
Large-bore engines are widely used in ships 
and large power plants due to their high 
efficiency. However, strict legislation 
required the development of methods for 
achieving low exhaust harmful emissions. 
This experimental research analysed 
different in-cylinder measures for reducing 
nitrogen oxides in the exhaust gases, 
running with a large-bore medium-speed 
diesel engine. The engine was a single-
cylinder engine, able to withstand very high 
in-cylinder pressure. 
The Miller cycle, which is a proven concept 
for reduction of nitrogen oxides, was a 
technique broadly investigated. Since 
applying the Miller cycle presented some 
limitations, different injection strategies 
and fuels were combined to extend the 
potential in emission reduction. The results 
showed that a unique tool in all the engine 
load spectrum could not be found. An 
accurate evaluation of the engine 
requirements must be done to find the most 
successful strategy. 
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Abstract 
This experimental research studied different technologies for reducing nitrogen oxides (NOx) 
in the exhaust gases, running with a large-bore medium-speed diesel research engine. NOx 
mainly form during combustion in local high temperature zones. This study considered 
primary methods, avoiding high combustion temperatures. In particular, the Miller cycle, 
which is a proven concept for NOx reduction, was deeply studied. This technology was applied 
by closing early the intake valves to create a first gas expansion before the compression stroke, 
thus reducing the effective compression ratio. 
At high load, a detailed analysis of the mixing-controlled combustion, which constitutes the 
most influent part of the combustion process, was carried out, reaching in-cylinder pressure of 
300 bar. Same NOx level and no soot were achieved increasing the output power, while keeping 
the same fuel injection pressure. 
At partial load, a more extensive study of different Miller rates was performed. An advanced 
Miller rate resulted in NOx reduction up to 55%. Since the Miller cycle presented some 
limitations, other techniques were implemented together with the Miller cycle. First, a split 
injection strategy was tested with low fuel injection pressure. Then, a paraffinic fuel, 
hydrotreated vegetable oil (HVO), was tested, while keeping lower oxygen content in the 
combustion chamber, obtained by retaining a part of the exhaust gases. 
The results of the experiments with split injection showed that it was difficult to decrease 
further NOx emissions compared to the values obtained with the Miller cycle alone, but specific 
fuel consumption decreased when a small pilot injection was used. However, a later injection 
timing could be used to obtain lower NOx values with a small drawback in fuel consumption. 
HVO's ignitability allowed running with very advanced Miller cycle and low oxygen content. 
It was possible to obtain low NOx figures, but a certain increase of specific fuel consumption  
took place. 
This thesis showed that a unique tool for obtaining a significant NOx reduction without 
drawbacks in the whole engine load spectrum could not be found. Due to lower combustion 
temperatures, a higher specific fuel consumption was a common downside. 
Optimization of injection strategy, use of alternative fuels and dilution with inert mass are 
valuable tools to implement for achieving low engine-out NOx in large-bore engines. However, 
the investment costs the possible drawbacks must be accurately evaluated in each case.  
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Tiivistelmä 
Tämän väitöstutkimuksen tavoitteena oli vertailla erilaisia tekniikkoja typen oksidien (NOx) 
vähentämiseksi isossa keskinopeassa tutkimusmoottorissa. Pääsääntöisesti NOx-päästö 
muodostuu paikallisen korkean lämpötilan alueilla ja tässä tutkimuksessa hyödynnettiin 
menetelmiä korkeiden palamislämpötilojen välttämiseksi. Erityisesti tutkittiin eri 
sovelluksien niin kutsuttu Miller-työkiertoa, joka on tunnettu tekniikka NOx-päästön 
vähentämiseksi. Tämä toteutettiin aikaisella imuventtiilien sulkemisella tehollisen 
puristussuhteen pienemiseksi. 
Täydellä kuormalla saavutettiin erittäin korkea sylinteripaine (300bar) ja palamisprosessi oli 
näissä olosuhteissa lähes täysin sekoituksen. Moottorin tehoa pystytiin nostamaan 
merkittävästi korkeamman sylinteripaineen ansiosta ja Miller ajoitusta käyttämällä NOx 
päästöt eivät nousseet normaali tehoon nähden. Korkean kuorman testeissä hiukkaspäästöt 
olivat erittäin alhaiset. 
Osakuormalla tehtiin laajempi Miller-työkierto parametritutkimus. Aikaisella Miller-
ajoituksella NOx:n vähentäminen oli jopa 55%. Miller-ajoitus asetti joitakin käyttörajoituksia 
alhaisilla kuormilla, ja siksi Miller-ajoituksen rinnalla hyödynnettiin myös muita tekniikoita. 
Jaksotettua polttoaineen ruiskutusta tutkittiin alhaisella polttoaineen ruiskutuspaineella, 
koska sen on todettu alentavan paineen nousun jyrkkyyttä nopeakäyntisissä moottoreissa. 
Miller-työkiertoa tutkittiin myös käyttämällä parafiinistä uusiutuvaa korkean setaaniluvun 
dieselpolttoainetta (vetykäsitelty kasviöljy, HVO) ja alentamalla moottorin täytöksen 
ilmakerrointa. 
Jaksotettu ruiskutus ei laskenut NOx–päästöjä merkittävästi käytettäessä Miller-ajoitusta 
alhaisella kuormalla, mutta moottorin polttoaineen kulutus laski jaksotetulla ruiskutuksella. 
HVO:n parempi syttyvyys (korkea setaaniluku) mahdollisti voimakkaamman Miller-ajoituksen 
ja alhaisella happipitoisuuden palotilassa. HVO:lla oli mahdollista saada alhaisia NOx arvoja, 
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Tämä väitöstutkimus osoitti se, että yksi menetelmä ei tarjoa ratkaisua NOx päästöjen 
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kuormapisteissä moottorin polttoaineen kulutus kasvoi samalla. Miller-työkierto, 
ruiskutuksen strategian optimointi, vaihtoehtoisten polttoaineiden käyttö ja pakokaasujen 
takaisin kierrätys ovat hyviä välineitä alhaisten NOx:n päästöjen saavuttamiseksi 
laivamoottoreissa. 
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1. Introduction 

Due to their high power density and efficiency, large-bore engines have been 
widely used in ships and big power plants even though they produce high 
amounts of harmful emissions. Since 2016, a new regulation has come into 
effect, and emission limits have been considerably reduced, especially for NOx 
and sulphur oxides (SOx). These pollutants create a wide variety of health and 
environmental impacts, like acid rains. Human health concerns include effects 
on breathing and on the respiratory system or damage to lung tissue. 

Research has developed several methods for achieving low NOx emissions. 
These can be classified into primary methods, where pollutants are controlled 
during combustion, and secondary methods, where exhaust gases are treated 
via devices external to the engine. Primary methods are usually less expensive 
but require accurate study and optimization of the engine parameters. Contro-
versially, initial investments and eventual maintenance costs are higher for 
secondary methods but the engine setup can be optimized for achieving higher 
thermal efficiency and sufficient conditions for proper operation of the exter-
nal components. 

The scope of this thesis is to show some possibilities for achieving high NOx 
reduction in a large-bore medium-speed diesel research engine, while investi-
gating different primary technologies, principally the Miller cycle. In large-
bore engines, the Miller cycle is a proven concept for NOx reduction and im-
provement of engine performance, but it requires some construction modifica-
tions of the engine system, such as a more efficient turbocharger. (Al-Sarkhi et 
al. 2006, Millo et al. 2010, Zannis et al. 2015) 

This thesis offers new methods for NOx reduction in large-bore engines. 
Some applications of the Miller cycle are analysed and several experimental 
results are discussed in the five scientific articles of which this thesis consists 
of. Chapter 2 provides a general description of diesel combustion and emission 
formation. In Chapter 3, the principle of the Miller cycle is described, and it is 
shown how to implement it with other technologies. In Chapter 4, some alter-
native fuels and the state-of-the-art of their usage are exposed. The final chap-
ter of this thesis explains the experimental equipment and the research meth-
ods to the reader for a better understanding and interpretation of the results. 
The main achievement in each publication are also presented. 

The whole research was experimental, and it was carried out at Aalto Univer-
sity’s Department of Mechanical Engineering. 
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2. Compression-Ignition Engines 

The compression-ignition (CI) engine concept was patented by Rudolf Diesel 
in 1892. Since then, technology has continuously developed and nowadays CI 
engine applications can be found from small automobiles to large-bore marine 
application and stationary power plants. (Majewski & Chair 2006) 

In CI engines, air is inducted into the engine without a throttle valve, and 
fuel is generally injected directly into the cylinder. Load control is thus 
achieved by varying the amount of fuel injected during each engine cycle. The 
fuel system consists of an injection pump, delivery pipes and injector nozzles. 
Nowadays, control of delivered fuel amount, fuel rate and the number of injec-
tions per cycle is realized by the electronic control units.   

2.1 Diesel Combustion 

The CI direct injection (DI) engine operates with a heterogeneous charge of 
previously compressed air and a fine spray of liquid fuel. Generally, the fuel is 
usually injected near the top-dead centre (TDC), when in-cylinder charge has 
high pressure, density and temperature. Eventually, the self-ignition proper-
ties of fuel cause combustion to be initiated from small ignition cores. Diesel 
combustion control is based on the mixing rate between air and fuel. (Hey-
wood 1988, Challen & Baranescu 2009) 

 

 
Figure 1. A schematic of cumulative fuel injection and rate of combustion in a 
DI diesel engine. (Challen 2009) 
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Diesel combustion process can be divided into four stages: ignition delay 

(ID), premixed combustion, diffusion (or mixing-controlled) combustion and 
tail of combustion (Figure 1). 

ID is defined as the time between the start of injection (SOI) and the start of 
combustion (SOC). During this phase, evaporation of liquid fuel absorbs part 
of the heat from in-cylinder charge air and changes into droplets and vapour 
turning with air, into a combustible mixture. During this phase, greatly af-
fected by the injection settings and in-cylinder conditions, fuel undergoes pre-
flame chemical reactions, producing the chemical species necessary for spon-
taneous ignition. (Heywood 1988, Challen & Baranescu 2009) 

When the mixture reaches ignition conditions, the rate of combustion and 
heat release rate (HRR) increase rapidly. This can lead to high local in-cylinder 
temperature and possibly undesired exhaust gas emissions. This phase lasts 
for a duration of a few crank angles (CA°) and it ends when the premixed pre-
pared fuel has burnt out. (Heywood 1988, Challen & Baranescu 2009) 

The next phase, referred to as mixing-controlled combustion or diffusion 
combustion, takes place at a local air-fuel ratio that is nearly stoichiometric. 
The burning rate is quite high because of the high turbulence level generated 
by the fuel spray momentum. This stage is typically dominant in diesel com-
bustion, and it can be characterized by a second peak in the HRR curve, 
around the end of injection (EOI). (Heywood 1988, Challen & Baranescu 
2009) 

After EOI, in the last part of combustion, called late combustion or tail of 
combustion, the burning rate decreases considerably due to low fuel availabil-
ity and turbulence decay in the combustion chamber. This phase is mainly 
controlled by chemical kinetics, and it is crucial in engine-out emission forma-
tion process: the amount of unburnt matter and soot depend significantly on 
this phase. (Heywood 1988, Challen & Baranescu 2009) 

2.2 Combustion in Large-Bore Engines 

Large-bore engines are characterized by relatively low operating engine speed. 
This study focuses on large-bore medium-speed engines, whose rotational 
speed is 600-1000 rpm. Because of high fuel amount employed per cycle, there 
are a number of injection holes the size of which is large to avoid overly ex-
tended injection duration. These engines usually run with excess air ratio (λ) 
higher than two to complete the combustion of the injected fuel. The time 
available for air-fuel mixing is long and a quiescent combustion chamber type 
is used. The cylinder head is typically flat and the piston top has an appropri-
ate shape to avoid spray impingement and to yield a high engine compression 
ratio. Because of the design of the components, the swirl motion is usually 
negligible in the combustion chamber. (Challen & Baranescu 2009, Antila et 
al. 2010)  

Typically, in-cylinder peak pressure of 220 bar with maximum in-cylinder 
temperature over 2700 K can be attained. An example of in-cylinder pressure 
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crease the engine specific power. Hence, the components of the combustion 
chamber must withstand high pressures and cylinder cooling power must be 
increased to avoid overheating.  

High in-cylinder values affect the fuel spray formation after injection. In par-
ticular, it has been shown that high environment density reduces the penetra-
tion of the spray and slightly increases the spray angle. In addition, the spray-
induced volume depends significantly on the elapsed time: simulations show 
that the induced volume is larger with high density at a short time after injec-
tion, whilst long spray penetration results in a larger volume of spray in a 
lower density environment. Hence, with short ID, high in-cylinder density 
might result in a less homogenous air-fuel mixing process that can affect the 
combustion process and engine performance. (Naber & Siebers 1996, Kaario et 
al. 2013) 

Adjusting the injection parameters can help in improving spray penetration. 
For instance, high fuel pressure and, consequently, high spray momentum 
result in a high turbulence level that enhances air-fuel mixing. Hence, the fuel 
burns faster and increases the maximum value of in-cylinder pressure. In ad-
dition, considering the same fuel injected mass, HRR reaches higher values 
and the whole combustion process is shorter. (Stiesch 2003, Publication 1)  

 

 
Figure 3. Influence of the injection pressure on the combustion profile with 
different in-cylinder density. HRR: heat release rate. (Publication 1) 
 

High fuel pressure can remarkably improve the engine performance. It was 
shown that running a large-bore engine with constant fuel mass per cycle, spe-
cific fuel consumption was improved by increasing the injection pressure up to 
2400 bar. This was due to a shorter combustion duration, with an increase of 
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the mixing-controlled combustion peak and thus a reduction of the tail of 
combustion fraction (Figure 3). (Engelmayer et al. 2015, Publication 1) 

2.4 Emission Formation and Regulation 

In diesel engines, fuel is injected directly in the combustion chamber, into an 
environment of high-temperature and compressed air. Hence, diesel combus-
tion is heterogeneous in nature. Emissions formation depends mainly on the 
prevailing conditions during combustion process and during the expansion, 
prior to the exhaust valve opening. Mixture preparation during the ID, resi-
dence time at different combustion temperatures, expansion duration, and 
general engine design features play a very important role in emission forma-
tion. (Majewski & Khair 2006) 

Pollutant formation is thus a consequence of a complex series of chemical 
reactions, reaction rates and heat transfer processes. The quality and the quan-
tity of emission pollutants change during premixed combustion and mixing-
controlled (or diffusion) combustion.  

2.4.1 Nitrogen oxides 

In diesel engines, NOx constitute mainly nitric oxide (NO) and nitrogen diox-
ide (NO2). In standard diesel combustion, NO constitutes 70-90% of the total 
NOx amount, while the remainder is NO2. NOx cause a wide variety of health 
and environmental impacts. Human health concerns include effects on breath-
ing and the respiratory system or damage to lung tissue. Environment issues 
indicate NOx as major contributor of photochemical smog and ozone in the 
troposphere. (Warnatz et al. 1999)  

In diesel engines, NOx formation can be characterized in time and space, 
relevantly as temperature exceeds 1800 K. In many investigations, in-cylinder 
gas samples were taken during different combustion instants and from several 
points of the combustion chamber. It was concluded that most of NOx is 
formed during diffusion combustion rather than during premixed combustion. 
(Aoyagi et al. 1980, Donahue et al. 1994, Arcoumanis & Kamamoto 2009, Kil-
pinen 2010)  

It is accepted that NOx formation is governed by the following processes: 
 Thermal NO 
 Prompt NO 
 Fuel NO 
 N2O mechanism 

Thermal NO is the main source of engine-out NO in diesel engines (80-95%) 
and requires high temperature to be initiated. To characterize thermal NO, the 
extended Zeldovich mechanism is commonly used. This consists of three reac-
tions: ↔                              2.1  ↔                               2.2   ↔                             2.3  
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The rate constants k1, k2 and k3 have exponential temperature-dependence. 

In particular, the activation energy of k1 is considerably higher than the other 
two, due to the triple bond of N2-molecule. Hence, the first reaction (equation 
2.1) represents the limiting factor of the mechanism, and it can be initiated 
only in the combustion zones at high temperatures (above 1800 K). The sec-
ond (equation 2.2) and third reaction (equation 2.3), which require lower acti-
vation energy, are fast in forward direction but relatively slow in backward 
direction. As a consequence, the N atoms, which are produced in the first reac-
tion, are oxidised rapidly to NO, but not vice versa. (Miller et al. 1998, Warnatz 
et al. 1999) 

Prompt NO (or Fenimore-NO) mechanism occurs at relatively low tempera-
ture (ca. 1000 K) and involves hydrocarbon (HC) radicals. Prompt NO is a 
more complex mechanism than thermal NO, because the radical HC is formed 
as an intermediate species at the flame front. The HC reacts with nitrogen and 
forms hydrocyanic acid (HCN), and eventually NO. (Warnatz et al. 1999) 

Fuel NO mechanism takes place whenever fuel has any nitrogen content. It is 
mainly observed in coal combustion. On the other hand, diesel fuel has typi-
cally no nitrogen content, thus this mechanism is not relevant in NO engine-
out emissions. (Warnatz et al. 1999) 

The N2O mechanism is analogous to thermal NO and it involves N2-
molecule, oxygen atom and a third molecule. N2O can react with oxygen form-
ing NO. This mechanism takes place in a low temperature environment with 
high pressure, when lean conditions can suppress the formation of HC and low 
temperature inhibits the Zeldovich mechanism initiation. This mechanism is 
important in gas turbine engines, but not extremely relevant in diesel engine 
applications. (Warnatz et al. 1999) 

In diesel engines, pressure and temperature generally increase during com-
bustion. As a result, post-flame gases present yet favourable conditions for 
thermal NO formation. For this reason, techniques for NOx reduction tend to 
diminish combustion temperature or, alternatively, the availability of oxygen 
in the combustion chamber. Since the legislation in many countries is very 
restrictive, after-treatment techniques are also becoming of increasing interest 
for NOx reduction and mandatory to fulfill the legislation requirements. In 
particular, selective catalytic reduction (SCR) is the most efficient method for 
ships (up to 90-95% of reduction). In this method, the exhaust gas tempera-
ture is maintained above 300 C and is mixed with water solution of urea and 
then passed through catalytic reactor. The main disadvantages of SCR are its 
expansive installation and high operating cost. (Heywood 1988, Majewski & 
Khair 2006) 

2.4.2 Soot  

Soot is composed of carbonaceous solid matter similar to carbon black. It is 
formed from heavy hydrocarbons in the gas phase, in regions with a low oxy-
gen content. High soot concentration can be visually identified by black smoke 
coming from the exhaust pipe. Since soot may be carcinogenic, social and en-
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vironmental pressures are leading to design of nearly smoke-free engines. (van 
Basshuysen & Schäfer 2004, Majewski & Khair 2006) 

In diesel engines, soot is formed during diffusion combustion because of the 
heterogeneous air-fuel mixture. The amount of soot in exhaust gases is quite 
remarkable when combustion is of poor quality or incomplete. This is usually 
indicated also by a high HC concentration. 

 
Figure 4. Local Φ −T map representation of the effects of NOx and soot for-
mation, NO: nitric oxide. (Akihama et al. 2001) 
 

Figure 4 shows a well-known chart, which represents soot and NOx forma-
tion as local fuel-air equivalence ratio Φ and local combustion temperature. 
Soot formation is relevant in a temperature range between 1600 and 2600 K 
for rich mixtures (Φ>2). (Akihama et al. 2001) 

Figure 5 shows a schematic of the combusting fuel jet. Generally, the chemis-
try of a premixed fuel-rich mixture initiates soot formation. Although the 
whole mechanism is very complex, two major processes characterize soot in 
different regions of the fuel spray. In the first process, soot goes through a two-
stage oxidation process. At the initial stage, it is formed in the fuel-rich pre-
mixed combustion zone downstream the liquid spray region. Then, the prod-
ucts of this fuel-rich combustion are oxidized in the diffusion flame in the 
spray plume periphery. The second mechanism involves fuel-rich premixed 
combustion zones. In an environment of high-temperature fuel-rich combus-
tion, soot particles are enlarged by surface-growth and agglomerate in irregu-
lar clusters or chains towards the end of the plume. (Dec 1997, van Basshuysen 
& Schäfer 2004) 

In-cylinder peak values for soot are much higher than engine-out emissions: 
90% of soot is oxidized within the cylinder. The main strategies to eliminate 
soot aim to increase the mixing rate or reduce fuel droplet size. High mixing 
rate can be achieved by developing a suitable fuel injection system and opti-
mizing the shape of the combustion chamber. Moreover, small droplets evapo-
rate faster and mix easier with in-cylinder air. Hence, smaller injection holes 
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and higher fuel pressure promote complete fuel combustion, reducing engine-
out measured soot. (Challen & Baranescu 2009) 

 

 
Figure 5. Schematic of a diesel fuel spray illustrating the combustion proc-
esses. NO: nitric oxide. (Dec 1997) 

2.4.3 Unburnt Hydrocarbons 

In diesel engines, unburnt hydrocarbon (UHC) or total hydrocarbon (THC) 
emissions consist of gaseous fuel that is completely or partially unburnt. Dif-
ferent organic compounds in the exhaust pipe - such as formaldehyde, ben-
zene, toluene, xylene and other aromatics – can be measured. Since diesel 
combustion is heterogeneous, UHC result from problems in local air and fuel 
mixing rather than the overall air-fuel ratio. (Warnatz et al. 1999, Challen & 
Baranescu 2009) 

Although UHC formation in diesel combustion is a complex phenomenon, it 
can be characterized by two primary mechanisms. The first of these mecha-
nisms occur in over-lean local mixture, during the ID period. Some of the in-
jected fuel mixes with an excessive amount of air, not reaching ignition condi-
tions. The second major source of UHC formation is under-mixed fuel. After 
EOI, needle bouncing may cause a second injection, and the fuel trapped in the 
nozzle tip sac and holes enters the combustion chamber. Fuel evaporation and 
effective mixing with air can be difficult, because of low fuel momentum and 
the rapid expansion of the in-cylinder gas. Therefore, some of it can reach 
colder regions of the cylinder, like the crevices, where it is more difficult to 
reach the combustible limit. Eventually, this fuel vapour leaves the combustion 
chamber unburnt or partially burnt. (Challen & Baranescu 2009) 

In diesel engines, UHC emissions are within 20-300 ppm and their forma-
tion can be decreased by optimizing the design of the injection components 
(e.g. small sac volume), minimizing the volume of the cylinder crevices and 
avoiding wall impingement of the fuel spray. (Majewski & Khair 2006, Challen 
& Baranescu 2009) 
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2.4.4 Carbon Monoxide 

Carbon monoxide (CO) is an intermediate combustion product. In efficient 
combustion, CO must be oxidised into carbon dioxide (CO2). CO is odourless 
and colourless, and it is a very toxic gas. In addition, CO can be flammable in 
high concentrations, burning with a bright blue flame. (Majewski & Khair 
2006) 

CO is a consequence of incomplete combustion in locally fuel-rich zones of 
the cylinder when oxygen for further oxidation is lacking. In these conditions, 
CO can only react with OH and is oxidized into carbon dioxide (CO2). How-
ever, OH concentration decreases rapidly as gas temperature decreases –i.e. 
during expansion-, resulting in poor CO oxidation rate. (Warnatz et al. 1999, 
Challen & Baranescu 2009) 

In modern diesel engines, CO concentration is relatively low, varying ap-
proximately in the range 10-500 ppm. As diesel engine operates with an over-
all lean mixture, CO engine-out emissions are generally well below legislated 
limits and do not represent a great concern. (Challen & Baranescu 2009) 

2.4.5 Sulphur Oxides 

Sulphur dioxide (SO2) and sulphur trioxide (SO3) are classified generally as 
SOx. SO2 is a colourless gas with an irritating odour. SOx increase the acidity of 
the soil and have detrimental effects on human respiration, vegetation and 
building material. In addition, SOx are exceedingly corrosive, forming sul-
phuric and sulphurous acid as they react with water vapour at a high tempera-
ture. This must be avoided by an accurate control of the temperature of the 
cylinder components. (Meier-Peter & Bernhardt 2009, Woodward 2009) 

Sulphur content in fuel and lubrication oil is mainly responsible for SOx, 
formed during combustion. When their content analysis and consumption are 
known, the amount of engine-out SOx can be calculated quite accurately.  

Exhaust gas scrubber technology has the most efficient methods for elimi-
nating SOx. Exhaust gas from the engine is passed through a scrubber tower. 
Fresh water blended with caustic soda (NaOH) is used as a scrubbing liquid.  It 
decreases the amount of SOx up to 95%. The scrubbing water is then sent to a 
water treatment effluent emulsion plant. 

2.4.6 Emission Legislation  

As seen in the previous chapters, harmful emissions are commonly formed 
during diesel combustion. In 1997, the International Maritime Organization 
(IMO) adopted Annex VI of MARPOL 73/78 for the regulation of air pollution 
from ships. IMO Tier I came into effect in January 2000, Tier II in 2011 and 
Tier III, the most stringent regulation, came into effect in January 2016. Tier 
III has admittance values, which are 80% lower than Tier I limits in the emis-
sion control areas (ECAs). These areas include the Baltic Sea, the North Sea 
and most of North American coasts. Annex VI was ratified in 2005 by 15 
member states, representing 50% of the world’s tonnage. In particular, Rules 
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13 and 14 specify limits for NOx and SOx. (International Standard 1996, Meier-
Peter & Bernhardt 2009) 

 
Figure 6: MARPOL Annex VI NOx emission limits 
 

Emission limits for NOx, explained in Rule 13, are represented in Figure 6. 
The three stages of emission limits apply for engines with higher than 130 kW 
maximum full-load power. The NOx limit is calculated with weighted factors of 
a test cycle as a function of rated load and speed. These factors change along 
the engine application (generator drive, propeller drive, auxiliary drive) and 
are higher for mid-high-rated power. In particular, at a constant engine speed, 
two test cycles, shown in Table 1, are adopted: test cycle D2 for generator 
drives with predominantly variable workload and test cycle E2 for engines 
driving propellers, including the variable-pitch propeller. (Meier-Peter & 
Bernhardt 2009) 

 
Table 1. Weighting factors of the IMO test cycles with constant engine speed. 
(Meier-Peter & Bernhardt 2009) 
Test cycle 
D2 

Engine load (%) 100 75 50 25 10 
Weighting  0.05 0.25 0.3 0.3 0.1 

Test cycle 
E2 

Engine load (%) 100 75 50 25  
Weighting  0.2 0.5 0.15 0.15  

 
Rule 14 of MARPOL Annex VI limits SOx. Before 2012, the permitted sulphur 

fuel content was 4.5% throughout the world. Since then, the limit has been 
reduced to 3.5%. More stringent regulation is applied in ECAs: the admitted 
sulphur content in fuel is 0.1% as of January 2015. From 2020 onwards, it will 
be globally limited to 0.5% of fuel-mass content. (International Standard 1996) 
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3. Miller Cycle  

3.1 Principle of the Miller Cycle 

The Miller cycle is an over-expanded thermodynamic cycle to further utilize 
the pressure of the expanding gases beyond the conventional cycles. The Miller 
cycle is also used to reduce pumping losses, compression work and compres-
sion temperature.  

The Miller cycle is implemented by either retarding or advancing the intake 
valve closing (IVC) timing. Advancing the closing timing is more common and 
applicable to large-bore engines, since the engine speed is relatively low and a 
sufficient amount of fresh air can fill the cylinder. At the same time, friction 
losses of the intake valve train are also reduced. (Sellnau & Rask 2003) 

When IVC is advanced, the in-cylinder gas expands, as the intake stroke 
ends. Hence, the effective compression ratio is lower than the one used in the 
conventional cycle. As a result, the effective expansion ratio is higher than the 
effective compression ratio, increasing the efficiency.  

 

 
Figure 7. The difference between conventional diesel cycle and the Miller 
cycle shown in a p-V bi-logarithmic diagram. (Codan & Mathey 2007) 
 

The difference between the Miller cycle and the conventional diesel cycle is 
shown in Figure 7. When the Miller cycle is used, the intake phase is shorter 
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and a higher boost pressure (p’Rec> pRec) is needed to obtain the same indicated 
work i.e. output power. In a diesel engine, higher boost pressure requires also 
higher exhaust pressure (p’TI>pTI). In addition, earlier IVC results in a loss of 
positive work at the end of the intake stroke (Miller loss), compensated by a 
lower overall heat loss due to  the lower average cycle temperature. Typically, 
the increase in thermal efficiency is higher than the decay due to the Miller 
loss. (Codan & Mathey 2007, Publication 2) 

 

 
Figure 8. The effect of advancing IVC on the mean in-cylinder temperature. 
In all the cases, constant air-to-fuel ratio is considered. CAD: crank angle de-
gree, IVC1: intake valve closing at 1 mm intake valve lift. (Publication 2) 

 
Lower effective compression ratio results in lower temperature at the end of 

the compression stroke. In Figure 8, it can be seen that the in-cylinder tem-
perature decreases, as IVC is advanced. Lower gas temperature at the end of 
the compression stroke decreases also the in-cylinder temperature during 
combustion. However, it must be remarked that in the cases shown in Figure 8 
SOI is delayed as IVC is advanced, and this partially affects the SOC and the 
decrease of combustion temperature. (Publication 2) 

The Miller cycle is used especially for reducing NOx engine-out emissions, 
since NOx kinetics has strong local temperature-dependence. In fact, mean in-
cylinder temperature (Figure 8) cannot predict an exact trend, but can provide 
an indication of the amount of NOx, which is formed during combustion. In 
large-bore diesel engines, an appropriate use of the Miller cycle can bring 
beneficial effects both in emission reduction and in thermal efficiency, when 
compared to a conventional diesel cycle. Moreover, high NOx reduction can be 
achieved at different engine loads, i.e. at different in-cylinder thermodynamic 
conditions, by using the same valve timing. (Publication 2, Millo et al. 2010) 

In a medium-speed engine with a single-stage turbocharger, the Miller cycle 
is typically used with IVC in a range 40-50 CA° before bottom dead centre 
(BBDC). The use of a more advanced IVC requires a high intake air pressure 
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level (>6 bar), which is not possible to achieve with a conventional radial com-
pressor. Hence, two-stage turbochargers are becoming common, when very 
early IVC is set. With a two-stage turbocharger, intake pressure can reach up 
to 10 bar, but the engine apparatus is more expensive and needs a thorough 
control of the system. (Millo et al. 2010, Kyrtatos 2013) 

3.2 Limitations of the Miller Cycle 

The Miller cycle is mainly used in medium-speed engines, whilst some limita-
tions occur in high-speed engines. In fact, a Miller cycle application in high-
speed engines requires much higher pressure difference between the intake 
ports and combustion chamber, since the opening time of the intake valves is 
limited. In addition, at a high speed a sharp profile of the intake cam lobe can 
cause bouncing of the rocker arm on the valve stems, with fast wear of these 
components.  

As mentioned, the main scope of Miller use in large-bore engines is NOx re-
duction. Along the theory, the earlier IVC is set, the lower the effective com-
pression ratio will be and the lower the NOx emissions will result. However, 
there are some other effects, which are relevant when an extreme Miller cycle 
is used and are not favourable for NOx reduction.  

A consequence of the use of the Miller cycle is the low compression tempera-
ture, which means long ID, increasing the air-fuel mixing time. This in turn 
results in large portions of premixed combustion, leading to overly rapid com-
bustion and a large increase of in-cylinder pressure. Thus, the reactants enter-
ing the diffusion flame are compressed resulting in very high flame tempera-
tures and generating the phenomenon of compression heating. Hence, there is 
a limit in Miller rate, where the increase of NOx, due to the high portion of 
premixed combustion exceeds the reduction of NOx, due to the cold reactants’ 
temperature. (Musculus 2004, Kyrtatos 2013) 

Another drawback of the extreme Miller rate is high fluctuations of the in-
cylinder pressure during combustion. These pressure oscillations, referred to 
as “diesel-knock”, are identifiable as a superimposed pressure wave on the 
typical in-cylinder pressure trace, which appears for most of the engine expan-
sion stroke. Because of the compression heating, the reactants enter the diffu-
sion flame at hotter temperature, increasing the soot oxidation and resulting in 
shorter combustion duration. These aspects might reduce the specific fuel con-
sumption and bring some benefits in an overall evaluation of the engine per-
formance. (Publication 4, Kyrtatos et al. 2014) 

The described phenomena are more evident at low engine load (Figure 9), 
where the proportion of premixed combustion is more relevant and the turbo-
charger efficiency is low, implying difficulties in achieving the target load. It is 
apparent that, by advancing IVC, the peak of premixed combustion and the in-
cylinder pressure fluctuations increase. As a result, NOx reduction is not effec-
tive and soot does not increase further.  
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3.3 Extension of the Potential of the Miller Cycle 

Despite the limitations of the Miller cycle, it is possible to implement other 
technologies in order to exploit the benefits of the advanced IVC and decrease 
the high peak of the premixed combustion, shaping the combustion profile. 

One approach to reduce the ID is by changing the injection strategy from a 
single event to a split injection, applying a short pilot pulse prior to the main 
event. Indeed, a small early pilot injection reduces the ID and the amplitude of 
the peak of premixed combustion. When the pilot is injected close to TDC, this 
strategy can reduce specific fuel consumption and CO concentration in exhaust 
gases. On the other hand, a proper setting of the injection timing and of the 
engine configuration is essential to avoid the combustion from occurring at 
high temperature, which might be detrimental for NOx outcomes. (Imperato et 
al. 2013, Brückner et al. 2014, Publication 3) 

Another possible approach is to close the exhaust valve earlier than the in-
take valve opening, in order to increase the fraction of the inert gases (exhaust 
gas) prior to combustion. With a small amount of exhaust gas (5-10%-mass) in 
the combustion chamber, the ID becomes shorter, resulting at the same time 
in a quite remarkable reduction in the in-cylinder pressure fluctuations. 
Hence, a further NOx reduction is possible with some drawbacks in fuel econ-
omy due to the slower combustion rate. (Publication 4, Publication 5, Zannis 
et al. 2015) 
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4. Alternative Fuels 

Fuel represents one of the highest cost factors in running a ship, and it is the 
source of most of the operating problems. HFO is traditionally supplied to 
large-bore engines, especially when they constitutes the prime mover of a ship, 
which requires several MW of output power. Despite its relatively low price, 
HFO presents some issues in storage and handling. In fact, it must be heated 
and filtered to be utilized in injection pumps. Its combustion compared with 
light fuel oil (LFO) is to a certain degree incomplete, and it might create corro-
sion problems to the engine components and machinery, due to the presence 
of sulphur. Other crude-oil based fuels as intermediate fuel oil (IFO), marine 
diesel oil (MDO) and marine gas oil (MGO) are also used in large-bore en-
gines, but their cost is higher. (Meier-Peter & Bernhardt 2009, Woodward 
2009) 

In large-bore engine applications, three main aspects should be considered 
when selecting a fuel: technical, economic and environmental. (Brynolf et al. 
2014) 

The technical equipment in the fuel chain includes the systems, which deal 
with the fuel (engines, storage tanks, pumps, pipes and the exhaust funnel), 
the bunkering technology and the fuel storage terminal. All these plants need 
to be technically feasible, and it must be possible to construct and operate such 
systems. (Brynolf et al. 2014) 

Historically, the economic aspects in large-bore engines have been driven by 
fuel price and availability. Nevertheless, fuel price is only one of the economic 
aspects that need to be considered when evaluating alternative fuels. For in-
stance, retrofit cost for natural gas (NG) engines is considerable, and an accu-
rate evaluation of investment and operational cost must be integrated to the 
mere fuel costs. (Danish Maritime Authority 2012, Brynolf et al. 2014) 

Environmental issues are related to air emissions from shipping, which have 
received much attention in recent years. Thus, it is a requirement that the fuel 
alternatives fulfil the present environmental regulations, and it is also ex-
pected that environmental regulations will become even stricter in the future. 
It is suggested that an extended well-to-propeller analysis is performed to 
thoroughly evaluate the amount of emissions from fuel production to engine 
combustion. (Chryssakis and Stahl 2013, Brynolf et al. 2014) 

Global oil reserve is believed to supply the market for few decades yet. How-
ever, interest towards alternative fuels is growing and the number of substi-
tutes for CI engines is constantly increasing. Vegetables, animal fats, biomass 
and other organic feedstock are usually processed for producing alternative 
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liquid fuels. Beside these, gaseous fuels are augmenting their market share due 
to the relatively low price and increasing availability. (ETP 2011, IEA 2012, 
Kjärstad & Johnsson 2009, No 2011) 

Despite a complete list of the fuels used in large-bore applications is re-
ported, in the present study the experiments were carried out with a fuel 
equivalent to MGO and with a paraffinic vegetable oil. These fuels were easily 
available during the research work, and were not considered harmful for the 
engine components and for the fuel injection system. In addition, the high ig-
nitability of paraffinic fuel allowed testing some engine settings, which could 
be very difficult to test with an aromatic-structure fuel.  

4.1 Straight Vegetable Oil  

Straight vegetable oil (SVO) is the easiest alternative to diesel fuel, since it can 
be derived, without any chemical modification, from plants (palm, rapeseed, 
jatropha etc.), waste oil (e.g. cooking oil) and other feedstock. SVO is a fuel of 
increasing interest, and it can be a worthwhile option to consider when fuel 
cost is a critical issue, as in large-bore engines. 

All vegetable oils consist primarily of triglycerides, which have a three-
carbon backbone with a long hydrocarbon chain attached to other complex 
chains of oxygen and carbonyl carbons. Depending on the feedstock, SVO can 
have different characteristics, which can change the combustion behaviour and 
the performance results. Generally, its cetane number is lower than that of 
diesel, and it requires a different setting of the fuel system. 

The use of SVO as a fuel for CI engines is restricted by certain unfavourable 
properties, particularly by its viscosity, which can be 10 times higher than the 
viscosity of diesel at ambient temperature. This high viscosity results from the 
high molar masses of the oils and the presence of unsaturated fatty acids. In 
addition, high fuel viscosity causes poor fuel atomization, which leads to in-
complete fuel combustion and carbon deposition on the injector and valve 
seat, resulting in serious engine fouling. Due to incomplete combustion, par-
tially burnt vegetable oil can dilute the lubricating oil and thicken the oil film. 
On the other hand, too much heating of SVO can cause polymerization of un-
saturated fatty acids, which form big agglomerates creating a gumming haz-
ard. (Misra & Murthy 2010) 

Another issue of the SVO is the storage, since specific energy is lower than 
the one of diesel or biodiesel. In addition, long storage changes the character-
istics of SVO, which becomes more viscous enhancing the problems described 
in the previous paragraph. (Misra & Murthy 2010) 

Despite these problems, running with SVO can greatly reduce NOx emissions 
because of its lower combustion rate. However, CO and THC increase due to 
poor fuel atomization. High viscosity results also in a high soot level, which is 
due to the variable carbon-hydrogen ratio in the fuel and hence cannot be eas-
ily predicted with any field tests. (Corsini et al. 2015, Hellier et al. 2015) 
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4.2 Biodiesel 

Biodiesels are fuels made of animal and crop-based fat with esterification, and 
they are commonly called fatty-acid methyl esters (FAME). FAME comprises 
of moderately long fatty-acid chains, mainly mono-alkyl fatty-acid esters. 
Feedstock is mostly represented by soya bean oil, rapeseed oil and palm oil. 
Traditional FAME is usually produced via transesterification from fatty acids 
by using the base as a catalyst. In the transesterification process, the triglyc-
erides of fatty acids react with alcohol, and therefore mono-alkyl esters and 
raw glycerol are produced. This reaction only occurs in the presence of a 
strong base as a catalyst. (Yamane et al. 2001, Johansson 2012) 

Thermodynamically, FAME is quite similar to traditional diesel fuels. How-
ever, there are differences in their chemical behaviour and physical properties, 
especially in density, viscosity and compressibility. Chemically, FAME’s lower 
mass-heating value is 10-15% lower than that of traditional diesel. Differently 
than in traditional diesel, there is a certain oxygen concentration in FAME, 
around 10% in a mass basis. In addition, FAME is sulphur-free and water-free. 
(Yamane et al. 2001)  

Compared to fuels based on crude oil, FAME generally reduces CO, THC and 
soot but increases NOx. Because of its production process, FAME composition 
can be different, and this can affect the engine performance and emission out-
comes. Even though no substantial modifications of the engine are needed for 
running FAME, its higher viscosity can damage the injection system and cause 
liner scuffing in a long-term use. In CI engines, FAME is used as blend with 
traditional fuels, since engine-out NOx result too high. Along the European 
Union (EU) directives, FAME content in diesel blends is limited to 7%. (EN 
590 2009, Murugesan et al. 2009) 

In marine field, fuel combustion analyser (FCA) tests were carried out with 
different FAME-content fuels. It was proven that the addition of up to 10% v/v 
in bunker oil is possible in terms of combustion quality, while keeping parame-
ters like viscosity, density and stability in an acceptable range. (Prucole et al. 
2014) 

4.3 Paraffinic Fuels 

These fuels are characterized by their paraffinic structure, with very low 
amount of aromatics in their composition. Based on the production process, 
they can be classified as synthetic fuel and renewable diesel. The former is 
produced from carbon-containing feedstock like tar sand, coal, oil shale, NG 
and NG hydrates, using Fischer-Tropsch (FT) synthesis. The latter is produced 
from vegetable oils and animal fats by hydro-treating process. 

FT reaction can be described as the synthesis of hydrocarbons via the hydro-
genation of CO using transition metal catalysts. The output of the FT process is 
typically high-quality, high cetane synthetic diesel, with 30% naphtha and 20% 
other products, sulphur-free and nitrogen-free. Despite its promising proper-
ties and the increasing market demand, production of FT diesel is still expen-



 

32 

sive and requires further development and scaling-up. (Nylund et al. 2008, 
Johansson 2012) 

Renewable diesel is produced from triglyceride molecules which are bonded 
with hydrogen to form paraffinic hydrocarbons. Several trade names are 
adopted for renewable diesel: hydro-treated vegetable oil (HVO), hydrogena-
tion derived renewable diesel (HDRD) in the United States and hydro-
generated biodiesel (HBD) in the Far East. An example of the production 
process of a renewable fuel, HVO, is presented in Figure 10. HVO is a mixture 
of straight paraffinic chains with extremely low content of aromatic molecules 
and no oxygen content. (Kuronen et al. 2007, Nylund et al. 2008, Johansson 
2012, Neste oil 2014) 

 
Figure 10. Simplified chemical production process for HVO. HVO: hydro-
treated vegetable oil. (Neste Oil 2014) 
 

Paraffinic fuels have a high cetane number and can generally be blended with 
diesel in any proportion without modifications to the engine or to the infra-
structure. Compared to fossil diesel, fuel density is slightly lower but mass 
heating value is similar. (Nylund et al. 2008) 

Compared to conventional marine fuels, the high cetane number facilitates 
the use of different injection strategies or dilution with exhaust gas in the 
charge, without problems associated with mixture ignitability and smooth en-
gine running. Engine-out emissions, likewise NOx, CO2 and soot, reduce since 
combustion can occur at a lower temperature compared to HFO and MGO. 
However, THC emissions might increase due to more enhanced incidence of 
wall wetting, as fuel flow rates must be increased to compensate for lower den-
sity. (Nylund et al. 2008, Ushakov et al. 2013) 

In particular, in CI engines HVO can have beneficial effects on fuel consump-
tion and emission outcomes when compared with diesel fuel. With the same 
engine configuration and injection strategy, fuel economy is improved. Due to 
HVO’s high ignitability, an engine can run smoothly with reduced in-cylinder 
gas temperature or oxygen content in the combustion chamber. Low NOx val-
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ues are achieved without evident drawbacks in soot values. (Aatola et al. 2009, 
Lehto et al. 2012, Publication 4, Publication 5)  

4.4 Natural Gas 

Liquid fuels have high energy density and are easy to transport, store and han-
dle. Hence, they have become the fuel of choice for transport over the past cen-
tury, and a very extensive worldwide infrastructure has been established for 
their production and distribution. However, NG usage is constantly increasing, 
and the International Energy Agency (IEA) estimates NG consumption to be 
50% higher in a few decades. (No 2011, IEA 2012) 

Natural gas is a fossil fuel which consists mainly of methane (CH4), while the 
remainder can be a mixture of ethane, propane, and butane. Despite their 
small proportion, these secondary gases play an important role for the com-
bustion process in the engine, for determining the methane number (MN). MN 
measures the knocking resistance for the gas fuel. (Portin 2010) 

In large-bore engines, interest for gaseous fuels is increasing due to the 
growing availability and new emission limits (especially these for NOx), which 
are easier to reach when running with NG. In addition, overhaul intervals are 
longer for power plant applications. Nowadays, the main problems are related 
to infrastructure network and storage volume. NG is not yet available in many 
ports and the needed storage bulk of liquefied natural gas (LNG) is four times 
as large as MDO volume for the same amount of fuel energy. In addition, LNG 
must be stored at -162 C with a remarkable amount of cooling energy. (Wood-
ward 2009, Kalghatgi 2014) 

Large-bore engines can use gas with either dual-fuel (DF) or spark-gas (SG) 
technology. Both are applications of the Otto cycle, and NG is mixed with air in 
the intake receiver. NG large-bore engines operate in a lean-burn combustion 
regime, achieving high thermal efficiency. In DF applications, the combustion 
is initiated with a pilot diesel fuel ignition, while the SG technology uses spark 
plugs as in traditional Otto engines. In engines with DF injection systems, 
running with only diesel fuel is possible, in case NG is not available. 

Optimization and control of NG engines is more difficult than in CI engines, 
since knocking and misfiring regions must be avoided with an accurate choice 
of engine parameters, especially the air-to-fuel ratio. In a medium-speed en-
gine, BTE can reach 50% using a two-stage turbocharger. Compared to diesel-
fuelled marine engines, engine-out NOx emission can be reduced and the over-
all fuel costs can be decreased. On the other hand, THC and CO increase 
greatly due to the nature of combustion. In addition, NG does not contain any 
sulphur, and hence no SOx can be formed during combustion. (Murakami & 
Baufeld 2013, Li et al. 2015) 

4.5 Other Alternative Fuels 

There are other alternative fuels which can be suitable for large-bore applica-
tions, but their implementation still presents cost or operation problems. 
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Dimethyl ether (DME) is a gaseous fuel typically produced from NG. DME 
liquefies at moderate pressure (5 bar at 20 C) and has the physical properties 
of liquefied petroleum gas (LPG). Its high cetane number makes DME suitable 
for CI engines, although its use is limited by low viscosity, low lubricity and 
non-existing distribution network. On the other hand, DME is rich of oxygen 
and its combustion produces negligible soot amount. (Nylund et al. 2008) 

Alcohols are oxygen-containing organic compounds and comprise a large 
number of components. The most common alcohol fuel is ethanol, which is 
mainly produced by the fermentation of field crops or from food waste. Etha-
nol is widely used as a gasoline-blend (high octane number), especially in cer-
tain market areas (e.g. Brazil), where it is available as neat fuel. Recently, it has 
been used also in DF CI applications, showing good potential in them but re-
quiring a careful calibration of the injection parameters to avoid “diesel-
knock”. (Sarjovaara et al. 2013)  

Another alcohol already on the market is methanol, used especially in China 
as a blending component. Currently, methanol is produced from NG or from 
renewable feedstock. Lately, the interests in methanol-fuelled CI engines has 
risen, since it can compete with NG in some DF applications. Methanol is a 
promising oxygenated alternative fuel, which has clean burning characteristics 
and can reduce NOx (in line with LNG operation) and soot, when it is mixed 
with diesel fuel. Because of the miscibility problems and its low cetane num-
ber, the ratio of methanol/diesel is not so high and a diesel combustion signifi-
cantly changes, even with relatively small additions of methanol. (Song et al. 
2008, Sarjovaara 2015) 
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5. Summary of Results 

5.1 Research engine 

This research was carried out with a single-cylinder large-bore medium-speed 
CI engine. The engine frame, the crankshaft and the main bearings were de-
signed to withstand high values of in-cylinder maximum pressure and rota-
tional speed. Table 2 shows the configuration of the research engine.  

 
Table 2. Engine configuration. 

Cylinder bore mm 200 
Stroke mm 280 
Displaced volume cm3 8796 
Number of valves - 4 
Engine speed rpm 900 

 
The engine was connected to an electric motor, which allowed its running 

also in motored mode (Figure 11). All the experimental tests were carried out 
at engine speed of 900 rpm. (Kallio et al. 2007, Kaario et al. 2010) 

 

 
Figure 11. Schematic of the engine test bed, M: electric motor, E: single-
cylinder engine. (Publication 3) 

 
The gas exchange valve system consisted of electro-hydraulic valve actuators 

(EHVA) instead of the traditional mechanical camshaft. In particular, during 
the valve opening, part of the lubrication oil was pumped at 250 bar to move 
hydraulic actuators, which are located above the yokes. As oil pressure was 
released from the actuators, mechanical springs closed the valves. The control 
was realized by electro-hydraulic servo-proportional valves. This system al-
lowed the setting of valve opening and closing timings, maximum lifts, and 
opening and closing slopes for intake and exhaust valves with high flexibility. 
DSpace software was used to build the control program. (Herranen 2014) 
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Intake pressurized air was supplied by a charge air plant composed of a 
screw compressor and three balancing reservoirs, installed to balance the air 
pressure fluctuations upstream the engine. In addition, intake air temperature 
could be regulated by a heat exchanger. Exhaust pressure was regulated by a 
throttle valve set in the exhaust pipe before the probes for measuring the emis-
sions and the smoke level. 

The fuel injection system was a common-rail type one, with adjustable rail 
pressure, injection timing and injection duration. However, the injection sys-
tem was not the same throughout the research: construction upgrades were 
installed in order to withstand high in-cylinder values and to operate with two-
event injection strategy. 

5.1.1 Measurement equipment 

The measurement equipment consisted of high-frequency sampling devices 
and low-frequency sampling devices, depending on the measured variable. In 
particular, in-cylinder pressure traces were measured with a Kistler pressure 
transducer, sampling every 0.2 CA° and considering a 20-cycle average. An 
Emerson Micromotion ELITE CMF100 flow meter was employed for charge 
air measurement, and an Emerson Micromotion ELITE CMF025 flow meter 
was used for the measurement of fuel mass flow before the engine.  

The emission measurement system consisted of different analysers for each 
gas. NOx emissions were measured with an ECO Physics CLD822Sh analyser. 
Soot was measured as filter smoke number (FSN) by an AVL 415 smoke meter. 
A non-dispersive infrared (NDIR) absorption analyser by Sick was employed 
to measure CO. A flame ionization analyser Model VE-7 by J.U.M. Engineering 
measured THC. Oxygen content in the exhaust gases was measured via a 
paramagnetic field technique. 

Data acquisition of all pressures and temperatures of all the fluids involved 
in the tests was carried out with the LabVIEW and the DeltaV software with 
sampling rate of 1 Hz. 

5.2 Calculation methods 

The HRR was calculated using the in-cylinder pressure and the cylinder vol-
ume along CA°. The apparent HRR equation below was adopted: 
  dQdCA° γγ 1 ∙ p ∙ dVdCA° 1γ 1 ∙ V ∙ dpdCA°                        5.1  

 
where Q is the heat released, p the in-cylinder pressure, V the in-cylinder vol-
ume and γ the specific heat ratio. The variable γ is temperature-dependent and 
an exponential correspondence was chosen for determining its value in the 
calculation. (Egnell 1998) 

The ID could be calculated as the difference between the start of injection 
and the instant when the HRR curve departs from zero. Because of measure-
ment errors, considering the ignition instant as the exact time when the HRR 
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detaches from zero might lead to misleading results and might preclude ex-
perimental repeatability. From this reason, the ignition was considered when 
the HR curve reached a small value (0.5-1 kJ). Although this approach might 
produce slightly overestimated ID values, it provides clear trends for under-
standing the test results. (Heywood 1988)  

5.3 Simulation model 

A simulation model was employed together with the experimental tests. In this 
research, simulations were run to obtain results, which cannot be measured 
easily from the measurement data. (e.g. in-cylinder temperature).  

The simulation model was developed with a 1-D fluid dynamics code. In par-
ticular, the Redlich-Kwong real gas law was applied for the combustion cham-
ber, the combustion process was calibrated with a predictive object and the 
heat transfer was modelled with the classic Woschni correlation. 

The combustion model was calibrated with in-cylinder pressure traces, 
which were achieved from former tests. However, at the beginning of the re-
search a fixed combustion profile was adopted. This profile combined the 
three-term Wiebe functions where premixed, main and tail combustion are 
considered. In publication 1 and publication 3, a combustion predictive model 
was used and a more accurate in-cylinder temperature values were analysed.  

5.4 Test fuels 

EN 590 diesel fuel was used for all the publications, but also HVO was em-
ployed for publication 4 and publication 5. Table 3 shows the main properties 
of these fuels obtained from laboratory analysis. As mentioned in Chapter 4, 
the main differences are in fuel density and the hydrogen and carbon content 
in the fuel. Moreover, HVO has a paraffinic composition, which results in 
higher cetane number than diesel and thus has higher ignitability. It is appar-
ent that HVO’s cetane number is higher than that of diesel. 

 
Table 3. Main fuel properties.  
Publication  1 2 3 4 5 
EN 590       
             Density at 15 C kg/m3 830 835 830 830 830 
             Carbon content %-mass 86.0 86.4 86.0 86.0 86.0 
             Hydrogen content %-mass 13.9 13.5 13.9 13.9 13.9 
            Lower heating value MJ/kg 43 43 43 43 43 
            Cetane number  53 51 53 53 53 
HVO       
             Density at 15 C kg/m3 - - - 785 785 
             Carbon content %-mass - - - 84.8 84.8 
             Hydrogen content %-mass - - - 15.2 15.2 
            Lower heating value MJ/kg - - - 44 44 
            Cetane number  -     - - 80-99 80-99 
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5.5 Results 

5.5.1 Publication 1 

This study was carried out at high engine load. In particular, in-cylinder pres-
sure of 300 bar and density of 90 kg/m3 were achieved in a large-bore me-
dium-speed research engine. This research focused on the influence of in-
cylinder gas density and fuel injection pressure on the combustion and per-
formance. From a baseline setup, the specific power density was augmented by 
higher in-cylinder pressure ranging from 200 to 300 bar.  

Since the engine load was high, the fuel injection pressure was set in a range 
1500-2400 bar, and an injector nozzle tip with large holes was installed to 
avoid long injection duration.  The total λ and SOI were constant at each test 
point, in order to analyse the influence of in-cylinder density and injection 
pressure on the engine performance. The valve timing was such that the 
IVC=30 CA° BBDC and the valve overlap was negligible.  

In all the tests, mixing-controlled combustion took place with negligible con-
tribution of the premixed combustion due to relatively short ID period. The 
results showed that high in-cylinder values reduced specific fuel consumption 
but had drawbacks in NOx emissions. In particular, 2400 bar injection pres-
sure produced over 5% reduction in gross indicated fuel consumption 
(ISFC360) when in-cylinder density at TDC was increased from 65 to 90 
kg/m3, i.e. maximum in-cylinder pressure from 220 to 300 bar. A maximum 
gross indicated efficiency of 48% was achieved. 

Running with 1500 bar injection pressure, engine specific fuel consumption 
increased as in-cylinder density was increased. The reason for this behaviour 
was thought to be that fuel injection with 1500 bar pressure was not sufficient 
for an effective air-fuel mixing, when in-cylinder pressure and density were 
high, resulting in an overly long combustion duration and an increased 
ISFC360 value. However, it was possible to keep the same specific NOx while 
increasing the output power. 

5.5.2 Publication 2  

This study focused on NOx reduction in a medium-speed single cylinder engine 
using Miller cycle at full and partial load. In particular, the scope was to study 
the potential of Miller timing in a large-bore medium-speed engine, while  
keeping constant specific fuel consumption. Miller cycle was implemented by 
advancing the closure of the intake valves up to 42 CA° BBDC. The values of 
injected fuel mass and trapped air mass per cycle were constant at each engine 
load. SOI was changed to keep the indicated power constant. A mathematical 
1-D simulation model was used to find the boundary condition setup as IVC 
was advanced, to simulate the action of a turbocharger with constant overall 
efficiency. Since later SOI was set in the tests with increased Miller rate, higher 
exhaust temperature resulted and hence larger pressure difference between 
intake and exhaust side. As a consequence, pumping work increased as IVC 
was advanced. 
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The main result consisted in NOx reduction of 25% at full load and 45% at 
partial load. This can be explained by the combined effect of the reduced in-
cylinder compression temperature and the delayed SOI. Lower combustion 
temperature at TDC was due to the Miller cycle, which decreased the in-
cylinder temperature at TDC, and to the later SOI, which shifted the combus-
tion later in the expansion stroke. In addition, both increasing Miller rate and 
later SOI contributed to increasing the ID and, therefore, to augmenting the 
magnitude of premixed combustion. In addition, soot increased slightly at 
each load with advanced IVC, reaching FSN=0.6 as maximum value. 

Finally, the influence of this strategy was analysed on the legislation limits. 
In IMO test cycle, which deals with constant-speed power plant applications, it 
was shown that the weighted IMO value could be reduced of 33%, advancing 
IVC to 42 CA° BBDC, with the same fuel consumption. 

5.5.3 Publication 3 

This research was carried out at partial load. Its novelty was represented by 
testing split injection and the Miller in a large-bore medium-speed research 
engine running with low fuel injection pressure. The combustion behaviour 
was investigated at regular injection dwell steps. In this paper, injection dwell 
was referred as the time between the start of the pilot injection and the start of 
the main injection. The main aim was to reduce the ID when running with ad-
vanced Miller rate and study the effect of the injection strategy on the combus-
tion process, performance and emissions, especially NOx.  

The present study consisted of two parts. In the first part, different injection 
dwells (7-16 CA°) were tested with advanced IVC up to 100 CA° BBDC. In the 
second part, the injection events were retarded with fixed dwell to reduce the 
NOx amount, while attempting to satisfy the current legislation requirements. 

The results indicated that split injection generally increased engine efficiency 
compared with a single-injection strategy, but no advantage in NOx emissions 
was observed. The peak of the premixed combustion, very enhanced with the 
IVCs used, was reduced by using a pilot injection. As injection dwell increased, 
NOx were decreased and specific fuel consumption increased. The injection 
optimum trade-off was dwell=10 CA°, and the influence of delayed injection 
with constant dwell was investigated. In conclusion, 42% NOx reduction was 
obtained , while keeping the same fuel consumption. A maximum NOx reduc-
tion of 57% was achieved with 4% penalty in specific fuel consumption. 

The present study pointed out that it is not straightforward to use split injec-
tion together with the Miller cycle. It was shown that the pilot timing, dwell 
length, and the main injection timing have to be carefully optimized in order to 
attain notable benefits. 

5.5.4 Publication 4 

The objective of this paper was to analyse the performance and the combustion 
of a large-bore medium-speed engine running with HVO at low engine load. A 
preliminary performance comparison between HVO and diesel was carried 
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out. Because of the high HVO ignitability, it was possible to run with advanced 
Miller cycle, with IVC reaching up to 70 CA° BBDC, and internal exhaust gas 
recirculation (IEGR) up to 9%-mass. IEGR technique consisted in retaining a 
fraction of hot exhaust gases in the combustion chamber by setting negative 
gas-exchange-valve overlap.  

The results showed the benefits of HVO compared to diesel fuel, since fuel 
consumption was 5% (in mass basis) lower with a simultaneous decrease of 3% 
in NOx and 67% in FSN. At low load, IVC=70 CA° BBDC significantly increased 
the peak of the premixed combustion, resulting in NOx outcomes higher than 
with IVC=50 CA° BBDC. Diluting the in-cylinder charge with 5% exhaust gas 
mass, NOx reduced of 55% compared to the reference point with the same fuel 
consumption. In addition, soot emissions were relatively low (FSN<0.9) due to 
the paraffinic structure of HVO. 

A correlation was found between NOx outcomes and the duration between 
SOC and the instant when HR reached 50% of its total value. The longer this 
time elapsed, the lower the specific NOx resulted. This indicated the relevance 
of ID and premixed combustion at low engine load. 

Further optimization was thought to be possible by modifying the SOI and 
the injection pressure or by finding the optimum exhaust gas quantity in the 
combustion chamber with each Miller configuration. 

5.5.5 Publication 5 

This publication continued the study of publication 4, and the objective was to 
analyse the performance and the combustion running with HVO at medium 
load. A preliminary comparison with diesel was carried out. A reduction of 
NOx (3%) and improvement of fuel economy (4% in mass basis) were achieved 
while using HVO instead of diesel fuel. Moreover, the soot level became lower, 
from 0.05 to 0.02 as FSN. Advanced IVC (up to 70 CA° BBDC) and IEGR were 
applied when running with HVO. Along the simulation results, exhaust gas 
fraction in the combustion chamber was increased by negative valve overlap 
and reached 10%-mass. 

The results showed that the Miller cycle alone, running with HVO, greatly 
reduced NOx (over 38%) while improving slightly the fuel economy. The main 
drawback was that high charge-air pressure (over 6 bar) was needed and, 
therefore, in a real application this might require a two-stage turbocharger. 
High Miller rate lengthened the ID. The peak of the premixed combustion was 
high, producing less stable combustion and affecting negatively the engine 
efficiency. 

Exhaust gases in the charge brought advantages in terms of NOx reduction, 
when IVC=50 CA° BBDC, whilst with IVC=70 CA° BBDC higher fuel consump-
tion and soot were registered with a similar NOx level. In conclusion, NOx re-
duction of 45% was achieved with IVC=70 CA° BBDC and 4% exhaust gas 
mass in the charge and 2% penalty in fuel consumption. All FSN values were 
below 0.1 due to the high HVO ignitability. 
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5.6 Discussion of the Results 

The purpose of this research was to achieve low NOx values from a large-bore 
medium-speed research engine. In these publications, different experimental 
results were presented with advanced IVC, different fuel injection pressure, 
two-injection strategy, IEGR and use of HVO.  

It is apparent that it is difficult to find an engine setup, which can be success-
ful in the whole load spectrum, for obtaining a significant NOx reduction with-
out any drawbacks. The reason is that the diesel combustion is governed by 
different factors, as load changes. At high engine load, the mixing controlled 
combustion gives the highest contribution, whilst the premixed combustion 
has a significant share at lower load.  

In publication 1, a study at high load was presented keeping the same total λ 
and carrying out tests with different injection pressure. From the results, it is 
advisable to increase the fuel injection pressure as load increases, because a 
more efficient air entrainment in the spray takes place with high fuel pressure. 
However, running with lower fuel injection pressure resulted in similar NOx 
outcomes as engine power increased, with some drawbacks in fuel consump-
tion.   

At low load, ID has a crucial role, due to its relevant effect on the premixed 
combustion. Compression temperature and injection setup influence greatly 
ID. As Miller timing is advanced, ID lengthens and the premixed combustion 
develops rapidly, increasing the in-cylinder temperature. This in turn might 
result into compression heating and promote NOx formation. Indeed, in publi-
cation 4 at partial load it is apparent that NOx increased with a more advanced 
Miller rate. 

Compression heating can be controlled by reducing ID. In publication 3, this 
is implemented by injecting a pilot around TDC, whilst in publication 4 and 
publication 5 IEGR increased the in-cylinder temperature, and hence ID. The 
latter option, also due to lower oxygen concentration at SOC, affected thor-
oughly the combustion process, whilst the former technique had high influ-
ence mainly on ID and premixed combustion. For this reason, the use of split 
injection is not recommended as engine load increases. 

The different behaviour as load changes can be seen also in publication 2. In 
this publication, a baseline at three different loads was considered, and a 
higher NOx reduction took place at the lowest tested load, while keeping spe-
cific fuel consumption at a reference level at each load. Comparing the results 
in publication 4 and publication 5 can confirm this aspect. Indeed, the same 
setup and the same Miller cycle were tested in both the studies, but a higher 
NOx reduction took place at lower load.  

Low fuel injection pressure can extend the potential of the Miller cycle. A 
similar engine partial load was tested in publication 3 and publication 4, but 
NOx trend was different as fuel injection pressure changed. A higher fuel pres-
sure was set in publication 4. Consequently, NOx trend was not monotonous as 
Miller rate was advanced, although the Miller cycle was applied with earlier 
IVC than in publication 3. 
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6. Conclusions 

Large-bore engines are used for their high power density but they produce a 
significant amount of harmful emissions. Since 2016, a new regulation reduced 
drastically the NOx limits because of their impact on human health and envi-
ronment. This research focused on methods to reduce the engine-out NOx, by 
carrying out experimental investigations with a large-bore medium-speed CI 
research engine. 

This study involved mainly usage of the Miller cycle, which is extensively 
employed for NOx reduction in engines. The main scope of Miller technology is 
to reduce the compression temperature and local high combustion tempera-
ture zones, where NOx tend to form. In this research, the Miller cycle was 
tested beyond the typical commercial setting, which sets IVC in a range 40-50 
CA° BBDC.  

At high load, mixing-controlled combustion constitutes the most influent 
part of the process and a study with different injection pressure showed that it 
was possible to maintain the same specific NOx as engine load increased. How-
ever, some drawbacks in fuel consumption occurred. High fuel pressure re-
duces fuel consumption, but NOx increased relevantly. At high load, the Miller 
cycle was applied limitedly, but NOx reduction of 25% was achieved running 
with diesel. 

NOx reduction in a range 40%-60% was achieved at partial load with the 
Miller cycle. However, it was shown that some limitations occurred due to 
overly low in-cylinder temperature prior to combustion. Hence, other tech-
nologies were implemented to extend the potential of the Miller cycle. Specifi-
cally, different injection strategies, dilution with inert gas in the charge and 
use of a paraffinic fuel were analysed with advanced Miller rate. 

All the presented techniques showed that a unique tool for reducing NOx in 
large-bore engines could not be found, while keeping the same performance 
level. Detrimental effect on specific fuel consumption was a common down-
side. Another drawback was the increase of other pollutants like THC, CO or 
soot, when using very advanced Miller timing. 

Optimization of injection strategy, use of alternative fuels and dilution with 
inert mass are valuable tools to implement in order to fulfil the current emis-
sion demands for large-bore engines. However, some of these technologies 
require some modifications of the engine system. Hence, an accurate evalua-
tion of the investment costs and of the possible performance drawbacks must 
be made for each case.  
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Large-bore engines are widely used in ships 
and large power plants due to their high 
efficiency. However, strict legislation 
required the development of methods for 
achieving low exhaust harmful emissions. 
This experimental research analysed 
different in-cylinder measures for reducing 
nitrogen oxides in the exhaust gases, 
running with a large-bore medium-speed 
diesel engine. The engine was a single-
cylinder engine, able to withstand very high 
in-cylinder pressure. 
The Miller cycle, which is a proven concept 
for reduction of nitrogen oxides, was a 
technique broadly investigated. Since 
applying the Miller cycle presented some 
limitations, different injection strategies 
and fuels were combined to extend the 
potential in emission reduction. The results 
showed that a unique tool in all the engine 
load spectrum could not be found. An 
accurate evaluation of the engine 
requirements must be done to find the most 
successful strategy. 
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