transient operations carried 
out in real driving conditions. 

Finally, the detrimental effect of the progressive EGR cooler fouling on 
performance and emissions is presented and discussed. The increased pressure drop 
across a fouled EGR cooler results in a progressively reducing amount of EGR, thus 
revealing to be one of the major constraints to the applicability of the PCCI 
concepts.  
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Chapter 1 

1. Introduction 

1.1 Overview 

Over the past decades, the major concerns and regulations about air pollution 
and anthropogenic climate change have been driving the transport sector (as one of 
the most important contributors to these issues) towards the development of new 
technologies for clean and efficient vehicles. In fact, besides a common 
misperception in modern society is that no further developments are attainable in 
internal combustion engines (ICEs), mainly due to the overly advertised 
electrification process, research on this topic is still carried out extensively. 

For the foreseeable future (i.e., over a short-to-medium-term scenario), the ICE 
will remain the dominant technology for the vast majority of the road vehicles, 
although a gradual increase in powertrain electrification is likely to be expected 
during this period [Midttun & Witoszek, 2016]. However, a transition to a clean 
and low carbon mode of transport is necessary, over a long-term scenario. At 
present, electric vehicles (EVs), when compared to an efficient ICE on a well-to-
wheel analysis, provide few benefits in terms of CO2 mitigation (and this will be 
likely true until 2030), while predicted CO2 savings under different EV uptake 
scenarios will likely diverge between 2030 and 2050 [Hill, et al., 2019]. 
Nevertheless, this unavoidable transition process would be certainly easier as long 
as a cleaner and more efficient transport system is developed in the meantime. 

In this context, increasing interest has been put in diesel engines, due to their 
superior fuel conversion efficiency if compared to their gasoline counterparts. 
However, diesel engines tend to suffer from higher emissions of nitrogen oxides 
(NOx) and particulate matter (PM), and for this reason modern diesel vehicles are 
commercialized with complex and expensive after-treatment systems (ATS), which 
partially degrade their gain in fuel economy (since they require periodic 
regeneration strategies) and increase their costs (due to their precious metal contents 
and/or the need of catalytic reduction additives) [Ye, et al., 2012]. Therefore, a 
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deeper research and development is required to gain more insight about in-cylinder 
combustion characteristics, possibly exploiting new concepts to be applied on 
engines to accomplish the goal of reducing directly in-cylinder emissions. 

The subject of this dissertation would like to fit into this background, dealing 
with the Premixed Charge Compression Ignition (PCCI) combustion concept for 
compression ignition engines, which holds the potential to simultaneously reduce 
soot and NOx engine-out emissions, getting rid of their well-known trade-off, 
typical of the conventional diesel combustion (CDC) mode. Unfortunately, 
although a great deal of efforts has been put by engine researchers in the past years, 
PCCI remains a challenging concept towards a practical implementation in real 
vehicle applications, due to a number of issues including intense combustion noise 
(CN), combustion instability, worse fuel consumption, high unburned hydrocarbon 
(HC) and carbon monoxide emissions. 

The experimental investigation presented in this Thesis is therefore aimed at 
further investigating the viability of early, high-EGR (exhaust gas recirculation) 
PCCI concept. Additional information and adequate comprehension of the 
phenomena involved will be provided, as well as contributions to improve 
techniques and methods to suitably implement PCCI to a real diesel engine platform 
rather than to research single-cylinder engines, dealt with by a vast part of the 
literature on the topic [Doosje, et al., 2012]. Firstly, the application of an early-
PCCI concept to a 3.0-liter mass production diesel engine will highlight how far 
benefits may be achieved by using standard engine hardware and components, 
which feature a number of intrinsic challenges for PCCI, when injecting the fuel 
early [Leermakers, et al., 2011]. Then, the analysis will point out the results attained 
by introducing purposely designed engine hardware modifications (adapted to 
overcome the intrinsic PCCI limitation to low load) and introducing a proper PCCI 
calibration across the whole low-to-medium speed and load portion of the engine 
map. A focus will be held on the potentialities of the PCCI approach and on viable 
solutions to overcome its well-known drawbacks, such as real-time combustion 
control algorithms, uncooled exhaust gas recirculation strategies and split fuel 
injection patterns, while attention will be put on critical issues not sufficiently 
pointed out in the literature, such as the EGR cooler fouling mechanisms. 

1.2 Pollutant and GHG emissions background 

Air pollution and anthropogenic climate change are two of the main 
environmental threats human society has to face, over the long term.  
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injection timing [Kook, et al., 2005], hence revealing much more practical than the 
HCCI concept. 

In general, LTC regimes are reported to be highly sensitive to minor variations 
in the operating conditions [Cong, et al., 2011]. In particular, the sensitivity of the 
combustion process to the EGR level is extremely high and affects both engine 
performance and pollutant emissions. Therefore, combustion instability (arising in 
torque oscillations, up to the occurrence of misfiring events) may occur due to 
uneven EGR distribution among cycles and/or cylinders. This problem is expected 
to become even worse during fast engine dynamics, because of the different time 
constants characterizing the response of air- and fuel-paths [Carlucci, et al., 2014]. 

Finally, the large cooled EGR rates featured by PCCI modes are reported to 
increase the SOF (Soluble Organic Fraction) of the particulate matter [Hong, et al., 
2011]. Even if SOF can be potentially treated by a DOC, it may still be harmful 
since it is the main agent, together with soot particles, responsible for EGR cooler 
fouling phenomena, which consist in the progressive sticking of exhaust gas 
particles on the surface of the heat exchanger, building up an insulating layer 
[Abarham, et al., 2013]. The creation of such a layer on the walls of the EGR cooler 
degrades its heat transfer efficiency and causes a progressively increasing pressure 
drop, up to severe clogging, hindering the correct gas flow through the EGR system 
[Kim, et al., 2008]. This could be a major reliability issue when PCCI concepts are 
dealt with, since the EGR quantity is one of the most important operating 
parameters. 

1.4 Possible technologies to enable LTC operations 

To support the enablement of diesel combustion systems towards such a more 
premixed combustion mode, several technologies have been studied and need to be 
further developed, such as real-time combustion controls, dual-loop EGR systems, 
variable intake valve closing (IVC) mechanisms, advanced fuel injection systems, 
etc. [National Research Council, 2011].  

1.4.1 Real-time combustion control techniques 

The growing computational efficiency of modern engine control units (ECUs) 
is providing the chance to implement more and more complex techniques for real-
time combustion control in diesel engines. In particular, the adoption of real-time 
combustion algorithms are thought to be an almost mandatory technology to enable 
PCCI operation in real vehicles [Catania, et al., 2011; Carlucci, et al., 2014; Finesso, 
et al., 2015; Spessa, et al., 2017], since LTC combustion modes are extremely 
sensitive to the boundary conditions of their oxidation process (such as intake 
charge temperature, boost level, oxygen concentration, etc.), making the 
achievement of a stable combustion in every operating condition a tough task 
[Kimura, et al., 2002]. This issue is expected to become even more difficult during 
engine transient operations, which might lead to mismatches between fuel and air 
system setpoints, usually calibrated in steady-state at the engine test bench 
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To exploit all the benefits of both the EGR circuit configurations, achieving 
high flexibility, dual-loop EGR systems has shown outstanding potentialities. For 
example, Yan and Wang [Yan & Wang., 2009] explored the possibility of using a 
VGT and a dual-loop  EGR system to enable LTC operations. They have shown 
how such a solution may achieve a decoupled control of the in-cylinder oxygen 
amount, inert gas amount and intake gas temperature simultaneously. 

1.4.3 Variable intake valve closing (IVC) mechanisms 

Late intake valve closing (LIVC) timing may play a significant role to enhance 
LTC performance towards efficient and clean combustion. For this purpose, 
variable intake valve-closing devices, such as VVT (variable valve timing) or VVA 
(variable valve actuation), may be used to lower the in-cylinder temperatures by 
reducing the effective compression ratio by closing the intake valve later in the 
compression stroke [Nevin, et al., 2007]. Yutaka Murata et al. [Murata, et al., 2008] 
showed how a Miller-PCCI Combustion mode may be achieved by prolonging the 
ignition delay (ID) of the injected fuel through an effective compression ratio 
reduction with LIVC, while keeping the expansion ratio unchanged. 

As long as the IVC timing is delayed, the boost pressure should be raised as 
well, to keep the required intake gas flowrate into the cylinders, since cylinder gases 
tend to be expelled out of the intake valve while the piston is moving upwards from 
the BDC, due to the extended valve-open period [Zhou, et al., 2018]. Furthermore, 
due to the lower in-cylinder temperatures, it is conjectured that less EGR will be 
needed to decrease NOx and soot emissions, which may be also important to extend 
the LTC load range applicability. 

1.4.4 Advanced fuel injection systems 

Significant improvements in electronically controlled, high-pressure, 
Common-Rail fuel injection systems have contributed to accelerate the 
development of diesel-fueled PCCI combustion strategies, since mixture 
preparation for PCCI usually occurs through the direct injection of the fuel into the 
cylinder [Kimura, et al., 2001; Walter & Gatellier, 2002].  

The approach of relatively early fuel injection timings to achieve PCCI mode, 
as said, leads typically to large ID values, due to the low in-cylinder gas 
temperatures and pressures, which do not facilitate fuel vaporization. As a matter 
of fact, complete vaporization is often not possible [Kim, et al., 2008], resulting in 
impingement of liquid fuel on the cylinder liner (wall-wetting) and/or piston surface 
(piston-wetting) and leading to worsened fuel consumption, lubricant oil dilution 
and high emissions of incomplete combustion species [Boot, et al., 2010]. 

Some of the strategies to reduce fuel-wall impingement from PCCI include late 
direct injection or the use of narrow spray cone angle injectors, as long as early 
direct injections are used [Manimaran, et al., 2013]. For example, the alternative of 
using narrow spray cone angle fuel injector nozzles (i.e., less than 100-degree cone 
angle) to avoid spray-wall interaction at early injection timings was explored by 



 

13 
 

Walter and Gatellier in [Walter & Gatellier, 2002]. A narrow spray cone angle 
concept might also be exploited in conjunction with multiple injection PCCI 
patterns and smaller diameter injector holes, to limit too high liquid fuel penetration 
[Lechner, et al., 2005]. 

1.5 Practical implementation of LTC concepts 

The previous paragraph has pointed out features, benefits and challenges 
towards the implementation of HCCI/PCCI combustion modes. However, although 
several studies have been carried out on these various aspects of LTC concepts, 
only few practical implementations have been demonstrated in real engines. Some 
of them are listed hereinafter. 

The UNIform BUlky combustion System (UNIBUS) was proposed by Toyota 
[Yanagihara, 1996; Yanagihara, 2001] and involves an early injection timing 
(around 40÷50 °CA bTDC, forming a highly premixed mixture) followed by a 
delayed fuel injection after the TDC to trigger the combustion. Remarkably low 
NOx emissions and simultaneous near zero smoke have been reported. The 
UNIBUS operation technique is able to cover half the speed and load engine map 
[Hasegawa & Yanagihara, 2003], but may be ineffective as long as inappropriate 
compression ratios and/or intake temperatures are dealt with, since this strategy is 
effective only if the second trigger injection takes place far enough before auto-
ignition [Hardy & Reitz, 2006]. 

The Modulated Kinetics (MK) concept was developed by Nissan [Kimura, et 
al., 2001; Kimura, et al., 2002] and is a promising concept that relies on high EGR 
rates, increased fuel injection pressure, enhanced swirl levels and single late (i.e., 
close to or after the TDC) fuel injection event, to limit the formation of NOx and 
soot. The late injection of diesel may avoid most of the issues associated with fuel-
wall impingement [Lachaux, et al., 2008], but the relatively short ID of diesel fuel 
limits this approach only to low engine loads. Indeed, since the ID should be kept 
longer than the injection duration, in order to allow an appropriate pre-mixing 
process, an upper limit sets up on the fuel quantity deliverable at realistic rail 
pressures. Therefore, to ensure that the ID keeps longer than the injection duration, 
high rail pressures, reduced compression ratio and enhanced EGR gas cooling 
should be applied for advanced MK engines [Kawamoto, et al., 2004]. 

Narrow Angle Direct Injection (NADI) technique, developed by the Institut 
Français Du Pétrole (IFP), realizes the HCCI combustion concept by exploiting 
narrower injector spray cone angles to let the fuel being sprayed in proximity of the 
center of the piston head, preventing fuel impingement on the cylinder walls and 
consequently reducing the emissions of incomplete combustion species [Walter & 
Gatellier, 2002]. This is coupled with an amended combustion chamber (and piston 
bowl) design, suitable for the narrow-angle injection and able to enhance the 
creation of a homogeneous mixture as well as to facilitate multiple-stage injection 
strategies. However, higher load limitations are still present, thus requiring a shift 
to CDC when the engine load increases. Moreover, even if the narrow cone angles 
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the turbine, in the intake and exhaust manifold, etc.) to measure their pressure and 
temperature. Four high-frequency piezoelectric pressure transducers (Kistler 
6058A) were also fitted to the glow-plug seats of each cylinder to measure the pcyl 
time-histories, referenced on the basis of the measurement of the intake manifold 
absolute pressure provided by a high-frequency piezoresistive pressure transducer 
(Kistler 4007C). 

Table 2.1. Main technical specifications of the tested engine 

Engine type 3.0 l Euro VI 16V 
Displacement 2998 cm3 
Bore / stroke 95.8 mm / 104 mm 

Connecting rod 158 mm 
Compression ratio 17.5 
Valves per cylinder 4 

The dynamic test bed where all the experimental tests were carried out is at the 
Internal Combustion Engines Advanced Laboratory of the Politecnico di Torino. 
Its equipment includes a cradle-mounted AVL APA 100 dynamometer, an AVL 
KMA 4000 system (for continuous fuel consumption measurement), an AVL AMA 
i60 system (for the raw gaseous emissions measurement), an AVL 415S 
smokemeter (for steady-state tests) or an AVL 439 opacimeter (for transient tests). 
The AVL AMA i60 system allows the simultaneous measurement of HC, NOx/NO, 
CO/CO2 and O2 by means of two complete analyzer trains, giving the possibility to 
measure these gaseous concentrations both at the intake and the exhaust. All of the 
abovementioned measurement devices are controlled by PUMA Open 1.3.2 and 
Indicom automation systems. The CAMEO software can be used when automatic 
tests (for instance, related to DoE analysis) are required. 

2.1.2 Early single injection PCCI at low speed and low load  

A preliminary analysis of an early single injection PCCI application has been 
carried out and will be shown hereinafter. The investigation has been limited inside 
a narrow area of the F1C Euro VI engine map, bounded at low load and low-to-
medium speed (i.e., up to bmep = 2 bar and speed n = 2000 rpm). This is because 
the tested engine, designed for type-approval homologation to run under CDC 
mode, exhibited a large number of constraints when trying to achieve higher speed 
and load conditions under PCCI combustion mode (while keeping a stable, low NOx 
and low soot combustion performance). These constraints include demanding EGR 
cooling requirements, troublesome fuel injection targeting (due to early timings 
requested), too high compression ratio (CR). In particular, when the engine load 
was increased, the recirculated EGR mass flowrates became progressively hotter, 
and the EGR cooler turned out to be inadequate to cope with the increasingly higher 
cooling performance required. The larger fuel injection quantities at higher loads 
were troublesome to be faced, too. This is because the fuel spray targeting angle 
from the injectors was not optimized for early-PCCI injection timings. This 
contributed to incomplete exploitation of all the in-cylinder oxygen present in the 
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(a) SOI = 16 °CA bTDC 

 

(b) SOI = 24 °CA bTDC 

 

(c) SOI = 30 °CA bTDC 

 
Figure 2.5. In-cylinder pressure and HRR traces for different XEGR values. (a) SOI = 16 °CA bTDC;  

(b) SOI = 24 °CA bTDC; (c) SOI = 30 °CA bTDC .  
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The LTHR curve observation is mainly related to the fuel and to the engine 
operating conditions. In general, fuels with lower octane numbers (like n-heptane, 
diesel and dimethyl ether) tend to display two-stage ignition processes, whereas 
fuels with higher octane numbers (like ethanol or iso-octane) typically display 
single-stage ignition processes [Saxena & Beyoda, 2013]. In the low temperature 
oxidation reactions, alkyl radicals R add to molecular oxygen to produce 
alkylperoxy radicals RO2, which initiate a series of elementary reactions that lead 
ultimately to chain branching. A small amount of heat release is generated, at 
temperatures below about 900 K. As the reaction temperature increases above  
about 900 K (cf. Figure 2.6), the RO2 thermally decomposes, shutting off the low-
temperature chain branching reaction path and reducing the overall reaction rate 
[Curran, et al., 1998].  

 
Figure 2.6. Mean in-cylinder temperature and HRR traces for similar XEGR values (65%), at SOI = 16 °CA 

bTDC, 24 °CA bTDC and 30 °CA bTDC. 
After the LTHR, the NTC regime develops, and lasts until further increases in 

pressure and temperature conditions lead to the high-temperature chain branching 
reaction path. The duration of NTC is not constant: Figures 2.5 and 2.6Figure 2.5 
show how it enlarges when advancing the fuel injection timing from 16 °bTDC to 
30 °bTDC or when increasing XEGR. As a matter of fact, either advancing the SOI 
or increasing the EGR rate brings to lower in-cylinder pressure  and  cool  flame  
temperature, and this agrees with what found in [Dae & Chang, 2005], which 
pointed out that the duration of the NTC period enlarges when in-cylinder pressure  
and  cool  flame  temperature  are decreased, because this slows down the onset of 
the hot flame region. Moreover, different concentrations of formaldehyde (HCHO), 
one of the typical intermediate products out of low-temperature oxidation of 
hydrocarbon fuels, up to the following high-temperature ignition, may have 
opposite effects at different in-cylinder temperatures. In particular, experiments 
shown in [Kuwahara, et al., 2005] demonstrated how, when LTHR begins at 
temperatures above 900 K (it is the case of SOI = 16 °CA bTDC, in Figure 2.6), 
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Table 2.4. PCCI optimization parameters, at 1800×1. 

Point Exh. flap SOI Rail pressure Minimization Constraints 
 [%] [°CA bTDC] [bar] parameters (-) 

Opt #1 95.0 30 700 NOx none 

Opt #2 95.0 18 600 NOx 
bsfc < 425 g/kWh 
CO < 20 g/kWh 
HC < 2.0 g/kWh 

Opt #3 94.6 18 500 bsfc 
NOx < 0.6 g/kWh 
CO < 15 g/kWh 
HC < 1.7 g/kWh 

Opt #4 95.0 20 500 
NOx 
bsfc 

Soot < 0.02 g/kWh 
CO < 20 g/kWh 
HC < 2.0 g/kWh 

 

Figure 2.10. NOx (a) and soot (b): comparison between the baseline and the optimized PCCI calibrations. 

Figures 2.10-2.12 show a comparison of the main outcomes between the baseline 
engine calibration (featuring a CDC mode) and the four different optimizations 
featuring the early single injection PCCI mode. The first and second optimizations 
(Opt #1 and Opt #2), reported in Table 2.4, have the goal to minimize NOx 
emissions, which are reduced of more than 90% with respect to the baseline  engine 
calibration (cf. Figure 10(a)). In particular, Opt #1 gives the  greatest reduction of 
NOx (-95%) and a nearly smokeless combustion, setting a very advanced fuel 
injection timing (30° bTDC) in combination with the highest EGR rate (more than 
60%), but without imposing any constraint on other outcomes. Thus, CO and HC 
emissions increase of 920% and 240%, respectively, while bsfc increases of more 
than 13% of the reference.         

To limit the excessive fuel consumption and emission of engine-out incomplete 
combustion species, Opt #2 tried to minimize NOx while setting proper constraints 
on bsfc, CO and HC (cf. last column of Table 2.4). The result is a slightly lower 
benefit as regards NOx (-91%, against the -95% of Opt #1) and soot (-88%, against 
the -99% of Opt #1) abatement, compensated by valuable drop in CO (from +920% 
to +400%) and HC (from +240% to +45%) emissions as well as in bsfc (from 
+13.9% to +10.9%). Unfortunately, these penalties, especially those related to fuel 
consumption (higher than 10% of the baseline CDC value), still represent an issue.  
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Figure 2.11. CO (a) and HC (b): comparison between the baseline and the optimized PCCI calibrations.  

Therefore, the third optimization has been computed in order to minimize the 
bsfc (with proper constraints on NOx, CO and HC) and results to be probably the 
best trade-off achieved for the tested conditions: in this case it is possible to reduce 
NOx emissions of 89% and soot of 88%, while the bsfc penalty is lower than 10%, 
the increase in CO is contained to around 3 times the baseline CDC values and the 
HC emissions are only +39% higher.  

Finally, the fourth model-based optimization point has the aim to minimize 
simultaneously NOx emissions and bsfc, while limiting CO, HC and soot emissions 
to constrained levels. As a matter of fact, no particular convenience seems to be 
brought by this multi-objective optimization, if compared to Opt #3. 

 
Figure 2.12. bsfc (a) and CN (b): comparison between the baseline and the optimized PCCI calibrations. 

In all the tested optimizations, the CN is considerably higher than in the 
reference CDC condition, with an increase ranging between 11.6 and 12.5 dBA (cf. 
Figure 2.12(b)). This is in part due to the fact that the PCCI tests have been 
performed with a single fuel injection strategy, while the Euro VI calibration 
features a double-pilot injection strategy in the considered engine operating point. 
Moreover, the considerably advanced injection pattern (and consequently, 
combustion event) and the high premixed degree have all to be accounted for as 
additional causes for the deteriorated CN levels. 
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PCCI strategy on the F1C PCCI, at the same engine operating point previously 
considered, i.e. 1800×1.  

In this case, in addition to SOI, EGR rate and rail pressure, also the VGT rack 
position was considered as an input factor for the statistical models. In fact, 
progressively closing the vanes of this smaller VGT, at such a low speed and load 
engine operating point, led to small increase in boost pressure but appreciable 
backpressure rise, thus significantly influencing the amount of EGR which comes 
back to the intake. As output responses for the models, engine-out brake specific 
emissions (NOx, soot, HC and CO), bsfc and CN were selected.  

Once built the response models, they were used to generate the optimal PCCI 
calibration at 1800×1. As previously done, four different optimizations have been 
obtained, with the main focus set on the minimization of the NOx emissions and/or 
of the bsfc, meanwhile setting some upper boundaries to other output parameters. 
Details on the settings used for the various optimizations are reported in Table 3.2. 

Table 3.2. PCCI optimization parameters, at 1800×1 (F1C PCCI). 

Point Exh. flap SOI VGT pos. Rail p. Minimization Constraints 
 [%] [°CA bTDC] [%] [bar] parameters (-) 

Opt #1 80.6 18 25.0 600 NOx none 

Opt #2 75.2 20 25.0 500 NOx 
bsfc < 425 g/kWh 
CO < 45 g/kWh 
HC < 6.0 g/kWh 

Opt #3 74.5 19 35.1 500 bsfc 
NOx < 0.8 g/kWh 
CO < 40 g/kWh 
HC < 5.5 g/kWh 

Opt #4 75.7 20 44.9 510 
NOx 
bsfc 

Soot < 0.01 g/kWh 
CO < 40 g/kWh 
HC < 6.0 g/kWh 

Figures 3.2-3.5 show a comparison of the main outcomes between the baseline 
engine calibration on the standard F1C Euro VI (featuring the CDC mode) and the 
four different optimizations featuring the early single injection PCCI mode, one for 
each engine configuration (standard F1C Euro VI and optimized F1C PCCI). 

NOx emissions are always reduced of more than 86% with respect to the baseline 
CDC engine calibration for all the considered optimizations, but they do not seem 
to be appreciably influenced by the different CR values between the two engine 
versions, likely being mainly dependent on the EGR rate (cf. Figure 3.2(a)). This is 
also in line with the outcomes presented in [Laguitton, et al., 2007] and [Beatrice, 
et al., 2009]. 
  



 

34 
 

             (a)                                                           (b)                                                     

 
Figure 3.2. NOx (a) and soot (b): comparison between the baseline CDC and the optimized PCCI calibrations 

for the two engine configurations (F1C Euro VI and F1C PCCI). 

As far as soot emissions are concerned (cf. Figure 3.2(b)), all the optimizations 
achieved with the F1C PCCI bring to massive reductions, not less than 97%. A 
slightly lower soot reduction is observable for the PCCI optimizations in the 
standard F1C Euro VI: in those conditions a little amount of soot is formed during 
combustion, but the in-cylinder temperatures are too low to promote its post-
combustion oxidation. In the case of the F1C PCCI, it is possible that the enhanced 
mixing associated with the reduced CR is able to further suppress soot formation 
mechanisms, eliminating the need for high thermal levels for the post-combustion 
oxidation process. 
                  (a)                                                           (b)                                                     

 
Figure 3.3. CO (a) and HC (b): comparison between the baseline CDC and the optimized PCCI calibrations 

for the two engine configurations (F1C Euro VI and F1C PCCI). 

 If reference is made to Figure 3.3, there is a negative impact of the reduced 
CR, and this is linked to CO and HC engine-out emissions: all the PCCI 
optimizations achieved with the F1C PCCI give CO and HC levels nearly or more 
than doubled if compared to what obtained with the F1C Euro VI.  Besides the 
general increase in incomplete combustion species due to the adoption of the early 
PCCI strategy, compared to the baseline HC and CO levels of the CDC calibration, 
the further increase in CO and HC emissions due to the reduced CR follows a 
similar reasoning as for soot. The lower CR causes reduced temperature and 
pressure conditions at the start of injection and an increased penetration of the liquid 
fuel spray into the combustion chamber. This leads to excessive fuel dilution with 
































































































































































































































































