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Sammanfattning 

Med hårdare lagkrav på emissioner från tunga Dieselmotorer behövs ofta 

efterbehandlingssystem för att katalytiskt omvandla    ,    och    -emissioner. 

Dessa katalytiska system är temperaturberoende, och tillräcklig temperatur uppnås 

ofta inte i avgaserna från en modern Dieselmotor under låglast. På grund av detta 

krävs åtgärder för att höja avgastemperaturen samtidigt som låga avgasemissioner 

och låg bränsleförbrukning bibehålls.  

Detta projekt har varit fokuserat på att utveckla strategier för avgas- och 

insugsventil-lyftprofiler med målet att höja avgastemperatur i kombination med 

låga emissioner och låg bränsleförbrukning. Strategierna har testats på en 

encylindermotor utrustad med hydrauliska variabla ventiler. Konventionella 

strategier som används för att höja avgastemperaturen har också testats och 

jämförts med de ventilstrategier som har utvecklats i detta projekt.  

Alla strategier som testades i detta projekt höjde avgastemperaturen, men olika 

mycket och med olika avgasemissioner och bränsleförbrukning. Avgasbroms 

visade störst potential för att snabbt värma upp ett efterbehandlingssystem, och lyft 

av avgasventilerna under insugstakten i kombination med inloppstrottel visade 

störst potential för att bibehålla avgastemperaturen i relation till låg 

bränsleförbrukning. Det visade sig även att denna lyfthöjd kan hållas konstant vid 

olika last genom att kompensera med trottel, avgasbroms eller Miller sen 

stängning. Emissioner i form av     kunde sänkas genom Miller, ventilöppning 

under insug eller avgastakt, eller fasförskjutning av ventiler på laster upp till    . 

Slutsatsen som kan dras är att de variabla ventilstrategier som testats i detta projekt 

kan användas för att höja avgastemperaturen vid låglast, och att det finns stor 

potential att samtidigt minska avgasemissioner. 
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Abstract 

Regulations on the exhaust emissions of HD-diesel engines are becoming more and 

more stringent, and therefore, emission after-treatment systems are commonly 

used. These systems rely on catalytic conversion of    ,   , and    emissions, 

and are thus dependant on temperature. At low load of the engine, exhaust 

temperatures are not sufficient for the after-treatment components. Therefore, 

means to increase the exhaust temperature while maintaining low emissions and 

fuel consumption are needed. 

The focus of this project has been to develop strategies for the lift profiles of 

exhaust and intake valves in the engine, with the goal to raise exhaust temperature 

in combination with low emissions and fuel consumption. The strategies have been 

tested in a single-cylinder research engine equipped with a hydraulic variable valve 

actuation system. Conventional strategies used to raise the exhaust temperature 

were also tested and compared to the valve strategies developed in this project. 

The results show that all strategies tested increased the exhaust temperature at low 

loads, but by different magnitude, different emissions, and fuel consumption. The 

exhaust brake showed highest potential for heating the exhaust after-treatment 

system quickly, and opening of the exhaust valve during the intake stroke in 

combination with intake throttle was most efficient for maintaining the temperature 

with low fuel consumption. It also proved that this lift height can be kept constant 

at different loads by the use of throttle, exhaust brake, or Miller late intake valve 

closing. The strategies of Miller, valve lift during the intake or exhaust strokes, and 

valve phase shift also proved to reduce     emissions at loads up to    . 

It can be concluded that variable valve actuation can be used to increase exhaust 

temperature at low load, and that there is also a great potential of reducing 

emissions at the same time.  
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Nomenclature 

BMEP Brake Mean Effective Pressure 

BSFC  Brake Specific Fuel Consumption 

CFD  Computational Fluid Dynamics 

DPF  Diesel Particulate Filter 

EEVO Early Exhaust Valve Opening 

EGR  Exhaust Gas Recirculation 

EIVC  Early Intake Valve Closing 

EV  Exhaust Valve 

EVO  Exhaust Valve Opening 

FMEP Friction Mean Effective Pressure 

FSN  Filter Smoke Number 

HD  Heavy Duty  

IMEP  Indicated Mean Effective Pressure 

IV   Intake Valve 

IVO   Intake Valve Opening 

LIVC  Late Intake Valve Closing 

LIVO  Late Intake Valve Opening 

NSC      Storage Catalyst 

OC  Oxidation Catalyst 

PM  Particulate Matter 

PMEP Pumping Mean Effective Pressure 
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SCR  Selective Catalytic Reduction 

SOC  Start Of Combustion 

SOI  Start Of Injection 

TDC  Top Dead Center 

VVA  Variable Valve Actuation 

WHSC World Harmonized Stationary Cycle 

WHTC World Harmonized Transient Cycle 
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1. Introduction 

This project has been conducted at Scania CV AB, and in the following 

chapter, the background to the project is explained. The problem is also 

defined, and delimitations are set.  

1.1 Background 

In Europe, emissions for HD-Diesel engines are regulated by directives 

by the European Commission. There are other directives in the rest of 

the world, but all have the same targets, namely to reduce    ,   , 

  , and particulate matter (PM) emissions. The latest directives for 

HD-Diesel engines, Euro V and Euro VI, can be seen in Table 1 below. 

Table 1, EU Emission standards for HD-Diesel engines [1]. 

Level Date     

        

   

        

    

        

   

        

Euro V 2008-10 1.5 0.46 2.0 0.02 

Euro VI 2013-01 1.5 0.13 0.4 0.01 

As can be seen, Euro VI will be implemented in 2013. For passenger 

cars, there are already directives for greenhouse gas emission in the 

form of restrictions on the total fleet emission. After the 

implementation of Euro VI for HD-Diesel engines, the future directives 

are not yet known. It can be speculated that there will be a similar 

directive for HD-Diesel engines regarding greenhouse gases, such as 

   , in the future. Fuel consumption will also always be important for 

engines, in order to reduce the running costs. The     emissions are 

proportional to the fuel consumption of an engine, and therefore, 

continuous development should be done in order to reduce the     

emissions while still maintaining the other emissions within the 

regulations. 

Existing systems to reduce Diesel engine emissions include Selective 

Catalytic Reduction (SCR) for reduction of    ,     Storage 

Catalysts (NSC), oxidation catalysts for    and    emissions, and 

Diesel Particulate Filters (DPF) for PM emissions. The conversion 



12  
 

efficiency of the catalysts is dependent on temperature. At low 

temperatures, the reaction kinetics characterized by the Arrhenius 

equation are the limiting factor [2]. This means that increased 

temperature is very important for increasing the reaction rate at low 

catalyst temperatures. At higher catalyst temperatures, the mass flow 

through the system is the limiting factor. This is described in Figure 1.  

 

Figure 1. Reaction rate dependency for catalysts as a function of temperature [2]. 

Typical temperatures of at least      to      are required for the 

oxidation catalyst in order to operate. Temperatures between      

     are required for the reaction to take place in an SCR system. The 

catalyst in an SCR system uses     in order to reduce     to   . This 

    is formed through a hydrolysis of an urea-water solution which is 

injected upstream of the catalyst. The hydrolysis also needs a 

temperature above      in order to take place, but the catalyst can 

continue to operate for short periods of lower temperature if     has 

already been adsorbed. The     storage capacity also decreases with 

temperature, which means a risk of     slip when the temperature is 

raised from low to high [3]. 

In order to certify an engine for the emission regulations, it is tested in 

the World Harmonized Stationary Cycle (WHSC) and the World 

Harmonized Transient Cycle (WHTC) engine test cycles. The WHSC 

is started with a warm engine, and includes steady-state test points at 

low load, where the exhaust temperatures can drop. The WHTC is a 
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transient test cycle representing a driving pattern for HD vehicles, and 

it includes cold start and sections of low load and idle. Therefore, 

increased exhaust temperature at low load is very important. 

In future HD-Diesel engines, the implementation of a VVA–system 

could be possible. These systems have been mainly used in Otto-engine 

applications, in order to reduce the scavenging losses caused by the 

Otto-engine’s need of throttling, but are not as commonly used in 

Diesel engines. At Scania CV, the possibility of introducing a VVA 

system in a future engine application is investigated, and the 

possibilities with such a system are therefore researched. 

1.2 Problem 

With increased engine efficiency, the exhaust temperatures decrease 

due to more efficient use of the fuel energy. This also means that, at 

low loads, the exhaust temperatures are not sufficiently high for the 

exhaust after-treatment systems to operate due to increased air to fuel 

ratio [4]. As a result, a method to increase the exhaust temperature 

while keeping the emissions and fuel consumption to a minimum is 

needed. 

This project is intended to examine how the VVA system could be used 

for exhaust thermal management in terms of increased temperature, and 

which strategies for this system are best used with the goal to minimize 

fuel consumption and emissions.  
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1.3 Delimitations 

The intention of this project is not to develop actual valve lift profiles 

to be used in a production engine. The valve lift profiles developed 

should be seen as strategies of how a VVA system could be used, and 

the trend in terms of exhaust temperature, emissions, and BSFC should 

be analyzed from the results. The target has not been to find exact 

valve lift, valve timing, or valve profiles.   

It is nor the intention of the project to take mechanical implementation 

of a VVA system into account. However, the VVA profiles have been 

designed with accelerations which are possible for mechanical VVA 

systems, in order to have an implementable valve behavior.   

The project is also limited to investigating the in-manifold exhaust 

temperature, in a single-cylinder engine which is not equipped with a 

turbocharger. Other means to increase the temperature of the after-

treatment components, such as insulating the exhaust manifold or 

placement of after-treatment components will not be investigated in 

this project. 
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2. Method 

An experimental approach with testing in a single-cylinder engine has 

been chosen as the method to investigate different VVA strategies in 

this project. Commonly in engine research, one-dimensional simulation 

is used to evaluate the performance of an engine. Such simulations are 

not always accurate in terms of combustion and emissions of the 

engine, and therefore need support from computational fluid dynamic 

(CFD) calculations with phenomenological combustion models. These 

calculations are very computation-intense, so therefore, experimental 

tests are preferred for this project. 

2.1 VVA Strategies 

In this section, different concepts of VVA profiles are presented and 

described in terms of basic thermodynamic, fluid mechanic, and 

combustion mechanisms, all with the intention to increase the exhaust 

temperature. These lift profiles are also plotted in diagrams where the 

gas exchange top dead center (TDC) is marked. 

2.1.3 Miller Early Intake Valve Closing – EIVC 

In this strategy, the intake valve closes early, before the piston reaches 

bottom dead center in the cylinder. This causes expansion of the charge 

air from IVC down to BDC, and is known as the Miller process which 

was also investigated in [5]. Pressure and temperature at the start of 

combustion is decreased, causing lower peak temperatures which 

decreases the     formation, explained further in the next section. The 

lower pressure also means lower density of the air, and thereby a higher 

adiabatic flame temperature which should also increase the exhaust 

temperature. However, when the intake air is expanded, its temperature 

and pressure will decrease. This will influence the heat transfer from 

the cylinder liner to the intake air, which may have an effect on total 

efficiency. There is also a risk that engine oil is drawn past the piston 

rings, which is unwanted. The valve lift profiles used for Miller EIVC 

can be seen in Figure 2. 
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Figure 2. Valve profiles with early intake valve closing (EIVC) for lambda 

reduction with the Miller process. 

2.1.2 Miller Late Intake Valve Closing – LIVC 

With late IVC after BDC, some of the charge air in the cylinder is 

pushed back out in the intake manifold. The effective compression 

stroke is thus decreased, causing lower pressure and temperature at the 

end of compression. This is also known as the Miller, or Atkinson 

process. Higher temperature of the exhaust was observed in [6] and 

comes from decreased air to fuel ratio and thus higher adiabatic flame 

temperature. The profiles used with Miller LIVC can be seen in   

Figure 3. 
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Figure 3. Valve lift profiles for late intake valve closing (LIVC) for lambda 

reduction with the Miller process. 

Due to the lower pressure at the closing of the inlet valve, the pressure 

at the start of combustion will also be lower. This will cause the peak 

temperatures during the combustion to be lower.     is formed 

through the Zeldovich mechanism [7], in which the reaction rate of 

formation increases exponentially with temperature. Therefore,     

emissions are expected to decrease if Miller LIVC is used. The 

decreased combustion temperature and pressure will cause fuel 

consumption to increase, which was also seen in [8]. On the contrary, 

the lower in-cylinder pressure during compression will cause lower 

compression work and thus decrease the fuel consumption, so the total 

effect on fuel consumption needs investigation and can also be 

dependent on load. Soot emissions,   , and    emissions are expected 

to increase due to the lower air to fuel ratio, pressure, and temperature. 

2.1.8 Late Intake Valve Opening, LIVO 1-valve 

The target of this strategy is to reduce the air to fuel ratio and increase 

the swirl and turbulence at TDC, thus increasing temperature while 

reducing the soot emissions [9]. This will mean higher pumping losses 

and therefore increased BSFC. Since only one valve opens, the intake 

port will act as a throttle with reduced total intake area. The result 

should be lower in cylinder pressure at BDC before the start of 
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compression. If the air to fuel ratio is reduced too much, smoke and PM 

emissions will increase. An attempt to increase the mixing during the 

mixing-controlled diffusion combustion is made by opening the valve 

late and only using one valve, this may increase the swirl in the engine 

and cause higher turbulence during the combustion and thus increase 

the soot oxidation. Previous measurements of swirl with one valve lift 

have proved that the swirl number is larger with one valve compared to 

two valves when the valve lift is high [10]. This will decrease the fuel-

rich zones within the flame and cause less PM emissions, but may be a 

risk for increased     emissions.  

Since the intake valve opens later in the inlet stroke, partial vacuum 

will be created within the cylinder before the opening of the intake 

valve. There is thus a risk that engine oil from the crank-case is drawn 

into the cylinder past the piston rings. This may influence the emissions 

of the engine to the negative side. Consumption of the engine oil is also 

a negative aspect. 

A lower air to fuel ratio will increase the adiabatic flame temperature 

during combustion and cause higher exhaust temperature. The profiles 

used for late intake valve opening can be seen in Figure 4. 

 

Figure 4. Valve lift profiles with late intake valve openings (LIVO). 
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2.1.6 Internal EGR, Early Exhaust Valve Closing – EEVC 

This strategy includes several mechanisms which should increase the 

exhaust temperature. First, the exhaust valve is closed early, causing 

residual exhaust gas to remain within the cylinder. This exhaust gas 

will then be compressed towards TDC. Slightly after TDC, the intake 

valve opens, initially causing the residual exhaust gas to blow out into 

the intake manifold. As the intake stroke then starts, the direction of the 

flow will reverse into the cylinder again. This means that the intake 

mixture will be warm and include residual exhaust gas, effectively 

reducing the air to fuel ratio due to the lower density of the intake air. 

A second reason for increased exhaust temperature is the increased 

pumping work of the engine due to the compression work of the 

residual exhaust gas, which is lost when the intake valve opens. This 

means that more fuel needs to be added to retain the same work output 

on the crankshaft. The valve lift profiles for this strategy can be seen in  

Figure 5.  

 

Figure 5. Valve lift profiles with early exhaust valve closing (EEVC) in order to 

store exhaust gas within the cylinder. 

    emissions are expected to decrease due to the exhaust gas mixture 

with the intake air, which may reduce peak temperatures during the 

combustion. An increase in     formation may also be caused due to 

the higher mixture temperature, so the total     emissions are 
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uncertain. On the negative side, the mechanical load on the intake 

valves increases, due to the increased pressure which they need to be 

opened against. 

2.1.1 Early Exhaust Valve Opening – EEVO 

If the exhaust valve is opened earlier in the expansion stroke, the in-

cylinder pressure and temperature at valve opening will be higher 

compared to standard exhaust valve timing. Since the gas is allowed 

less expansion work on the piston, this will reduce the IMEP, and thus 

contribute to lower efficiency. If the engine is run at the same load, 

more fuel needs to be injected causing an increased BSFC. At a 

constant engine load, exhaust pressure and temperature will increase, 

causing a higher velocity and temperature of the flow through the 

exhaust after-treatment, and thus a temperature increase will occur. An 

illustration of EEVO valve lift profiles can be seen in Figure 6. 

 

Figure 6. Valve lift profiles with early exhaust valve opening (EEVO), in steps of 

20 crank angle degrees. 

In comparison with post injections as a temperature increasing measure 

(which also increases BSFC), the EEVO strategy may be more efficient 

since all fuel can instead be burned closer to TDC where the pressure 

and temperature is higher. The    and    emissions are expected to 

increase due to the lower residence time within the cylinder, but these 

emissions may be converted in the oxidation catalyst placed highest 



21  
 

upstream in the exhaust if light-off temperature at          has 

been reached [3]. The oxidation reactions within the catalyst release 

energy, and will thus contribute to increased exhaust temperature.  

A negative aspect of early EVO is also the fact that the valve has to 

open against a higher pressure. This means that with earlier exhaust 

valve opening, the valve driving system needs to be more powerful. 

The losses in the valve mechanism (hydraulic or cam-driven) will 

hence become more significant with earlier EVO [11]. 

The soot emissions are expected to increase since the time for oxidation 

of soot is decreased. On the other hand,     emissions are expected to 

be constant, since very little     reduction takes place in the normal 

case and the change in residence time due to EEVO is thus irrelevant.  

If an engine is equipped with a turbocharger, a positive aspect of 

having the possibility of EEVO is also that engine response can be 

improved due to decreased turbo lag if EEVO is used in transients [11]. 

The increase in BSFC could also be partly compensated by a higher 

charge air pressure, but this may have a negative impact on exhaust 

temperature.  

2.1.5 Internal EGR, Exhaust Valve bump – EV-bump 

In this strategy, the exhaust valve opens during the intake stroke, 

drawing exhaust gas into the cylinder, also investigated in [12]. The 

profiles used to create internal EGR by exhaust valve bump can be seen 

in Figure 7. 
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Figure 7. Valve lift profiles with exhaust valve bump in order to draw internal EGR 

into the cylinder. 

One mechanism which increases exhaust temperature is the increase in 

in-cylinder temperature during the intake stroke. The intake air mixes 

with the residual exhaust gases within the cylinder, causing a higher 

temperature of the mixture gas at the start of compression. This will 

also lead to increased temperature at the end of compression, and thus 

higher combustion temperature [13]. The air to fuel ratio is also 

decreased due to the lower density of the hot gas mixture. This 

increases the adiabatic flame temperature and thereby the combustion 

temperature.  

The pumping work should also decrease, due to a larger total valve lift 

area which means less throttling resistance. This should have a positive 

effect on fuel consumption. 

In the same manner as for the IV-bump strategy, the exhaust gas which 

is drawn into the cylinder should reduce     emissions. However, the 

increased combustion temperature may increase     formation, so the 

total effect is uncertain. Soot emissions are expected to increase as the 

air to fuel ratio is reduced, because of less available oxygen for soot 

oxidation. However, the bump lift height is used to control the decrease 

in air to fuel ratio so that the soot emissions can be limited. 
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2.1.4 Internal EGR, Intake Valve bump – IV-bump 

The intent of the IV-bump strategy is to push out a small portion of 

exhaust gas into the intake manifold during the exhaust stroke, which 

was also investigated in [12]. Until reopening of the intake valve, the 

exhaust gas should stay in the intake runner, causing a heat-up of the 

intake air and manifold. This will lead to lower density of the intake 

air, causing thermal throttling, as seen in [13]. This leads to reduced air 

to fuel ratio and increased adiabatic flame temperature, and thereby 

increases exhaust temperature. On the other hand, the exhaust gas 

which is mixed with the intake air may increase the heat capacity of the 

mixture, which would thus lower the adiabatic flame temperature. 

The intake valve lift was designed as a bump during the late phase of 

the exhaust stroke, to enable use of the exhaust blow-down pulse in a 

potential turbocharger. Different lift height was used in order to control 

the flow of exhaust gas into the intake manifold, as seen in Figure 8. 

 

Figure 8. Valve lift profiles with intake valve bump, in order to pump exhaust gas 

into the intake manifold. 

The pumping work is expected to decrease, due to the lower pressure in 

the intake manifold compared to the exhaust manifold in this specific 

load point. The total valve opening area during the exhaust stroke is 

also increased. This causes lower pressure on the piston during the 
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exhaust stroke, and will have a positive effect on the fuel consumption. 

In the case of a turbocharged engine, the effect may be different. 

The exhaust gas portion of the mixture is inert and will thus only be 

warmed during combustion. This will have a positive effect on the     

formation. However, the increased temperature will cause     

formation to increase, so the total effect needs investigation. The warm 

gas mixture should also increase the ignitability of the injected fuel, 

causing lower    and    emissions at low load. This yields if the 

EGR fraction does not become too large. 

2.1.7 EV & IV phase shift 

This strategy uses a combination of EEVO, EEVC, LIVO, and LIVC, 

but only with phase shifts of the standard valve lift profiles, as seen in 

Figure 9 below.   

 

Figure 9. Valve lift profiles with intake and exhaust valve phasing in steps of 

     . Combinations of        (early) EV phasing and        (late) IV-

phasing are used.  

During fresh air intake, the intake valve is closed late, after BDC. Some 

of the fresh air is pushed out of the cylinder, causing a lower effective 

compression ratio as well as lower air to fuel ratio. Then, after 

compression and combustion, the exhaust valve opens early, letting out 

exhaust gas at a higher temperature and pressure with the same 
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consequences as explained for EEVO. When the exhaust gases are 

scavenged, the valve closes early, causing compression of the 

remaining exhaust gas within the cylinder. This compression work is 

then returned as expansion work on the piston due to the late opening 

of the intake valve. The process may be easy to implement 

mechanically, since the standard valve profiles are used with simply a 

phase shift [14]. 

The late closing of the intake valve should have a positive effect on the 

    emissions, since it reduces the pressure and temperature after 

compression. However, the earlier exhaust opening causes a need for 

more fuel to be injected, and this may cause an increase in     

emissions. The soot emissions are likely to increase due to the shorter 

time for soot oxidation because of the earlier exhaust valve opening. 

2.2 Conventional methods 

The newly developed engines which are equipped with SCR after-

treatment systems already have methods to increase the exhaust 

temperature at low load. Some of these methods were also tested and 

used in comparison to the VVA strategies. 

2.2.1 Intake throttle 

One of the methods to increase exhaust temperature which is 

commonly used today is to use an intake throttle to reduce the inlet 

manifold pressure. This reduces the in-cylinder pressure at the start of 

compression, and thus also the pressure and temperature at the end of 

compression. Combustion temperatures, as well as exhaust 

temperatures, are thereby increased as the air to fuel ratio is decreased. 

The tradeoff is higher fuel consumption and increased soot emissions, 

as seen in [4] and [15].  
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2.2.2 Exhaust brake 

A second common method to increase exhaust temperature is to use an 

exhaust brake in the form of a throttle valve placed after the turbine in 

the exhaust system. When the valve is closed, the exhaust pressure 

increases. During the exhaust stroke, the pressure from the exhaust gas 

on the piston will be higher, and thereby the engine load increases. This 

causes higher fuel consumption in order to maintain the same engine 

output work, and a lower engine efficiency. Thereby, the exhaust 

temperature will be higher.    

2.2.3 Hot external EGR 

In order to evaluate if hot external EGR could be used as a method to 

increase the exhaust gas temperature, a custom EGR route was 

designed. It was done by connecting the exhaust manifold to the intake 

manifold by an exhaust pipe with a diameter of      . The intake 

throttle would then be used to control the flow from the exhaust 

manifold into the intake of the engine.  

The mechanism which would increase the temperature of the exhaust 

gas is the increase of the intake air temperature before the start of 

compression, as well as reduction of the air to fuel ratio due to the 

density decrease of the intake air and due to the exhaust gas fraction of 

the mixture. At the same time,     emissions may be reduced because 

of the increased inert gas within the cylinder. PM emissions should 

increase as the air to fuel ratio is decreased, and    and    emissions 

may be decreased as the ignition characteristics at very low load are 

improved because of the higher temperature. At very high fractions of 

EGR, the ignition characteristics may instead become worse because of 

less available oxygen for fuel oxidation. 
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2.3 Test setup 

The engine used for measurements was an experimental single-cylinder 

engine equipped with a hydraulic VVA system. The engine 

specifications can be seen in Appendix A. Temperature measurements 

were taken with a thermocouple of type K with isolated junction point, 

mounted in the exhaust manifold according to Figure 10.  

 

Figure 10. Mounting of the K-type thermocouple and the piezo-resistive pressure 

transducer in the exhaust manifold. 

For all temperature measurements in the exhaust manifold, there will 

be a steady-state error due to the heat transfer from conduction and 

radiation between the thermocouple and the manifold walls [16]. This 

has however been neglected since the trend in temperature increase is 

investigated, and the different strategies are compared with the same 

measurement setup.  

Load points for the tests were defined in correlation with previous 

multi-cylinder engine tests. These points were chosen at low load, from 

   up to     of full load, since too low exhaust temperature occurs in 

the low load range. The     reduction potential of the strategies is also 

of interest in higher load ranges. Therefore, some load points in the 

higher load range were also defined. 
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The previous multi-cylinder engine tests were performed on a 6-

cylinder engine with a bore of        and a stroke of         The 

single-cylinder engine used in this project has a bore of        and a 

stroke of       , thus the load points of the full engine had to be 

scaled accordingly. The intake and exhaust pressures, injection 

pressure, fuel, swirl number of    , and compression ratio of    were 

set according to the 6-cylinder engine tests. The defined load points can 

be seen in Table 2 below. At    load, the torque was set to      in 

order to be sure to stay above     . A constant speed of          

was chosen; this is a typical engine speed for a HD Diesel truck, and 

also an engine speed which is suitable for the single-cylinder engine in 

terms of vibrations and mechanical load on the VVA system. The load 

of the engine was controlled by manually adjusting the duration of the 

fuel injection. 

Table 2. The defined load points used on the single-cylinder research engine. The 

inlet and exhaust pressures are relative atmospheric pressures. 

Load 

    

Speed 

      
Torque 

     
Inlet pressure 

       
Exhaust pressure 

       
Rail pressure 

      

0% 1200 5 100 225 710 

5% 1200 18 105 210 720 

10% 1200 36 95 235 800 

25% 1200 90 245 335 970 

50% 1200 180 650 625 930 

75% 1200 268 920 845 1000 

100% 1200 360 1700 1400 1040 

The standard valve profiles used in this project are the same as 

measured on a cam-driven valvetrain in a Scania D12 engine.  
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2.4 Measurements 

All measurements were taken at steady state conditions where 

temperatures and emissions were constant. Initially, the strategies were 

tested at 5% load with a constant SOI of      , in order to get a quick 

glance at the potential of each strategy. From these early results, 

priorities of which strategies were most important to test could be 

made. 

Further tests, at  ,   ,   , and     load were conducted with varied 

SOI from        up to     , depending on how much soot formation 

occurred. Generally, measurements with a FSN higher than   were 

ignored, since at this high level of soot, damage to the pressure sensor 

in the exhaust manifold could be seen. Each strategy was also tested 

with four different settings in terms of valve lift profiles, throttle 

position, or exhaust back pressure, in order to observe the trend of what 

happened when the effect of the strategy was enlarged. These settings 

also had to be adjusted for the different engine loads, in order to get 

significant temperature increases. The steps for each strategy can be 

seen in Appendix B.  
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3. Results 

In this chapter, the results of the experimental testing for each strategy 

are presented and analyzed. The different strategies are also compared 

in order to get an understanding of how they differ. 

3.1 Comparing results 

In this section, the comparing results from testing the VVA strategies 

on the experimental single-cylinder engine are presented.  

3.1.1 Initial comparison 

From the initial test at    load and a SOI of      , the different 

strategies could be compared. It was seen that all strategies tested 

managed to raise the exhaust temperature, but with different increase of 

specific fuel consumption. Some of the strategies also decreased the 

    emissions at the same time as the exhaust temperature was 

increased. The comparing results are plotted in Figure 11 and       

Figure 12. Each step of the strategies used can be seen in Appendix B. 

 

Figure 11. Exhaust temperature as a function of     emissions for the different 

strategies in the initial comparison at    load,         , and SOI of      . 
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Figure 12. Specific fuel consumption as a function of     emissions for the 

different strategies in the initial comparison at    load,         , and SOI 

     . 
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since they both have small temperature increase at large costs in     

and fuel consumption. It was also seen that the Miller EIVC strategy 
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This was also the case with the IV-bump strategy. 
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given higher priority due to an increase in exhaust temperature with 
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3.1.2 Further comparison at 0 and 25% load  

Generally for all strategies and load points; with later start of injection, 
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compare the strategies at a SOI of       since it was around this 

injection angle that the best performance in terms of fuel consumption 

could be seen. 

The temperature increase of the exhaust gas is not proportional to the 

increase in fuel consumption for the different strategies, which can be 

seen if the exhaust temperature is set in relation to the specific fuel 
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consumption at a fixed load. The exhaust temperature can thus be 

divided by the specific fuel consumption, defined as 

      
 ̇    

      
 

(1) 

where  ̇     is the fuel mass flow and        is the brake power.   

The measure of exhaust temperature efficiency can thus be described as 

a constant, defined as  

                     
    

    
 

           

 ̇    

  
(2) 

where      is the exhaust gas temperature.  

The reason for using the brake power and not only fuel flow is that 

there will always be small variation in engine load between the 

different load points. The exhaust temperature efficiency constants can 

then be compared to the reference case at a specific load, and the 

temperature efficiency increase can be calculated according to 

                         
                    

                        

 
         

   

             
  

(3) 

At    load, it can be seen that the EV-bump strategy has the highest 

efficiency increase of exhaust gas temperature compared to fuel 

consumption. This is plotted in Figure 13, where all different steps for 

the strategies can be seen. 
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Figure 13. Comparison of the exhaust temperature efficiency increase for the 

different strategies. The reason for some strategies missing Step 4 is that soot 

emissions was a limiting factor.  

If the same comparison is made at     load, the intake throttle 

strategy proves to be most efficient to increase exhaust temperature. 

The reason for this may be that the throttle needed to be closed much 

more in order to reduce the air to fuel ratio sufficiently in the    load 

case compared to     load. In this case, the soot emissions were high, 

which will be explained in a later section. The comparison can be seen 

in Figure 14 below.  

 

Figure 14. Exhaust temperature efficiency increase for the different strategies at 

    load and SOI      . 
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If the mean effective pressures during the engine cycle are compared, it 

can be seen that a great difference in scavenging work between some 

strategies exists. At the same engine load, BMEP and FMEP should be 

roughly equal for all strategies. This can be seen at     load in Figure 

15 below. The scavenging work for the exhaust brake and LIVO 1-

valve strategies is substantially larger compared to the other strategies, 

which causes a need of more fuel mass injection. This is a main 

contribution to increased exhaust temperature as well as increased fuel 

consumption. A similar trend for PMEP could be seen at    and     

load. 

 

Figure 15. Comparison of the brake, friction, and pumping mean effective 

pressures in absolute values at     load,          and SOI      . The total bar 

height represents the gross indicated mean effective pressure, IMEPgross. 

If the intake air mass flow through the engine is compared for the 

different strategies, it can be seen that every strategy reduces the air 

flow, as plotted in Figure 16. Two strategies, the exhaust brake and the 

LIVO 1-valve both stand out since they maintain the intake air mass 

flow roughly constant, while the other strategies greatly reduce the 

mass flow. Thus, at the same exhaust temperature, the potential of 

heating the exhaust after-treatment system is higher with maintained air 

mass flow.  
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Figure 16. Engine air mass flow of the different valve strategies at     load, 

        , and SOI      . 

The heat flux of the exhaust gas can be calculated by assuming an 

ambient temperature, and using 

 ̇
       

  ̇                                      . (4) 
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Thereby, the heating potential of the after-treatment components can be 

compared for the different strategies. This can be seen in Figure 17, 

where the heat flow has been calculated with an assumption of     

ambient temperature. 

 

Figure 17. Calculated exhaust heat flow which can be used to heat the after-

treatment system. The calculation was made from test results at     load, 

        , and SOI      . 

It can be seen that the heat flow is greatest for the exhaust brake 

strategy. This is due to the combination of high exhaust temperature 

and maintained engine flow. The LIVO 1-valve strategy also shows a 

slightly increased heat flow in the exhaust gas. Similar results could be 

seen at the other load points tested. 

3.1.3 Injection angle 

Generally for all strategies, the specific fuel consumption increases 

with later injection angle, due to combustion during lower temperature 

and pressure and thereby lower thermal efficiency. Soot emissions also 

increase, but in some cases, the soot decreases with very late injection 

angle. This is due to a longer ignition delay causing a lower portion of 

diffusion combustion, where soot is formed. One example of this is 

with Miller LIVC at     load and       late intake valve closing. 

With an injection angle of       the soot emissions were at FSN 

    , and with      injection angle the FSN was     . The increased 
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amount of premixed combustion at this measurement point is plotted in 

Figure 18. 

 

Figure 18. Illustration of the increased amount of premixed combustion in the case 

of SOI      compared to SOI       with Miller LIVC at 25% load,         , 

and       late closing. 

At    load, the    emissions tend to increase with later injection 

angle. In some cases, no ignition of the injected fuel occur due to too 

low in-cylinder temperature and pressure. This is most significant for 

intake throttle, Miller EIVC and LIVC, and IV-EV phase shift, which 

all reduce the pressure at the start of compression.   

3.2 Evaluation of strategies 

Here, the results of each strategy is individually analyzed and 

presented. The results are presented in spider charts, where the axes 

have been set so that a smaller plotted area is better in terms of fuel 

consumption, emissions, and exhaust temperature. The results can be 

compared to the reference case with standard valve lift profiles, which 

can be seen in Appendix C. 
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3.2.1 Intake throttle 

The use of intake throttle for increasing the exhaust temperature proves 

to be very effective, due to the successful reduction of the air to fuel 

ratio. At     load and SOI      , the exhaust temperature could be 

increased from      up to     . However, at this high degree of 

throttling, the soot emissions reached a FSN over  . At a lower degree 

of throttling, the exhaust temperature still increased by      but with 

a FSN of     . This tradeoff can be seen in Figure 19 below. The    

emissions decreased in the     load case, likely due to the increased 

combustion temperature. On the contrary, at    load, the    

emissions increased with more throttling, likely due to incomplete 

combustion because of the low pressure and temperature at the end of 

compression. 

 

Figure 19. Comparison of the different degrees of intake manifold throttling at 

    load,         , and SOI      . 

At     load and SOI      , the exhaust temperature could be 

increased up to     , while still maintaining a very low FSN of     . 

This low soot output also yields for    load, where the exhaust 

temperature could be increased by    . The high soot output of the 
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    load case is explained by the air excess ratio, which was reduced 

to      with a decreased intake manifold pressure of         . 

3.2.2 Exhaust brake 

As was seen in the comparing results, the exhaust brake increases the 

exhaust temperature drastically, but at the cost of fuel efficiency. This 

is due to the greatly increased scavenging work during gas exchange, 

and can be seen by comparing the two swept areas, as in Figure 20 

below. 

 

Figure 20. Comparison of the scavenging work between exhaust brake and the 

reference case at     load,          and SOI      . 
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At     load and SOI      , the exhaust temperature could be 

increased from      to     , and at    load up to      compared 

to the reference case at     . However, the fuel consumption 

increased by     and      respectively. The comparing results for 

increased exhaust back pressure can be seen in Figure 21. The increase 

in     emissions can be explained by the need for more fuel to be 

burned, and thereby higher temperatures. 

 

Figure 21. Comparison of increased exhaust back pressure at     load and SOI 

     .  
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3.2.3 Miller EIVC 

At     load, the intake valves were closed from    to        earlier 

than standard. This caused an increase in exhaust temperature from 

     with reference valve lift profiles up to     , an increase by 

    . At     load, the increase in temperature was up to     from 

the reference value of     . The variation of exhaust emissions, fuel 

consumption, and exhaust temperature with increased EIVC can be 

seen in Figure 22. 

 

Figure 22. Comparison of the different steps in EIVC, at     load and SOI 

     . 
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efficiency with the lower effective compression ratio. It can also be 

seen that the soot emissions are higher with        EIVC; this is due 

to the lower air to fuel ratio causing less oxygen to be available for soot 

oxidation. 

 

Figure 23. Pressure traces during scavenging at     load,         , and SOI 

     . Comparison between Miller EIVC profile and reference profiles. 
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3.2.4 Miller LIVC 

When the Miller strategy with LIVC was tested, valve profiles with up 

to       late closings were used. This caused exhaust temperature 

increases from      to      at     load, and from      to      

at    load. In the     load case, soot emissions could be kept low at 

a FSN of      which can be seen in Figure 24. The increase in fuel 

consumption at this load was    .  

At    load and       late closing, incomplete combustion occurred 

which caused an overload of the    measurement equipment. This was 

due to the lower pressure and temperature at the end of compression, 

because of the decreased effective compression ratio. Therefore, a 

maximum of       late closing was used, which caused an increase in 

fuel consumption by   .  

 

Figure 24. Comparison of the steps of later intake valve closing at     load, 

        , and SOI      . 
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At all loads tested, a decrease in     emissions could be seen. This is 

due to the lower effective compression ratio caused by the lower 

pressure in the early phase of compression in the Miller LIVC case. 

This can be seen in Figure 25. In this figure, it can also be seen that the 

pumping work is reduced compared to the reference case, due to the 

later closing of the inlet valve. The reason that the fuel consumption 

increases even though the pumping work decreases is due to the lower 

thermal efficiency caused by the lower effective compression ratio. 

 

Figure 25. Comparison of the pressure traces during scavenging with Miller LIVC 

and the reference valve profiles at     load,         , and SOI      . 
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3.2.5 LIVO 1-Valve 

In the initial measurements at    load, it was seen that the LIVO-

strategy only caused a minor exhaust gas temperature increase, with 

both increase in     emissions and fuel consumption. Therefore, the 

strategy was only further tested at     load. At this load, and with a 

SOI of      , the maximum temperature increase compared to the 

reference case was     . The     emissions increased from   

           to            and the BSFC increased by    . The 

comparison of the strategy steps can be seen in Figure 26 below. 

 

Figure 26. Comparison of the steps in LIVO with one intake valve closed. 
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seen in Figure 27. This is due to the rapid movement of the air into the 
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reference case. The increase in fuel consumption is explained by the 

increase in scavenging work, which can also be seen in Figure 27. 

 

Figure 27. Comparison of pressure traces during gas exchange for LIVO 1-Valve 

and reference at     load,         , and SOI      . 
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Figure 28. Comparison of the heat release rate of the LIVO 1-valve strategy and 

reference at     load,         , and SOI      . 
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3.2.8 EV-Bump 

The exhaust valve bump strategy increased exhaust temperatures with 

only small increases in fuel consumption, as well as     emission 

reductions. At     load and SOI      , the increase in exhaust 

temperature was up to      with only a minor increase in fuel 

consumption by   . The negative aspect of the strategy is the increase 

in soot emissions. However, these emissions can be maintained at 

reasonable levels while still increasing exhaust temperature adequately. 

A comparison of the different bump lift heights at     load and SOI 

      can be seen in Figure 29 below. 

 

Figure 29. Comparison of EV-bump at 25% load,         , and SOI      . 

The same trend yields for    and     load, where soot emissions are 

increased with higher bump lift. However, in order to see any 

temperature increase, the maximum bump lift had to be increased. In 

the    load case, the bump lift could be set up to       without 

significant soot emissions. At this load and with SOI      , the 

exhaust temperature could be significantly increased by     while 

maintaining soot emissions of FSN      and     emission reduction 

from          to        . In this case, a       exhaust bump was 

used. 
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The decrease in     emissions can be explained by the inert exhaust 

gas introduced into the cylinder, which reduces the peak combustion 

temperatures by taking up heat. The soot emissions tend to increase as 

the air to fuel ratio decreases, due to less available oxygen for soot 

oxidation. Another mechanism which may cause decreased     and 

increased soot may be that the opening of the exhaust valve in the 

bump disturbs the swirl motion of the intake air. This would cause less 

mixing and a lower flame front area where the highest temperatures are 

located, and thereby less oxidation of soot and less formation of 

thermal     by the Zeldovich mechanism. 

3.2.9 IV-Bump 

With the intake valve bump strategy, the exhaust temperature could be 

increased to      at     load, SOI      , and bump lift of     . 

The increase was thus     , with an increase in fuel consumption by 

  . With this bump lift, the soot emissions also increased drastically, 

and the FSN became     , which would be considered much too high 

for continuous operation. At a slightly lower bump lift of      and at 

the same load conditions, the exhaust temperature increase was still 

     but instead with a FSN of      and an increase in BSFC by 

    . The reason for these high soot values is the effective reduction 

of the air excess ratio, which became as low as      in the case of 

     bump lift and thus limits the soot oxidation due to less available 

oxygen. The comparing results for     load can be seen in Figure 30. 
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Figure 30. Comparison of different intake valve bump lift height at     load, 

        , and SOI      . 

The     emissions were effectively reduced by the introduction of the 

inert exhaust gas into the cylinder, which causes peak combustion 

temperatures to drop.  

At    load, it was seen that the combustion process was very unstable, 

possibly due to cycle to cycle variations in the exhaust gas content of 

the intake air. The intake manifold temperature increased to     with 

     bump lift, and in general the trend was similar to the     load 

case.  

The pumping work was also reduced with the IV-bump strategy, due to 

the larger total valve opening area during the exhaust stroke, which 

causes lower in-cylinder pressure. 

3.2.10 EV & IV Phase shift 

At     load, it was possible to make a phase shift of up to       on 

both the intake and the exhaust valve. With higher values, the soot 

emissions increased drastically. This is due to both decreased effective 

compression ratio and earlier EVO, causing a need for more fuel to 

maintain the same output torque, resulting in a lower air to fuel ratio. 
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This causes less oxygen to be available for soot oxidation. At    load, 

the phase shift was possible with up to      , but injection angles later 

than       caused incomplete combustion and very high    

emissions as a result.  

The exhaust temperature could be increased by up to      at     

load and SOI      , and up to     at    load and SOI      . A 

reduction in     emission could also be seen, down to           

from           , and to         from            at     load and 

   load respectively. The     reduction can be explained by the 

lower effective compression ratio caused by the phasing of the IV, 

which causes a lower adiabatic flame temperature resulting in lower 

    formation. The comparing results for     load can be seen in 

Figure 31, and the trend was similar for the    load case. 

 

Figure 31. Results for IV-EV phase shift at     load and SOI      . 

3.2.11 Hot external EGR 

With the custom hot external EGR route mounted on the engine, 

attempts to control the EGR rate into the engine with the intake throttle 

were made. Yet, it was very complex to find stability in the EGR flow 

into the cylinder. Therefore, the exhaust back pressure had to be 
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adjusted to increase stability. Another problem which occurred was the 

increase of the intake manifold temperature up to     , which was 

considered the limit for the manifold. Hence, attempts with hot external 

EGR could only be conducted at    load, and at a few points on     

load. 

In Figure 32, the results of the hot external EGR at     load and SOI 

      are plotted. The EGR rate in this case became      . 

Compared to the reference case, the increase in temperature was only 

  . The fuel consumption stayed almost constant with a decrease of 

  , however, the exhaust back pressure had to be adjusted from 

         to          relative atmospheric pressure in order for the 

EGR rate not to become too large. This contributes to a lower fuel 

consumption, and can also explain the low increase in exhaust 

temperature since the exhaust gas is allowed to expand further 

compared to the reference case. The significant influence of the EGR 

was a decrease in     by    , due to the increased inert gas fraction 

in the cylinder which reduces peak temperatures by taking up heat. The 

soot emissions also increased, due to less available oxygen for soot 

oxidation.  

 

Figure 32. Results of the hot external EGR test at     load, SOI      , and 

        . 
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3.3 Strategy combinations 

Since the EV-bump strategy showed good overall results, it was 

decided to further evaluate the potential of this strategy. Because the 

maximum necessary lift height of the bump proved to be very 

dependent on the load of the engine, and different bump lifts may be 

difficult to realize in a VVA system designed for production, a constant 

bump lift was used at different loads in combination with other 

strategies. The bump lift chosen was     , since this lift height had 

moderate influence on the air to fuel ratio, and thereby also the exhaust 

temperature at   ,    , and     load. To increase this influence, 

exhaust brake, intake throttle, and Miller with LIVC were used. 

Another aspect of the combinations is that at low load with late 

injection angle, the ignitability of the injected fuel is improved 

compared to only using intake throttle or Miller LIVC. This is due to 

the increased in-cylinder temperature before SOC, because of the warm 

exhaust gases that are mixed with the intake air during the intake 

stroke. The increased temperature also decreases the    emissions at 

low load and with late injection angles. 

3.3.1 EV-bump with intake throttle 

In order to increase the flow of exhaust gas into the cylinder during the 

bump lift, intake throttle can be used. This increases the pressure ratio 

between the exhaust gas and intake air, and thus increases the flow of 

exhaust gas during the bump lift. For each load, two stages of throttling 

were tested. With decreased intake manifold pressure, the soot 

emissions tend to increase because of a lower air to fuel ratio and thus 

less available oxygen for soot oxidation. The lower air to fuel ratio is 

also the reason for the increased exhaust temperature. 

3.3.2 EV-bump with exhaust brake 

The combination of EV-bump and exhaust brake also increases the 

pressure ratio between the exhaust gas and intake air, due to the 

increased exhaust back pressure. This increases the exhaust gas flow 

into the cylinder during the bump lift, causing a lower air to fuel ratio 

due to the thermal throttling in the cylinder. This will also cause an 
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increase in combustion temperature as well as higher soot emissions 

due to the lower availability of oxygen for soot oxidation. 

 3.3.3 EV-bump with LIVC 

With the combination of EV-bump and the Miller LIVC strategy, the 

pressure ratio between the intake air and exhaust gas is the same as in 

the standard case. However, the exhaust valve was opened early during 

the intake stroke, causing the initial flow of gas into the cylinder to 

consist of both air and exhaust gas. After the EV-bump is closed, the 

intake valve stays open until after BDC, and thus the piston will push 

out some of the intake air which has been drawn into the cylinder 

during the late intake stroke. This effectively lowers the air to fuel 

ratio, and thereby exhaust temperature is increased. The soot emissions 

also increase with less available oxygen for soot oxidation. 

3.3.4 Comparison of the combinations 

As can be seen in Figure 33, all combinations increase the exhaust gas 

temperature compared to standard valve profiles as well as compared to 

only using EV-bump. The bump lift at    and    load plotted is 

     instead of     , since at these loads only bump lifts with      

or more were measured earlier. With only      lift at these low loads, 

the effect on the exhaust gas was minimal. This is also the reason for 

the great increase in temperature seen with the combinations at these 

loads compared to only using EV-bump; if only EV-bump is used, 

much higher bump lift is needed.  
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Figure 33. Comparison of the strategy combinations with EV-bump at SOI      . 

The EV-bump reference is plotted with     bump at the lowest loads, since 

almost no temperature increase could be seen with     bump at these loads. 
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The increase in brake specific fuel consumption for the strategy 

combinations was moderate, ranging from an increase by      for EV-

bump with throttle to      for EV-bump with LIVC, at     load. 

Increases in soot emissions were also seen, as illustrated in Figure 34. 

These soot emissions are caused by the lower air to fuel ratio caused by 

the strategies. With less available oxygen for soot oxidation within the 

cylinder, the soot emissions will increase. 

 

Figure 34. Increase in soot emissions for strategy combinations with EV-bump, at 

SOI       and         .  
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The     emissions could also be reduced with the strategy 

combinations, as seen in Figure 35. The same mechanisms as for the 

individual strategies explained earlier cause these reductions. However, 

when only exhaust brake was used, an increase in     was seen. The 

lower     with a combination of EV-bump and exhaust brake thus 

proves that the inert hot exhaust gas still lowers the peak combustion 

temperatures and causes a reduction in thermal     formation. The 

lower air to fuel ratio is also a reason for the decreased     formation, 

because of less available oxygen.   

 

Figure 35. Comparison of the     emissions with strategy combinations with EV-

bump at SOI       and         . 
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When temperature efficiency for the combining strategies is compared 

to only using throttle, Miller LIVC, or EV-bump with varying lift, it 

can be seen that the combinations show the same or even higher 

temperature in relation to brake specific fuel consumption. This is 

illustrated in Figure 36, at    load and SOI      . It can also be seen 

that by adding the exhaust bump to the throttling, it is much more 

efficient to stay at a specific temperature compared to only using a 

throttle. The same yields for Miller LIVC. Similar results were seen at 

    load, but there the intake throttle was slightly more efficient.   

 

Figure 36. Exhaust temperature efficiency for the strategy combinations. Only 

exhaust brake has intentionally been left out due to the low temperature efficiency 

previously seen. The combinations were only tested with two steps of throttle, 

brake, or LIVC. 

3.4 NOX reduction at higher load 

For the strategies which proved to reduce     emissions, an 

investigation was made to determine if the same holds for higher load 

than initially tested. However, at loads over 50%, the actuation of the 

exhaust valves by the hydraulic VVA system failed due to the higher in 

cylinder pressure which the valves had to open against. Thus, only 

loads up to 50% were tested. At this load, the exhaust temperature was 

     with standard valve profiles and SOI      . This temperature 
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was considered sufficient for the exhaust after-treatment system, and 

therefore the temperature increase for the strategies was not considered. 

As can be seen in Figure 37, the results show that the strategies can be 

used to reduce     at higher load. The different steps in each strategy 

reduce     and increase soot emissions at a diverse extent, but the EV-

bump strategy has the best relation between     reduction and soot 

emissions, and results in about         decrease at the same soot 

output as in the reference case. The bump lifts used ranged from      

up to      for both EV- and IV-bumps. For Miller LIVC, up to 

      late closing was used, and for the Phase shift, up to        

was used. 

 

Figure 37.     – Soot tradeoff for     reducing strategies at     load, with steps 

in bump lift, late intake valve closing, or phasing. 
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All strategies caused an increase in fuel consumption compared to the 

reference case at     load, due to the same mechanisms explained in 

earlier sections. The increase in specific fuel consumption is illustrated 

in Figure 38. During testing, problems with the exhaust valve opening 

could be seen due to the higher pressure which the valves had to open 

against compared to the lower load cases. Due to this, the last steps of 

the phase shift and Miller LIVC strategies could not be tested. 

 

Figure 38. Increase in fuel consumption compared to the reference case for the     

reducing strategies at     load,         , and SOI      . 
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4. Discussion 

The strategies evaluated in this project can be used in different aspects. 

During a cold start, the exhaust after-treatment system should be heated 

as quickly as possible in order to avoid excessive emissions. In this 

case, a higher fuel consumption might be acceptable if catalyst light-off 

time can be substantially reduced. Here, it has been proven that the 

exhaust brake can create a high exhaust gas mass flow at high 

temperature, but at the cost of increased     and fuel consumption. 

The LIVO 1-valve and EEVO strategies could also be interesting in 

this aspect, but need further investigations.  

On the other hand, when the engine after-treatment system is already 

warm, and engine load is decreased, the objective should be to keep the 

temperature at lowest possible cost in fuel consumption in combination 

with low emissions. It has been seen that the intake throttle, EV-bump, 

and EV-bump combinations may be suitable in this situation because 

they showed high values of the calculated temperature efficiency 

constant. The standard case where exhaust temperatures drop the most 

is at    load. Here, it was seen that the combination of EV-bump and 

intake throttle was most efficient to increase the temperature. 

When the     reduction potential of the strategies was tested, positive 

results were seen, but with an increase in fuel consumption. If the     

is not reduced in the cylinder, and instead has to be catalytically 

reduced in the after-treatment system, urea injection is needed. This 

urea injection also adds to the total operating cost of the engine, which 

means that the tradeoff between in-cylinder     reduction and SCR 

should be considered when designing the engine. Another aspect of the 

    reduction with VVA is that it can be accomplished very quickly 

compared to external long-route EGR. This may be used to reduce 

spikes in     emissions. 

Generally, the exhaust temperature increases come at the cost of soot 

emissions. The exhaust temperature also increases with later start of 

injection, which also generally increases the soot emissions. This soot 

formation could be lowered by increased injection pressure, which 
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would cause increased turbulence intensity and thus greater mixing 

during the diffusion combustion [3]. However, the effect of increased 

injection pressure has not been evaluated in this project, but generally 

also increases     as well as decreases fuel consumption. Late 

injection timing should also be avoided due to oil degradation when a 

larger part of the cylinder liner is exposed during combustion.  

The EV-bump strategy proved to be interesting both in terms of 

temperature increase and     reduction. It was also seen that 

combinations of constant bump lift at different loads can be effectively 

compensated by use of intake throttle or exhaust brake, components 

which are already implemented in modern engines. The EV-bump 

strategy is also preferred compared to the IV-bump strategy since the 

exhaust gas is drawn directly into the cylinder from the exhaust 

manifold, but the swirl motion of the intake air may be affected 

because of this. This is something which could be investigated with 

laser diagnostics or CFD. In the case of IV-bump, the hot exhaust gases 

proved to increase intake manifold temperature, something which will 

have effects on the air to fuel ratio in transient operation during an 

increase in engine load. There might also be a risk of accumulation of 

soot particles in the intake manifold with IV-bump.  

Another way to reduce the catalyst warm-up time could be to reduce its 

mass. The only problem with this would be that during lower engine 

loads, the cool-down would also be quicker. Very late post-injections 

can also be used to increase exhaust temperature [17], especially if the 

OC has already reached its light-off temperature. Then, the increased 

   and    emissions will be oxidized in the catalyst and thereby 

increase the exhaust temperature. However, the tradeoff with this 

method is increased fuel consumption as well as oil degradation due to 

the large area of the cylinder liner which is exposed during the 

injection. Cylinder deactivation could be another possibility to raise the 

exhaust temperature. With this method, some cylinders should be shut 

off, and the remaining cylinders should be run at higher load in order to 

compensate. This would mean a higher exhaust temperature, but 

problems with vibrations as well as uneven temperatures in the engine 

block may occur. 
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The exhaust temperature in the reference case at     load may seem 

sufficient for the exhaust after-treatment system. However, the exhaust 

temperatures measured in this project are the direct engine-out 

temperatures. The actual temperature at the after-treatment system will 

be lower due to gas expansion in the turbine and due to heat losses in 

the exhaust piping. In previous multi-cylinder engine measurements, it 

was seen that the temperature decrease from the exhaust manifold to 

the after-treatment components was about    . This proves that it is 

still relevant to use temperature increasing measures at this load. At 

lower loads, the temperature difference is smaller, and at    load the 

decrease in exhaust temperature from the exhaust manifold to the after-

treatment system was about    .  

4.1 Recommendations 

Some observations which have been made during the project that can 

be recommended to consider are listed below. 

 Adjustments of the strategies with small steps should be done to 

avoid excessive soot or    emissions, which proved to cause 

problems with the emissions measurement equipment. 

 If polytropic pressure correction [16], or “pegging” is done, the 

range has to be adjusted for Miller LIVC depending on how late 

the IV is closed. 
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5. Conclusions 

From the results of this project, the following can be concluded: 

 The different strategies of intake throttle, exhaust brake, Miller 

EIVC, Miller LIVC, EEVO, LIVO 1-valve, EV-bump, IV-bump, 

and EV-IV phase shift can all be used to increase the exhaust 

temperature at low load, but at the cost of increased fuel 

consumption. 

 The strategies Miller LIVC, EV-bump, IV-bump, and EV-IV 

phase shift can be used to lower     emissions at low load, as 

well as at     load. 

 A constant EV-bump lift height of      can be used at varying 

load, in combination with either intake throttle, exhaust brake, or 

Miller LIVC, in order to increase the exhaust temperature. This 

has been proven up to     load. The combinations can also be 

used to lower     emissions. 

 The most fuel efficient strategy tested in this project to get 

higher exhaust temperature at    load is to use EV-bump in 

combination with intake throttle. 

 The strategy which has the highest heat flux in the exhaust gas 

and thus the highest potential of heating the exhaust after-

treatment system fast at     load is the exhaust brake. This 

comes with increased     emissions.  
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6. Future Work 

This project has been a novel evaluation of different VVA strategies to 

raise the exhaust temperature at low load. There is more work to be 

done, both on the strategies used in this project and on other strategies 

as well. Some suggestions for future work are listed below. 

 The potential of the EEVC strategy could be tested with another 

VVA system or with custom made camshafts. Phasing of only 

the exhaust valve could also be tested to get the effect of EEVO 

and EEVC.  

 Evaluate strategies in a standard test cycle and measure total 

    reduction during warm-up time and low loads. 

 Optimization of the valve profiles in order to reach maximum 

performance in terms of emissions, fuel consumption, and 

exhaust temperature. 

 Test intake air throttling directly into the cylinder by using a low 

intake valve lift. 

 Test the strategies at varied engine speed to evaluate gas 

dynamic effects. 

 Test the performance with varied fuel injection pressure, and use 

this for soot reduction. 

 Test the strategies on a multi-cylinder engine and evaluate the 

effects of a turbocharger. 

 Evaluate the strategies with 1-dimensional simulation and 

compare the results with the experimental testing from this 

project. 

 The in-cylinder flow conditions with the different valve 

strategies should be investigated with laser diagnostics or CFD 

in order to understand how the flow properties are changed 

compared to standard valve lift profiles.  
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Appendix A – Engine Specifications 

In this appendix, the parameters of the engine used in the tests are 

tabulated.  

Table A.1. Engine parameters.  

Parameter Value 

Type Experimental engine, 4-stroke 

No. of cylinders       

Compression ratio          

Bore             

Stroke             

Piston rod length             

Swept volume     1.95 

No. of valves       

Intake valve diameter            

Exhaust valve diameter            

VVA System Lotus AVT 
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Appendix B – Strategy steps 

In this appendix, all settings for the different strategies at the different 

loads are tabulated. At    load and     load, each setting was tested 

with injection angles from        to      in steps of     . The 

points at    load were tested initially in the project and thus only at an 

injection angle of      . At     load and     load, measurements 

were made with injection angles of        to       in steps of 

    . The steps can be seen in Tables B.1 to B.5. 

Table B.1. Strategy steps used at    load.  

0% Load 

Step 1 2 3 4 

Intake throttle                                     

Exhaust brake                                 

Miller EIVC                                 

Miller LIVC                             

EV-bump                       

IV-bump                      

Phase shift                                 

External EGR                                     

 

Table B.2. Strategy steps used at    load. 

5% Load 

Step 1 2 3 4 

Intake throttle                                     

Exhaust brake                                 

EEVO                                 

Miller EIVC                                

Miller LIVC                             

LIVO 1-valve                             

EV-bump                     

IV-bump                     

Phase shift                                 
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Table B.3. Strategy steps used at     load. 

10% Load 

Step 1 2 3 4 

Intake throttle                                     

Exhaust brake                                 

Miller EIVC                                 

Miller LIVC                             

EV-bump                     

IV-bump                     

Phase shift                                 

 

Table B.4. Strategy steps used at     load. 

25% Load 

Step 1 2 3 4 

Intake throttle                                     

Exhaust brake                                 

Miller EIVC                                 

Miller LIVC                             

LIVO 1-valve                             

EV-bump                     

IV-bump                     

Phase shift                                 

External EGR          x x x 

 

Table B.5. Strategy steps used at     load. 

50% Load 

Step 1 2 3 4 

Miller LIVC                             

EV-bump                     

IV-bump                     

Phase shift                                 
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Appendix C – Reference  

In this appendix, the results for the reference case with standard valve 

lift profiles at     load are plotted. The results from each strategy can 

be compared to these values. 

 

Figure C.1. Results from the reference case at     load,         , and SOI 

     . 

Reference: 25% Load, 1200 rpm, SOI -9 CA
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