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Abstract 

This report is a theoretical study of the potential an ICE (internal combustion engine) 
has when combined with the load case of a high-performance series hybrid drivetrain. 
It breaks down the different theoretical variables that affect engine efficiency and 
possible limitations that arise. The report then moves on to specifying the current 
emerging technologies associated with increasing engine efficiency such as active, 
and passive prechamber ignition. The different technologies strengths and weaknesses 
were then compared with each other to decide the best strategies and technologies to 
move forward with. Here efficiency gain potential was compared to price, 
performance and complexity. The different technologies were compared in two 
separate steps firstly the technologies were compared individually, then the best 
systems were compared to different engine configurations in an iterative process. 
Here the most balanced solution was found using a passive prechamber to allow 
higher compression ratio while allowing better timing control. This was later 
combined with a Miller cycle strategy resulting in a theoretical efficiency 
improvement of ~8%. This would potentially allow a high performance vehicle to 
match a midrange diesel engine in fuel economy.  
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Notations 

Symbol Name Unit 

P Pressure Pascal 

Cr Compression ratio - 

𝑉  Displacement volume m3 

𝑉  Clearance Volume m3 

𝛶 Specific heat ratio - 

m Mass Kg 

�̇� Mass flow Kg/second 

   

k𝑊ℎ Energy from the crank Kilo Watt hour 

𝑘𝑊/𝑙 Power density Kilo Watt/liter 

𝜂 Thermal Efficiency % 

𝑄 Energy density in fuel Watt hour/Kg 

W Energy Watt 

Ns Revolutions per Power stroke - 

N Rotational speed Revolution/second 

BMEP Break Mean Effective Pressure Bar 

IMEP Indicated mean effective pressure Bar 

AFR Air to fuel ratio - 

λ Lambda - 

Φ Equivalence ratio - 

CA50 Crank angle 50% combustion degrees 

MBT Maximum brake torque - 

Cp Specific heat ratio for constant 
Pressure 

Joules/(kg*Kelvin) 

P Absolut Pressure Pascal 

T Temperature Kelvin 
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1 Introduction 

In 2016 the transportation sector was responsible for 28.5% of U.S. greenhouse 
emissions (43). This makes transportation the largest single contributor to global 
warming in the United States of America. This trend is mirrored all across the world 
as 95% of all fuel used for transportation was fossil based as recently as 2010. This 
combined with the increasing demand on personal transportation has caused new 
strict emission legislations to be introduced in an attempt to change the tide. Volvo 
Cars, together with the rest of the car industry, is in a race striving to reduce their 
environmental impact. To remain competitive in today's market every generation 
needs to have reduced emissions while providing competitive power and 
performance. This is becoming an ever more difficult task which requires more 
advanced and creative solutions to achieve.  
 
One of the most prominent technologies that the car market has used to achieve big 
leaps in efficiency is through the electrification made to their vehicles drivetrains. The 
most prominent technique today is to run a hybrid drivetrain which has had a 
measurable impact on overall fuel consumption of vehicles. The possibility of driving 
the daily commute partly, or even fully, on pure electric power improves efficiency 
and reduces emissions. The pure electric drive capabilities give hybrids a massive 
advantage in low load situations such as slow or stop and go traffic compared to non-
electric drivetrains. While being able to travel long distances without the limitations 
created by the long charging process in fully electric cars, being easier to adapt to for 
consumers. However, due to their complexity, hybrids are more expensive to produce 
and maintain compared to regular mechanical drivetrains. To alleviate the high prices 
and increase adoption rate many markets are subsidizing hybrid and fully electric 
drivetrains with emission-based taxation and congestion charges for regular 
drivetrains. This is however only a temporary solution and creates the need for less 
complex and cheaper systems to provide a more permanent middle step until 
technology is ready to move away from fossil fuels completely. 
 
Today most hybrids, such as the Toyota Prius and the Volvo T8 drivetrain, use a 
parallel or series-parallel hybrid configuration. These systems use a regular drivetrain 
with an ICE (internal combustion engine) and gearbox supported by a complete 
electrical drive system running parallel to the normal mechanical drivetrain. The 
difference between the series-parallel and parallel system is the series-parallels ability 
to run the ICE as a generator separate from the mechanical transmission. One new 
technology which has started to show potential since BEV’s (Battery electric vehicle) 
has become popular is a pure series hybrid solution. The series-hybrid uses a fully 
electrical transfer of power to the wheels. The ICE powers a generator that can give 
power either to a battery or directly to the electric motor that powers the car. The 
Series-hybrid should therefore be able to reduce weight, complexity, and cost in 
comparison to parallel and series-parallel hybrids.  
 
Due to the nature of the series hybrid system it puts a unique load on the ICE 
Allowing the ICE to run exclusively as a generator operating inside its window of 
peak efficiency. This is the narrow window of RPM (Revolutions per minute) and 
load range where the engine uses the least amount of fuel per kWh of power. This 
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creates new challenges and possibilities for how an engine can be used to improve 
performance and efficiency. 

1.1 Aim 

 

“To create an ICE concept optimized for series hybrid applications 
with better fuel efficiency and performance at a low price compared 
to traditional drivetrains all too pave the way for a possible future 

market direction.” 

 
The project needs to find an ICE solution which combined with a series hybrid 
drivetrain provides a cost competitive replacement for the current T6 option. Its aim is 
to provide a deep look into how an ICE’s role changes when combined with a series 
hybrid drivetrain and what its new configuration should be to provide the most 
optimal solution. The project will look at multiple aspects of an ICE package. The 
final solution needs to be light, competing in power and efficiency while remaining 
cost competitive. This means the package needs to be compatible with current vehicle 
architecture while providing a compelling end user experience requiring that the car 
needs to be quiet with minimal vibrations.  

1.2 Project limitations 

First stages of the project was to identify which areas of the combustion engine that 
were relevant for investigation, by eliminating parts of the engine that are already 
well optimized for efficiency. These parts would be the bearings in the engine, 
lubrication strategies, and cylinders rings for instance. From here it was decided to 
focus on future technologies which enable higher efficiency instead of smaller 
mechanical improvements. These technologies focus on overall components design 
that effect areas such as induction, ignition, compression ratio, and air-to-fuel ratio. 

The fuel type investigated will be limited to gasoline. Partly to limit the variables to 
investigate during the project. Also due to diesel engines decline in public perception 
and that large cities are starting to ban diesels within city centers. Alternative fuels 
such as E85, bio-gas and similar were not considered because it would limit the 
potential market size for the drivetrain. 

1.3 Project planning 

The project will span 20 weeks, starting the 3rd of September 2018 until the end of 
January 2019. The structure of the project was based on the product development 
method by Ulrich and Eppinger (44). The focus is placed on literature study and 
concept development of current and future technologies surrounding the combustion 
engine. The project is divided into different gates spanning from a pre-planning phase 
to detail design. The detail design phase was used as a placeholder since the project 
wouldn’t span into a complete product given the complexity of modern engines and 
the limited time frame. This would be later modified into a second system design 
iteration and finalization. The final Gantt chart that shows how the project progressed 
can be seen in appendix 1. 
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1.4 World’s most efficient internal combustion engines. 

One of the most important measurement of an ICE’s performance is its thermal 
efficiency. The thermal efficiency is a measurement of how much of the fuel’s 
potential energy is converted to useful work at the crankshaft. The difficulties with 
optimizing the thermal efficiency of an engine is the multitude of variables that affect 
it. These can be divided into three stages of thermal losses, the first being the ideal 
thermal efficiency of the cycle used, which is upwards of 60% for the Otto cycle used 
in gasoline engines. The second stage of losses depend on engine design such as 
pumping work, volumetric efficiency and thermal soaking of the cylinder walls. The 
third stage of losses are the engines parasitic loses. These parasitic loses come from 
everything from valve train, to rotating assembly, internal pumps for oil and water as 
well as the accessories attached to the engine such as ac compressors and generators. 
Theses stages result in a loss of roughly half of the potential cycle work as heat. 

Today most modern gasoline engines used in the automotive market have a peak 
thermal efficiency of around ~35% while most diesel engines peak around ~40%. 
This is usually because at this efficiency most engines strike a good balance between 
efficiency, emissions and cost. There are however some engines that stand out for 
their incredible high efficiency. These use different techniques to push the efficiency 
as far as possible. Three examples of theses engine are the Wärtsilä 31, Mercedes 
M09 EQ Powerplus, and the Toyota ESTEC 2ZR-FXE.   

1.4.1 Wärtsilä 31 

 

Figure 1: Wärtsilä 31 (23) 

 

The Wärtsilä 31 is a ship engine and holds an impressive thermal efficiency of 
165g/kWh which is roughly ~50.7% (23). That is enough to currently hold the 
Guinness’ world record for the world’s most efficient engine. It is a brand new design 
built around the compound dual stage turbo system which is the backbone technology 
used to reach high efficiency. It also uses a lot of structural improvements being both 
stiffer and stronger than earlier engine designs by Wärtsilä. It is also the first Wärtsilä 
to use a combination of Miller cycle with VVT-I and digital common rail injection.  
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1.4.2 Mercedes F1 

 

Figure 2: Mercedes M09 EQ Power +(34) 

 

The Mercedes M09 EQ Power+ is touted by Mercedes as being the most efficient 
performance engine ever created. Able to provide upwards of 1000 horsepower while 
have a break thermal efficiency of around 50% (34). It uses a combination of 
extremely advanced combustion techniques utilizing a prechamber ignition design, 
and exhaust gas energy recuperation. Mercedes was the first F1 team to use a 
prechamber solution to enable faster and more stable combustion which enables 
running very lean resulting in a leap in system efficiency. Due to the advantages in 
knock control it was quickly followed by Ferrari and Renault to remain competitive. 
The second system used to reach the magic 50% is the MGU-K and MGU-H systems. 
The MGU-K stands for Motor Generator Unit – Kinetic which uses an electric 
generator connected to the turbo output shaft which allows for kinetic energy 
recuperation. The MGU-H is a Motor Generator Unit that recuperates waste heat 
energy. These two system recuperate a lot of energy that usually disappears out the 
exhaust pipe.  
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1.4.3 Toyota ESTEC 2ZR-FXE 

 

Figure 3: Toyota ESTEC 2ZR-FXE (1) 

 

The Toyota ESTEC 2ZR-FXE engine is the most thermal efficient engine in 
production today at 40-41% dependent on application (19). It is based on the 2ZR-
FXE used in the previous Prius which had a thermal efficiency of 38.5%. It then used 
small refinement techniques to increase efficiency of the engine by another 3.5%. The 
first was to optimize towards the hybrid application. This refinement process can be 
broken down into three areas combustion, thermal management, and mechanical 
friction. 

1.4.3.1 Combustion improvements. 

Combustion improvement were focused on increasing knock resistance and better 
breathing. This was done by first adding a cooled EGR system to reduce cylinder 
temperature as well as increasing the amount of added EGR with the intent to reduce 
knock propensity. To enable an increase in EGR improved combustion speed was 
needed. This was accomplished by using a new tumble strategy increasing the tumble 
ration from 0.8 to 2.8 (45), this was combined with a new EGR distribution channel 
that reduced cylinder to cylinder deviation to below 1% removing cylinder specific 
knock (45). Valve lift was increased combined with an improved exhaust manifold 
further reducing pumping loss and increasing volumetric efficiency. All this moves 
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the most efficient point higher in the load due to reduced knock prevention that 
directly affect the efficiency. 

1.4.4 Thermal management. 

Two areas were targeted for the engine thermal management strategy. The first being 
engine warmup time reduction allowing for higher viscosity oil and reduced 
emissions. Too improve the warmup time the ESTEC added a dual loop coolant 
system that separates the external cooling and heating needs from the engine block. 
One loop runs through the internal head and block which connects to the external loop 
through a computer-controlled valve. The second loop cools the EGR (Exhaust Gas 
Recirculation) system and emission system while providing heat to the cabin. This 
second loop uses an EGHR (exhaust gas heat recovery system). The EGHR allows 
waste heat that normally exits out the exhaust system to be used both for heating the 
engine and provide heat to the cabin. The second heat management strategy was to 
reduced knock. This was done with a water channel redesign for the cylinder head 
running more water around the exhaust runner and around the lower part of the head. 
This improves knock control through reducing the temperature around the exhaust 
side of the engine. Further knock improvement was done by drilling small water 
channels in between the cylinders. This was combined with special water jacket 
spacers in the block that control coolant flow around the cylinder walls to reduce 
turbulence and improve cooling performance. The spacers were fitted with an 
EXPAD foam inserts that insulate the lower part of the cylinder creating a 
temperature difference between the top and the bottom. The top remains cooler which 
reduces end gas ignition caused by heat while also increasing oil viscosity at TDC 
(top dead center) reducing mechanical friction. The lower part remains hot allowing 
the oil to remain viscous increasing dynamic lubrication by reducing oil viscosity. 

1.4.5 Mechanical Friction 

The strategy to reduce mechanical friction was based on enabling the use of lower 
viscosity oil. This was achieved with a new oil pump, different cylinder wall 
treatments and a crankshaft bearing design meant to improve oil retention reducing oil 
viscosity dependency. Further improvements to mechanical losses was also through 
reducing valve train weight. This was done through lighter rollers arms, compact 
valve spring retainers and light weight valve springs.  
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2 Theory 

This chapter breaks down the theory behind an engines design and the challenges that 
exist with potential solutions. There is a breakdown of some of the current state-of-
the-art technology currently being research for internal combustion engines. It starts 
with showing what the current state-of-the-art engines of today are. Followed by the 
different parameters that effect engine efficiency and design. Rounding off with 
potential technologies emerging into markets. 

2.1 Spark Ignition 

The regular SI (spark ignition) has been the primary source of ignition since the 
conception of the gasoline engine. The basic design and method of ignition has 
remained unchanged since the beginning of ICE’s. When viewed from an operating 
standpoint, most improvements have been in the form of reliability changes or 
improved spark control through the invention of the distributor followed by the 
individual ignition coil. The coil charge arches between an insulated electrode and a 
ground creating a very small hot spark reaching temperatures close to 60000 K which 
ignites the charge around it. The mayor drawback is that even if the spark itself is 
very simple in design, its ignition limitations require extensive work on supporting 
systems to create the best combustion possible. The Spark ignition is the most 
common way to ignite the charge in gasoline engines. In fact, it’s so common that a Si 
engine has become synonymous with engines that run on gasoline.   

 

 

Figure 4: The 4-cycle engine order (46) 

2.2 Knock 

One of the limiting factors that engine designers need to account for is a condition 
called knock. Knock is named after the sound the engine makes when the air-fuel 
mixture in the combustion chamber self-ignites prematurely. This is one of the main 
limitations of the overall efficiency of an engine compared to the theoretical Otto 
cycle. Knock comes in two variants, the first case is pinging and is when the end gas 
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prematurely ignites ahead of the spark initiated flame front. This is caused when the 
rising temperature and pressure generated by the flame front, reaches the mixtures 
self-ignition point. It can also be caused by hot spots inside the combustion chamber 
acting like miniature sparkplugs causing local detonations. This causes a multitude of 
problems, some of the more severe effects are vibrations that can cause the engine 
component failure. It could also have the unfortunate effect of causing material 
damage from the hot spot which can cause pitting or even melt straight through a 
piston or a valve. Pitting formations from pinging cause small peaks that can become 
hot spots mentioned earlier causing increased knocking propensity.  

 

Figure 5: Illustration of Pre ignition (47) 

 

The second knocking event is called pre-ignition, which is the temperature and 
pressure in the cylinder gets too high during the compression stroke causing the air-
fuel mixture to ignite ahead of the spark timing. This not a wanted effect as it can 
cause fast and uneven pressure spikes in the cylinder that can quickly destroy an 
engine. The risks caused by pre-ignition events mean that strategies are needed 
prevent such events. There are a multitude of methods to reduce the risk of knock. 
The first step is to work with the engines design employing different technologies that 
reduce pinging or pre-ignition. These designs can be used to produce either better fuel 
mixture through charge motion inside the cylinders tumble, swirl, and squish 
alternatively using advanced fuel injection techniques. Knock can also be limited via 
thermal management using cooled EGR or strategic cooling passages around valve 
train and spark plugs to reduce intake and exhaust temperature. All of these engine 
design choices are used to reduce the need for more impactful techniques to reduce 
knock, these include a reduction of compression ratio, retarding of the spark timing, 
enrichment of fuel ratios and higher octane fuel. All of these have a negative impact 
on engine efficiency or running cost. 

2.3 Compression Ratio 

The compression ratio is an important factor in engine design. It directly affects the 
shape of the combustion cycle when viewed as a PV-diagram. This is because the 
compression ratio elongates the expansion stroke which is when the pressure from 
combustion is utilized as work. If the compression is raised the pressure peak is 
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higher which will contribute to more energy output. The biggest difficulties with 
raising the compression ratio is the limits imposed by knock. If the compression ratio 
is raised to the point where the ignition timing needs to be retarded or fuel enrichment 
needs to be used to manage a stable combustion the overall efficiency improvements 
will be reduced. 

The compression ratio is calculated by the following formula. The compression ratio 
Cr is calculated with the displacement volume 𝑉  and the clearance volume 𝑉 : 

 

 

Figure 6: Measurements of a cylinder. (71) 

 

𝐶𝑟 =   (1) 

The compression ratio can be derived to affect the cycle efficiency of the Otto cycle. 

2.4 BSFC 

BSFC (Brake Specific fuel consumption) is a way of measuring how much useful 
work is used from every gram of fuel. This means that if the BSFC is lower the 
engine is more efficient. BSFC is calculated through 

𝐵𝑆𝐹𝐶 =  (2) 

Where the mass of fuel 𝑚   is divided by the energy measured at the crank 
𝑊ℎ . The BSFC is a good tool for designing operating points. A common 
practice is to build a map of how the BSFC varies with RPM and torque. This can be 
used as a tool when design operating point for a vehicle and what gear ratios should 
be suitable.  

The BSFC varies greatly across the span of the operational range. This is because of 
the ratio between losses and useful energy. If the useful energy stay constant but the 
engine losses increase the BSFC will go increase.  

2.5 Thermal efficiency 

How much useful work is created from the potential energy in the fuel is called 
thermal efficiency and takes all the engines losses into account. The thermal 
efficiency is dependent on two stages, cycle efficiency and mechanical losses such as 
heat, pumping, and friction loss which all presents themselves as thermal energy. The 
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compression ratio, Cr together with the specific heat ratio, 𝛶 is the two variables 
behind the theoretical thermal efficiency. Thermal efficiency is calculated using  

𝜂 ,   = 1 −          (3) 

Therefore, the theoretical efficiency will increase as the compression ratio and 
specific heat ratio of the medium increases. For a frame of reference the theoretical 
efficiency can be compared with an ICE’s actual efficiency which can be calculated 
with  

 

𝜂 ,   = =
∗

=
∗

  (4) 

Where 𝑊ℎ  is the power at the crank and 𝑊ℎ  is the potential energy of 
the fuel injected into the engine. The formula can be rewritten to use BSFC. 

2.6 Charge mixture. 

In all combusting reactions the fuel reacts with oxygen in an exothermic reaction. 
This reaction releasing heat and building pressure that is creates useful work. The 
charge mixture references a measurement of either mass air flow or through manifold 
pressure in combination with a calculation based on RPM and combustion chamber 
volume. A calculated amount of fuel is injected to achieve a target ratio. Fuel injected 
engines compare this value to the O2 levels in the exhaust to compensate for 
environmental factors. The point where the mixture has precisely enough air to react 
with the fuel is called the stoichiometric ratio. The charge mixture composition can be 
described in 3 different ways. 

2.6.1 Air-to-fuel ratio (AFR)  

The first is AFR, which is the ratio of air to fuel in mass. Stoichiometric for gasoline 
is 14.7:1, this means for every 1 gram of fuel being burned 14.7 grams of air is used 
in a complete combustion. When there is more fuel than air in a reaction it is called 
rich. An example for rich is 12:1 which usually produces peak power, while 18:1 
which is lean can be seen during cruising for better fuel economy.  

2.6.2 Air-fuel equivalence ratio (λ): 

Air to fuel equivalency ratio called Lambda is often used when discussing AFR in 
automotive terms. It is the comparison of the current air to fuel ratio to the 
stoichiometric condition. This is useful since it compensates for different fuel types. 
When λ=1 then the engine operates at stoichiometric conditions. Lean operation in 
lambda is when λ>1. So for instance λ=1.1 would mean that there is 10% more air in 
the combustion chamber than needed for a complete combustion. This would be 16:1 
in AFR while rich would in contrast be λ<1. 

λ =    (5) 

2.6.3 Fuel-air equivalence ratio (φ): 

The Fuel-air equivalence ratio (φ) is the opposite of Lambda and compares fuel to 
oxidizer instead of air to fuel. It relates to lambda as: 
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ϕ =    (6) 

This means that in contrary to λ for φ<1 is lean and φ>1 is rich. 

 

2.7 Flame speed  

The flame speed is how fast the combustion spreads through the air-fuel mixture. This 
is important due to how it greatly affects the combustion stability and in turn how 
effectively the combustion can be utilized as useful work.  

 

 

Figure 7: Flame speed depending on equivalency ratio and composition. (71) 

 

As can be seen in figure 7 the quickest flame speed for gasoline is bell shaped 
increasing before the slightly rich AFR of λ=0.9 then decreasing as the AFR becomes 
leaner. This means that combustion stability will decrease rapidly as the engine runs 
further from the 0.9 peak. This indicated that there is no further advantage to running 
richer beyond the peak as there will only be an increased fuel consumption without a 
noticeable increase in power or combustion stability. Lean operation however is more 
efficient which is worth perusing which means that there needs a solution to work 
around the combustion stability issues. 

 

2.8 Rich operation 

Slightly rich operation will be adopted in cases where full power is needed, for full 
throttle application. Stoichiometric mixture burns very hot and can therefore create 
knocking, therefore slightly rich mixture can be used. This however means fuel is 
wasted with the combustion process since there is an abundance of fuel that lacks 
oxygen to react with. The fastest flame propagation and smallest cyclic variations 
occurs at a slightly rich mixture this helps with maximum load and power. 
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2.9 Lean operation 

Lean combustion is favorable for fuel-efficient operation. This operation is more fuel-
efficient because of the excess air makes it much easier to achieve a complete 
combustion. This is due to the decreased risk of non-combusted rich pockets that can 
otherwise appear during stoichiometric or rich combustion. The main reason this is 
more efficient is the specific heat ratio increases with an increased oxygen 
concentration. The excess air acts as an inert gas and absorbs heat from the 
combustion causing it to expand increasing cylinder pressure. This means less heat is 
absorbed by the cylinder walls allowing more energy to be used. Something to 
consider with the leaner charge is power density. With less fuel to burn in the charge 
less energy can be made. This is especially noticeable when going to very lean mixes. 
This means that the load can be adjusted using the AFR. Resulting in less 
throttling/pumping losses because the throttle can be fully open.  

2.10 Emissions 

When discussing emissions, the most commonly mentioned product is CO2 (carbon 
dioxide). It is the main product of a complete combustion and is therefore the main 
output of a combustion engine. CO2 however is only one small part of the picture 
when discussing emissions. Today car manufacturers see engine CO2 emissions as the 
easiest part of the equation. The real problem is balancing how efficient the engine 
can get without letting other emissions such as NOx, HC, or CO increase. 

2.10.1 Combustion temperature 

To discuss the emissions and when they occur with varying AFR one needs to know 
how combustion temperature varies. This is important because the chemical 
compositions created during combustion is dependent on combustion temperature. 
The combustion temperature graph is bell shaped with a peak at stoichiometric or 
slightly lean conditions. 
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Figure 8: Flame temperature depending on fuel mixture. (70) 

 

At richer mixtures the excess fuel starts to absorb the heat produced creating a cooler 
combustion. The combustion temperatures are further reduced by the heat of 
vaporization when injecting gasoline into the charge. At stoichiometric or slightly 
lean combustion all the fuel is being burned but no excess air or fuel is amongst the 
charge to absorb the heat. Then as the burn moves to leaner and leaner mixtures more 
air can then absorb the excess heat. 

2.10.2 Emission components 

CO2 (Carbon dioxide) is the main waste gas emitted by an internal combustion 
engine. CO2 is the product of combustion that is largely correlated with a complete 
combustion and is thereby directly connected to the fuel consumption of the engine. It 
is also the one of the main byproducts of a three-way catalytic converter. 

NOx (Nitrogen oxides) is a collective name for NO and NO2. NOx is created during 
high temperature conditions over a prolonged period of time with an abundance of 
oxygen. It can therefore be mitigated by either reducing combustion temperature or 
lowering combustion duration. 

Carbon monoxide (CO) is created when the oxidation in combustion can’t be 
completed. This occurs due to a lack of oxygen keeping CO from oxidizing 
completely into CO2.  

Hydrocarbons (HC) occur when fuel burn partially or incompletely. Differently than 
NOx and CO the occurrence of HC is not directly related to AFR or temperature for 
instance. The formation of HC in a gasoline engine is usually in crevices and fluid 
film formation on walls or quenching of the flame by the chamber walls. So HC is 
mostly connected to the completion of the combustion in the chamber and if any 
sources can stop the fuel from burning. 

2.10.3 AFR and emissions 

Figure 9 below shows a general illustration of how emissions differ with changing 
AFR’s. Observe that these can change slightly because of the different combustion 
characteristics but these are certain trends and this is what is being discussed here. 
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Figure 9: Engine out emissions depending on fuel mixture.(71) 

 

 

 

 

Rich:  
In rich conditions the CO and HC levels increase. The CO concentration rises due to 
the lack of oxygen available to combine with. While HC also rises due to the 
abundance of fuel. The NOx however is reduced since the oxygen concentration is 
lower as well as the temperature. 

Lean:  
In a lean mixture the CO is drastically reduced since the availability of oxygen helps 
formation of CO2. The HC decreases slightly in the beginning with the increased 
oxygen and temperature. But as the temperature decreases and the flame speeds slows 
down the combustion quality can get reduced and the HC will start to increase again. 
This however can be mitigated if the combustion quality can be improved. The NOx 
increases up to about AFR 16:1 and then starts to decrease. This is connected with the 
combustion temperature in combination with oxygen abundance. The reason the NOx 
starts to decrease at 16:1 is because the temperature starts to interfere with the 
reaction even with an overabundance of oxygen.  

2.10.4 Catalytic converters: 

The emissions are not measured directly after the engine but at the tailpipe. This is 
because all car engines being sold today use an emission control system called a 
catalytic converter. These reduce tailpipe emissions by as much as 99.9%, the 
problem is that these struggle with anything else than a stoichiometric exhaust gas 
mixture as can be seen in figure 10. 
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Figure 10: Catalyst compared to engine out emissions depending on fuel mixture. (75) 

 

The catalytic converter loses effectiveness of NOx treatment instantly when going 
even slightly lean which is a major problem due to the strict NOx levels in modern 
emission regulations. The issue is both temperature and the abundance of oxygen. The 
temperature needs to be high for the catalytic converter to work which decrease at 
rich operation. In the lean operation the issue with NOx is because there is extra 
oxygen in the exhaust so the catalytic converter creates more NOx as well instead of 
only reducing it. 

2.11 BMEP and IMEP 

BMEP (Brake Mean Effective Pressure) is a way of measuring an engine work 
independent of engine size is calculated using  

𝐵𝑚𝑒𝑝 =
∗

∗
  (7) 

Where the energy output as W is taken into account together with, 𝑉 , and the 
rotational speed N. Ns is the number of revolutions per power stroke which is 1 for 2-
stroke engines and 2 for a 4-stroke engine. BMEP/IMEP is a good indicator of the 
load of the engine.  

 
The equation pressure results are in pascal but usually BMEP and IMEP is discussed 
in bar. A naturally aspirated engine can achieve about 12 bar BMEP while 
supercharged/turbo engines can reach as high as 20-22 bar BMEP. This is a 
generalization meaning some engines exceed and some can’t reach these values. 

IMEP (Indicated Mean Effective Pressure) is an average calculated from the pressures 
inside the cylinder as an integral of the PV-diagram of the cycle. 

One can see it as the BMEP is calculated after all the friction and other losses of the 
engine on the crank, while the IMEP is the work the engine does before mechanical 
losses. 
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2.12 Engine load. 

The engine load is the torque demand on the engine. It is measured in either BMEP or 
torque and becomes important when you are trying to optimize a cars fuel 
consumption as the load has a direct correlation to effective engine efficiency. An 
example of a diesel engine can be seen in figure 11 

 

Figure 11: BMEP graph: The x axis is the engine RPM while the y axis can either be BMEP or torque. The colored 
lines are the kW output based on BMEP and RPM. (74) 

 

When discussing high, medium, or low load it indicates the position on the y axis at 
any given RPM. An example is at 2000 RPM a high load would be at 19 BMEP given 
a BSFC of <200 and 80 kW, medium load would be 12 BMEP given a BSFC of <220 
and around 45 kW. Low would be around 4.5 BMEP with a given BSFC 240 and 20 
kW of power. A better example is real life driving, is for a car to drive down the 
highway it will require a certain amount of power to maintain speed. This could be for 
example 40 kW which can be achieved at any RPM following the light blue line in 
the BSFC graph. If an engine operates at a low load it would run at ~3500 RPM while 
a high load would be closer to 1400 RPM. This selection of load can be accomplished 
with gearing. It can be seen that most engines are more efficient at higher loads 
compared to low loads. This has to do with the mechanical losses inside an engine. 
The mechanical losses are all friction based which scale almost exclusively with 
engine RPM this means that at low load the majority of power generated is used to 
turn the engine and its accessories. While at high load the relative impact of 
mechanical loses are lower due to the larger total output compared to the static 
friction loss.  

For peak efficiency a car will live its entire drive in a high load scenario preferably 
around the high efficiency zone between 2 and 3 thousand RPM. This would require a 
car to have an engine small enough that the small load applied by everyday driving to 
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place the engine inside the efficiency area. The problem is that a normal car 
preferably needs a torque reserve in whatever gear it’s currently using. The torque 
reserve is the distance between current load and peak torque at any given RPM. This 
is for drivability because it allows the engine to fill in the torque required to overcome 
a temporary increase in resistance, such as uphill section or wind. This reduces gear 
hunting which is when the gearbox keeps changing the gear to meet current 
requirements a trait most drivers find annoying. 

2.13 Combustion Stability 

Every combustion event that occurs while the engine is running is unique due to the 
varying environmental conditions. Combustion stability can be described as the CoV 
(Coefficient of Variation) measured as a percentage in variation of BMEP or IMEP 
between cycles. A limit that is usually used in literature and tests is between 3-5%, 
but varies depending on individual requirements. When the variation reaches or 
exceeds the CoV limit the combustion can be considered unstable.  

An unstable combustion can create numerous negative effects. A noticeable factor 
would be loss of drivability because of the increasing variation in power. Another 
would be as the CoV increases the combustions speed varies to a greater extent, the 
slower combustion cycles then has the potential of leading to end-gas ignition.  

An increase in CoV can be observed when operating with leaner mixtures or 
increased EGR concentration. The flame front speed of these mixtures however is not 
the main reason but rather the combustion initiation. Since the flame kernel created by 
a sparkplug is quite small during ignition any hindrance affects the following 
combustion event. The Combustion initiation is usually measured as 0-10% burn 
duration. It is during the combustion initiation that the combustion quality is most 
sensitive.  

This however does not mean that it is impossible to run lean or with high 
concentration of EGR. But rather that there needs to be design changes to compensate 
for these issues, because it’s the mixing of the charge which can create pockets of 
unfavorable ignition sites by the sparkplug. Not the limitation of the charge mixture 
itself that becomes the limitation. This can be seen in the Toyota ESTEC that works 
on creating low variation in EGR between cycles and cylinders with high tumble to 
promote good mixing as a technique to reach higher EGR concentration.  

2.14 Ignition timing 

The deciding factor in the combustion pressure is when combustion is initiated. An 
important tool when discussing ignition timing is the MBT-point (Maximum brake 
torque). Since combustion is not instant, this is the point referred to where the 
pressure peak creates the highest amount of torque possible. As can be observed in 
figure 12 if the combustion occurs too early, the pressure will be high but with a 
considerable amount of energy wasted due to pressure buildup before TDC. This 
means that energy will be used to compress the charge resulting in pumping work. If 
the ignition happens too late, the pressure in the piston will not be reduced because of 
the larger effective volume during combustion. The relative torque in figure 13 shows 
the loss of useful work compared to how many degrees off MBT the spark occurs 
measured as advance to TDC. So in this example if the spark would occur 18 degrees 
before TDC then only about 90% of the potential torque would be available as output 
from the engine, resulting in a reduction in engine efficiency.  
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However retarding the spark advance can be used as a tool to achieve stable 
operation. If the load is high enough, knock starts to occur which is a common 
scenario in turbo engines because of the high pressures. Retarding the spark the peak 
pressure is lower and therefore stabilizing the combustion.  

 

Figure 12: Timing effect on engine torque. (71)(76) 

 

The optimal point of MBT is achieve when the CA50 (Crank angle 50% combustion) 
is somewhere between 6-10 degrees, this can vary slightly dependent on engine. The 
CApp (Crank angle peak pressure) point might vary but the CA50 point of MBT is 
usually constant independently of load and RPM. However the spark advance degree 
between the ignition and the CA50 point is quite constant at a fixed load and RPM. 
Therefore if the ignition timing is moved 5 degrees the CA50 point moves 5 degrees 
as well. This means that a good approximation of retarded ignition point effect the 
CA50 point and from there approximate the loss of torque caused by spark retard. 

2.15 EGR 

Exhaust gas recirculation is primarily used as an emission control system that focuses 
on reducing NOx emissions. The technology started out being used in Diesel engines 
due to their increased NOx output compared to gasoline. There are a few different 
variants that have been used through the times. The first EGR systems were crude and 
simply had a charge pipe between the exhaust and intake manifold. This passive 
system had issues with rough idle, low peak power and bad fuel economy as a result. 
This was later changed to different mechanical valve systems. Some used vacuum, 
other used temperature actuators reacting to engine coolant temperature. There are 
also variations of where the exhaust gas is routed from. This provides a wider 
optimization potential for engines further reducing NOx output. EGR systems today 
are also cooled to further lower the risk of knock.  

Today’s Otto engines have come to the point that that the need for EGR systems have 
become necessary to pass emission regulation. EGR works by recirculating exhaust 
gas back into the air intake system. The addition of inert gases into the combustion 
chamber increases the specific heat capacity of the air charge mixture which has the 
effect of lowering the peak cylinder temperature. The reduced temperature causes a 
reduction to the amount of NOx produced which is effected by combustion 



 19  

 

temperature. This comes at the cost of an increase in exhaust particulates due to a 
reduction in clean combustion from the lower O2 concentration in the air charge. This 
can be worked around with changes to ignition timing, combustion chamber design 
and improved tumble to create a better mixture.  The reduction in peak cylinder 
temperature also has the positive effect on having lower heat losses to cylinder 
chamber surfaces increasing the available energy available to the power stroke. 
Another advantage to EGR combined with SI engines is that the reduced power 
output allows an engine to run at a higher load during a specific driving condition 
reducing pumping work and further improving efficiency. Most modern SI engines 
can effectively handle 5-15% EGR rate while the Toyota ESTEC 2ZR-FXE used an 
extensive redesign of its combustion chamber, intake track, and ignition system to 
unlock the ability to push the EGR rate to 25% (19).  

 

Figure 13: Illustration of EGR system. (78) 

 

2.16 ”There is no replacement for displacement” 

There is always something about the old adage “there is no replacement for 
displacement” that sparks discussion. It means that power and efficiency increases 
with engine size and no matter what in the end, engine size is the most important 
factor. Today that statement is more complicated than that. While efficiency is usually 
better on large displacement engines the highest results are seen in engine sizes far 
too big for consumer vehicles. Another complication is that even though a large 
displacement engine has a better peak efficiency than a small engine the power 
generated at the peak efficiency is too high for a light consumer vehicle during 
normal operation. This means that there is a limit where the engine size becomes 
detrimental to its efficiency created by the light load case of a small car. This 
becomes even more complex when power is added to the equation because the 
maximum engine size for efficiency and power target are usually opposing factors. 
This is where the idea of downsizing comes from. The idea is to do what the adage 
claims to not be possible, replace displacement. The idea is through the use of power 
adders create an engine that bridges a small efficient engine with the power of a large 
engine. This creates an engine with its operational window where the peak efficiency 
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is available at a lower load case. Which is very efficient for most government 
regulatory fuel economy tests like the WLTP and NEDC that never load the engine 
hard. The problem comes in normal driving that usually creates higher loads where 
the engines efficiency is greatly reduced.  

2.17 NVH 

NVH (noise, vibration and harshness) is a collective term of any trait that lowers the 
experience of a cars refinement. Refinement is one of the most important traits of any 
car as it stands for the majority of first impressions for a potential customer. Today 
the consumer’s requirements of what is a refined experience is higher than ever 
pushing cars to become quieter and smoother for every iteration. There are three 
major sources of NVH these are the engine, tires, and aerodynamics. The engine noise 
and vibrations come from multiple sources. The engine generates quite a lot of noise 
at different frequencies that change as the engine changes RPM and loads. These 
travel through the car from all directions as not only does the engine noises travel 
through the firewall it also bounces off the ground below and from different objects 
around you. There are also noises from the exhaust pipe and the intake system. An 
engine generates a multitude of different harmonic frequencies that needs to be dealt 
with for a refined experience. The vibrations on a normal car have two transfer paths 
from the engine and into the cabin. The first is through the actual engine chassis 
mounting hardware the second is through the drivetrain. The difficulty is balancing 
sound isolation and vibration dampening against the added weight and cost. One 
advantage when attempting to silence environmental NVH in ICE powered cars over 
an electric car is that the engines noises low rumble helps in masking higher 
frequency noises from the tires and aerodynamic turbulence.   

2.18 Rankine exhaust heat recovery 

One of the biggest energy losses in a modern ICE is the exhaust gases. This energy 
leaves in to forms as remaining cylinder pressure during exhaust valve opening as 
well as heat from the combustion process. This has led companies to attempt to 
harness that energy in the quest for increased thermal efficiency and reduced fuel 
consumption. These systems that recover heat in the exhaust gas and are referred to as 
exhaust heat recovery systems, these use different techniques to harness some of the 
energy in the exhaust heat and convert it either to mechanical power or electricity. 
One of these systems use a thermal steam system that utilizes the Rankine cycle steam 
turbine. Two major companies that have had functional development systems are 
BMW and Honda. The BMW system was called Turbosteamer and used two heat 
exchangers and a two expanders that converted the steam generated from exhaust heat 
into mechanical energy. The system was able to provide roughly 14 horsepower and 
15 pound feet of torque (~20 Nm) (18). This system could reduce fuel consumption 
by roughly 15 percent (18). System was supposedly able to recycle roughly 80% of 
the heat energy remaining after the catalytic converter. The second system built by 
Honda was built for an SAE seminar in 2008 and was built into a Honda Stream and 
used a similar system to BMW. Honda claimed that at constant highway driving 
thermal efficiency of the engine could raise by roughly 3.8% which is an increase of 
approximately 10 % in fuel savings (21). These improvements comes with some 
major drawbacks however, the first is the shear complexity of adding a complete 
steam system to an already tightly packed car. Given that the system needs multiple 
heat exchangers, expanders and high pressure line the system takes up a large amount 
of room. Also since the system handles high pressures most components come with a 
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noticeable weight penalty not to mention the risks that comes in the event of an 
accident. The second drawback is that these systems also carry a high add-on cost 
without providing a great amount of fuel consumption improvement. 

 

2.19 Stratified charge 

One way to enable a lean combustion is to use a method called stratified charge. Since 
a leaner charge has a slow flame speed it has difficulties initiating and completing the 
combustion. One way to solve this issues is by creating a small rich zone around the 
sparkplug that ignites the remaining lean charge. The stratified charge employs 
tumble or swirl in the cylinder combined with a very precise way of injecting fuel, 
alternately using the injector spread as the stratified injection towards the sparkplug to 
achieve this. In figure 14 the different methods to achieve a stratified charge can be 
seen that for all solutions the fuel is injected late to achieve the richer part of the 
charge that the sparkplug can ignite. 

 

Figure 14: Illustration of three popular stratified charge methods.(60) 

 

Issues with the stratified charge operation is that it becomes increasingly difficult to 
maintain with higher loads or RPM. When the rotational speed of the engine becomes 
to high the mixing time is too short since the process is very dependent on a late 
injection. The higher turbulence levels of high load operation interferes with the 
separation between the lean and rich zones causing the charge to become unstable and 
less effective. Also, the fact that the combustion time is longer cause issues at high 
RPM the window for lean ignition can be observed in figure 15. The issues is that the 
need for low RPM and load places the stratified charge window outside the engines 
“sweet spot”.  
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Figure 15: Areas of operation for homogenous and stratified charge combustion. (60) 

 

Emissions can also be a great issue with stratified charge. Since the combustion is 
both lean and slow, NOx formation is significant and there might also be issues with 
HC because of the nature of the flame front. 

2.20 High energy ignition systems 

High energy ignition systems might be used to complete combustion on a lean burn 
engine. These exist in many variants that include plasma ignition, laser ignition and 
microwave assisted spark ignition. With these systems the goal is to be able to ignite a 
leaner mixture without having to use stratified charge. Which is a much simpler way 
of implementing lean burn because the piston or valves does not need to be 
redesigned. Instead these methods uses high temperature events to initiate the 
combustion on a homogenous charge, with the added benefit of having a larger 
window of operation. However the big issue is that high energy ignition is currently 
limited to laboratory experiments and are not adopted by any commercial market. 

High frequency ignition or Corona ignition as it is called by Federal mogul uses 
sparks of ionized air that are considerably larger than a standard sparkplug as shown 
in figure 16. A corona spark is created using very high voltage at high frequency these 
extend out and create multiple ignitions sites enabling it to handle a lean homogenous 
charge. Corona sparks do not ignite the charge through heat like other ignition 
systems but rather on a chemical level.  

 

Figure 16: Corona spark compared to a sparkplug (11) 
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Federal-Mogul (11) claims that this can extend the lean limit to λ=2 or simply 
improve fuel economy by 5-10% in a direct injection engine by using λ=1. 

2.21 Prechamber Spark ignition 

2.21.1 History 

Prechamber spark ignition systems have existed in a selection of different engines. 
Today it is mostly used in large natural gas generators. Within the automotive 
industry however the most well know example is the Honda CVCC (Compound 
Vortex Controlled Combustion). Honda used a main charge of air that is taken in via 
the main intake port as seen in figure 17. The main charge is very lean and the 
prechamber is separately loaded with a close to stoichiometric charge that then is 
ignited creating a flame that is forced out into the main chamber igniting the main 
charge. 

 

Figure 17: Cutaway of Honda CVCC combustion chamber. (29) 

 

The engine was reveled in 1971 which was during the time when America planned to 
implement the clean air act (29). The American car manufacturers claimed that the 
standards was set to high but Honda proved with their CVCC engine that emissions 
could be met. This was verified by building CVCC heads for a Chevrolet engine 
which improved fuel economy and emissions (29). There have been others similar 
systems introduced by Ford, Volkswagen and Porsche which reduced the CO2 and 
fuel consumption of these engines. They did however not pass current legislation for 
emissions because they had issues with HC and NOx being too high (29). The CVCC 
engine and similar systems were originally built to compete with traditional 
carburetors but the early design was complex and expensive and would later be 
surpassed by port injected engines using catalytic converters. This is because these 
technologies could match the prechamber at a cheaper price. 

2.21.2 Passive Prechamber 

The passive prechamber is a simple form of this technology. The passive prechamber 
exists in a few versions the one part that remains constant is that the sparkplug is 
encapsulated in a separate volume. It then varies from a single nozzle where the 
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charge enters and the combustion occurs, too an updated version with multiple 
nozzles used today in stationary natural gas generators. This updated multi-nozzle 
design has a significant improvement in ignition power compared to the regular 
sparkplug.  A reason this technology has never been used in vehicles is because a 
passive prechamber needs the increased pressures of high load to purge the chamber 
between cycles. As with all prechambers the passive prechamber could also suffer 
from large quantity of HC if the prechamber volume is too large.  

2.21.3 Turbulent jet ignition 

TJI (Turbulent jet ignition) is one of the recent technologies currently that have 
gained traction formula 1 racing (12). This prechamber ignition system differentiate 
from older designs with a single orifice called torch ignition by having multiple ducts 
in the nozzle for the flames to propagate from. In figure 18 the general design can be 
observed.  

 

Figure 18: Illustration of an active prechamber, and the flame front propagation. (12)(24) 

 

One of the recent developments of modern prechamber designs is the use of much 
smaller volumes and orifice sizes. The chambers studied in the past usually had 
volumes of approximately 8-15% of the clearance volume (50). The modern systems 
implement volumes closer to 2% and very small nozzle diameter, 1.25 mm. These 
changes achieve a large reduction in HC which was an issue on the larger 
counterparts(52). Mahle (53) describes the small orifice working as follows: 

“The smaller orifice size causes the burning mixture to travel quickly through the 
orifice, which extinguishes the flame and seeds the main chamber with partially 
combusted prechamber products. It is then the reacting prechamber combustion 
products which entrain and ignite the main chamber charge through chemical, 
thermal and turbulence effects some distance away from the prechamber, thus 

producing a distributed ignition system. In addition, the smaller orifice creates a 
turbulent jet that penetrates deeper into the main charge.” 

2.21.4 Knock 

The prechamber shows good potential as a knock reduction since the combustion is 
quicker than spark ignition. This is because of how the prechamber generates 
turbulence as its combustion products enter the main chamber. This in turn promotes 
mixing while igniting a large area of the main charge. A study of this characteristic 
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was done where the octane rating was varied to find the difference knock limit and the 
result can be studied in figure 19. These figures compare the ignition of a spark 
ignition and prechamber jet ignition. The study was conducted on the same engine 
where both engines were running under stoichiometric conditions. On the x-axis the 
CA50 is displayed which is the point where 50% of the combustion has occurred.  As 
can be observed the closer to the MBT point the CA50 occur the higher the pressure.  

 

Figure 19: Test Results comparing CoV of a prechamber compared to a sparkplug. (53) 

 

As can be observed the Prechamber can operate in a considerably larger range than 
the spark ignition. So this clearly demonstrate a more complete and stable 
combustion, instead of using a lower octane rating which was used in the study the 
prechamber may run on a higher compression ratio and gain efficiency. These test 
were also done for an active prechamber that utilizes dual stage injection which 
showed further improvements. The authors say that this reduction in knock sensitivity 
could mean that the compression can be elevated 3 points (53).  

2.21.5 Lean burn 

One advantage that an active prechamber has over a passive version its ability to 
operate with lean conditions (1.4<λ<2 or above if needed). This is done by having 
two separate mixture inside and outside the prechamber.  The ignited prechamber 
charge creates multiple turbulent flame fronts that ignite a large area of the lean main 
charge. This solves the issues with lean mixtures having low flame propagation 
speeds and difficulties to ignite the charge is overcome.  

Ignition initiation was investigated in a study by (50). The experiment aimed to find 
how the diameter of the holes on the nozzles effected the initiation time figure 20-21. 
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The diagram compares an engine with a traditional SI system and a TJI system with 
varying diameters nozzles for varying lambdas. 

 

Figure 20: Ignition speed comparison between TJI with different nozzles and a regular sparkplug as a function of fuel 
mixture. (50) 

 

The 3 mm nozzle jets does not have enough pressure behind them to penetrate the 
charge completely in the main combustion chamber resulting with the combustion 
slowing down. But what is more relevant is that the ignition time for the TJI system 
stays short with high lambda. It is not until λ<1.6 that the combustion reaches the 
same time as a SI engine at λ=1. When observing the main burn which is the time it 
takes to combust 10%-90% of the charge. The combustion duration shows a 
significant reduction as well. 

 

Figure 21: Comparison of 10-90 burn time between TJI with different nozzles and a sparkplug as a function of fuel 
mixture. (50) 

2.21.6 Emissions 

Lean operation has noticeable efficiency gains compared to stoichiometric but if 
implemented this needs to be done without emissions increasing especially since the 
traditional catalytic converter will not remove NOx. An investigation (50) was made 
at stationary conditions with varying lambda figure 22. The experiment was 
conducted on the same engine with either SI or TJI. 
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Figure 22: Test of how different fuel mixtures effect engine out emission between TJI ignition and sparkplug ignition. 
(50) 

 

During the experiment CO greatly improves over λ =1 and keeps stable after about λ 
=1.1 with TJI. The HC improves slightly but increases with the heightened lambda. 
The increase in HC is not significantly affected by the extra crevices created by the 
prechamber but is rather connected with combustion quality. The NOx declines when 
reaching higher lambda due to reduction in combustion temperature.  

2.22 Compression Ignition 

Compared to spark ignition, compression ignition causes the air fuel mixture to self-
ignite at very high pressures. This has been limited to being used in diesel engines due 
to the instability of gasoline mixtures at high compression making it hard to run the 
engine reliably. 
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2.22.1 HCCI (Homogeneous Charge Compression Ignition) 

To utilize CI (Compression Ignition) in gasoline is something that would improve 
efficiency with higher compression ratios and lean operation, however implementing 
CI has proven difficult. Gasoline is more volatile than diesel, this means that it is 
much more difficult to make it detonate at the correct time. At the same time gasoline 
has a higher auto ignition temperature than diesel which makes it difficult to cold 
start. When testing these engines in laboratories they can for instance run the engine 
on diesel until temperature where the gasoline can operate under CI is reached. 
Otherwise the engine needs to operate as a SI until it reaches the correct temperature. 
When the engine operates in HCCI mode it runs very lean and operate by self-
detonation at precisely the right time. Switching to SI and a stoichiometric mixture 
when needed as seen in figure 23 has however proven difficult.    

 

Figure 23: Illustration of HCCI operation window. (73) 

2.22.2 Mazda SPCCI (spark controlled compression ignition) 

The Skyactive-X SPCCI engine developed by Mazda is the first CI gasoline engine to 
reach mass production. This engine in comparison to the HCCI concept uses a 
sparkplug to aid during its compression ignition. Mazda realized that since the 
sparkplug was needed they could use it in all operation making the mode switching 
easier. SPCCI operates by compressing the mixture to a high pressure but right before 
the point of self-detonation a sparkplug is used to innate the combustion. The heat and 
pressure from the flame kernels created by the sparkplug pushes the charge to 
detonate in unison seen in figure 24.   
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Figure 24: Illustration of how SPCCI works. (73) 

 

The engine uses a lean burn at roughly λ=2 up towards λ=3 (72). This contributes 
together with the high compression ratio 16:1 and the rapid (almost instantaneous) 
combustion to greatly improve efficiency.  

Mazda(72) claims that the engine throttle remains wide open most of the time which 
means that load is controlled with the AFR together with long route EGR. At high 
load the engine mitigates the issue of SI with high compression by using a LIVC 
miller cycle in these conditions. 

2.23 Variable compression 

Variable compression can be referred to in two different techniques the first is the use 
of different intake and exhaust compression ratios credited to James Atkinson patent 
of 1882. The second being the use of a mechanism that varies compression depending 
on load. The Atkinson’s engines used arms to vary the compression stroke and 
exhaust strokes lengths creating the Atkinson cycle. The reason this is desirable is 
because when the combustion stroke has been completed there is still a significant 
pressure in the cylinder. By using a longer exhaust stroke more of the pressure is 
converted to useful work. This is something that is replicated using advanced valve 
train strategy today due to the mechanical limitations keeping an actual variable 
stroke engine from functioning. The load varying technique allows the engine to run 
high compression for good fuel economy while being able to lower compression at 
high load allowing for higher peak power from a power adder.   

2.23.1 Infinity Variable compression turbo (VCT) 

Infinity is the first company to release an engine that uses a varying compression 
ratio. It uses the second technique where the compression ratio is varied depending on 
the load condition. This is to achieve greater efficiency through high compression 
during static condition while allowing the compression to lower during high power 
demand. The problem with static high compression with a turbo and high load is that 
it leads to knock that limits an engines power potential.  
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Figure 25: Illustration of Infinities VCR system. (39) (16) 

 

The engine mechanism’s linkage system can be seen in figure 25. When the 
compression ratio is changed the actuator to the right rotates which moves the linkage 
which lets the lever arm lengths become longer or shorter. Infinity claim a 27% fuel 
efficiency increase over the old 3.7 liter v6 (16). The complexity of this system has 
created over 300 patents for the technology (16).  

2.24 Miller/Atkinson cycle 

The Miller/Atkinson cycle is a fuel saving strategy that has risen in popularity 
recently. It originates in a variable compression design patented by Ralph Miller in 
1957 based on the ideas of Atkinson. Today’s implementation however uses a delayed 
or early closing of the intake valve instead of using variable strokes.  

 

Figure 26: The difference between regular and Miller/Atkinson valve timing. (64) 
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This technology phases the cam resulting in the compression stroke not receiving a 
full charge of air giving the engine a lower compression pressure while maintaining a 
long exhaust stroke. This allows for more energy from the combustion phase to be 
converted to work. Also due to the lower compression pressure less power is 
generated compared to normal intake phasing with the same compression ratio which 
means that another gain would be less throttling and therefore less pumping work on 
lower loads.  

The overall cycle efficiency of Miller/Atkinson is higher than the Otto cycle. The 
problem is the peak efficiency is at low loads. When going to higher loads the miller 
will more closely resemble an Otto cycle where they eventually converge. Only cycle 
efficiency will therefore not increase engine efficiency for a high work load. 

 

Figure 27: Miller cycle vs OTTO efficiency. (49) 

 

There is another part of the miller cycle that does have an effect on the engine 
efficiency at high load. This is the effect that Miller/Atkinson has on cycle 
temperature specifically peak temperature during compression and combustion and 
subsequent knock suppression. This results in better combustion and lower heat 
leakage which allows more of the combustion charge to be converted into mechanical 
work. This means that even at high load studies show that miller can give a noticeable 
efficiency improvement. This is improved when a Miller cycle is combined with 
boost pressure which allows better cylinder filling reducing the power loss at high 
load due to the shorter intake opening.   
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Figure 28: Miller high load cycle efficiency depending on timing. (64) 

2.25 Supercharging 

The more air gets into the cylinders the more fuel can be injected into the cylinders. 
The more fuel that can be injected into the cylinder the more power potential is 
created. There are a few ways to get a large amount of air into a cylinder. One way is 
to use a large engine or it can be supercharged effectively compressing a larger engine 
worth of air into a smaller engine. Supercharging is a collective name of compressing 
the air in to the cylinders of a combustion engine. This can be done mechanically, 
with the exhaust gas or electrically. Today the term supercharger usually means any 
compressor that doesn’t use exhaust gas energy to turn. The exhaust gas 
superchargers are usually referred to as turbochargers or simply turbos. 

2.25.1 Scavenging, NA (naturally aspirated) boost pressure. 

The best NA engines in the world are able to achieve greater than atmospheric 
volumetric efficiency. This is done using a technique called scavenging which uses 
the air or exhaust inertia to pull more gas through the system. The intake uses the 
intake runner length to affect the timing of the pulses created from the intake valves 
opening. Depending on different runner lengths the air pulses will time the intake 
opening increasing the fill level at a certain RPM. Modern engines try to maximize 
this effect by using variable intake runners to increase the functional RPM range. The 
Exhaust manifold design has been described by some as one of the most difficult parts 
of the engine to design (9). There are many variables that effect how an engine runs. 
Just like how important it is to get air into an engine it is equally important to 
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evacuate as much exhaust gas out of the engine after combustion. Poor exhaust design 
causes a multitude of issues, from volumetric and pumping loses to combustion 
instability. These are caused by the manifold being unable to handle the two exhaust 
pulses created by the engine, the first being the physical pulse of moving air exiting 
the cylinder as the exhaust valve opens (35). The second being the sound wave 
created during the combustion. The inertial wave moves slowly and exits the exhaust 
followed by a low pressure zone. The acoustic wave moves at supersonic speeds to 
the end of the primary runner where it reflects back towards the exhaust valve. The 
difficult part when it comes to exhaust manifold design is that the two pulses that you 
need to balance want the opposite traits in the manifold to create the best result. This 
has created different styles of exhaust manifolds to take advantage of certain 
characteristics. 

 

Figure 29: Turbo Exhaust manifold. (79) 

  

2.25.2 Mechanical supercharger 

Mechanical supercharger usually referred to as superchargers. The mechanical 
superchargers use the engines own power to compress more air into the cylinder 
creating a net positive increase in power. There exist three main versions of 
mechanical superchargers. 

 

Figure 30: Illustration of different superchargers. (28) 

 

The roots style superchargers used originally in 2-stroke diesels because of the need 
for positive intake pressure to operate. These are driven by either a belt from the 
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crankshaft or through gears and are more common especially in older American 
muscle cars. The twin screw is an updated more efficient design of the roots both 
designs provide a fixed increase of power in the entire RPM range. This means that it 
is excellent as a power adder for low loads. The centrifugal supercharger uses a 
turbine style compressor instead which is a more efficient way to compress air. This 
compressor style increases boost pressure and effectively power as the RPM climb. 
This makes the centrifugal design better for high RPM high load situation. The 
mechanical superchargers is a parasitic load it does decrease efficiency for an increase 
in power. In certain conditions this can be somewhat mitigated by fitting the 
supercharging with a clutch that disconnects it when the supercharger is not 
necessary.  

2.25.3 Electric supercharger 

The Electrical supercharger is a growing technology to increase power momentarily 
without the negative sides of the mechanical superchargers. They are usually of the 
centrifugal style but in comparison to the mechanical supercharger the electrical 
superchargers may increase the boost pressure levels much more freely over the RPM 
range since it is not bound by the crank speed. This makes it a good temporary power 
adder either as a support system to a turbo or for short bursts. Their major drawback is 
cost not only because the supercharger is expensive but due to the need for expensive 
electrical support systems.  

2.25.4 Turbochargers 

Turbochargers work on the same principals as the supercharger but with one major 
difference. Unlike mechanical superchargers that use the engine crank to spin causing 
parasitic losses to create power. The turbo uses the waste energy in the exhaust gas 
recovered through an exhaust turbine to spins its compressor as seen in figure 31. This 
reduces parasitic losses and greatly increases the system efficiency in comparison to a 
mechanical supercharger during operation. The only noticeable loss comes from 
exhaust flow restrictions which can result in pumping work on low to no boost 
pressure. This means that unlike a supercharger a turbo can both increase power and 
be used to increase fuel economy through a good downsizing strategy. The main issue 
with turbos is due to the lack of mechanical connection to the engine they have an 
inherent lag as it needs time to build pressure. This combined with turbine flow 
efficiency limitations means that a normal turbo has a small effective RPM range. 
Due to this a turbo engine will struggle to have the same drivability and response like 
an NA or supercharged engine. On the other side the ability for the turbo to spool 
independent of the engine RPM results in better low end torque and a unique 
slingshot effect when accelerating from low engine speeds. The turbo system can be 
varied greatly through different sizes, housing designs, and blade designs all 
depending on what cost and characteristic that is sought after in an engine. A small 
hatchback usually uses a smaller turbo that spools quickly at the trade of top end 
power. While a performance car usually trades low end response for better top end 
power. There will however always be a tradeoff between low end response and peak 
power. Today there is an endless stream of different techniques to work around this 
mechanical limitation. The most common systems are Twin-turbo, Twin-scroll 
Turbos, Variable geometry turbos, and the hybrid electric turbo. 
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Figure 31: Illustration of a turbocharger. (39) 

2.25.5 Hybrid Electric turbo 

The hybrid electric turbocharger is one of the latest development in turbo design and 
is mainly seen today in their use as MGU-H energy recuperation systems in modern 
F1 engines. Today the world’s most thermally efficient engine, the Mercedes M09 EQ 
Power+ (34) uses a hybrid electric turbo as the mayor component in its waste energy 
recuperation strategy. The difference of a hybrid electric turbo compared to a standard 
turbo is that it houses an electric motor/generator between the exhaust and compressor 
housing. This differentiates it from an electric supercharger since it still uses the 
exhaust gases as its main power source. The electric supercharger is just a compressor 
housing connected to an electric motor and can only use the electric power to provide 
boost pressure with no ability to recuperate energy. Just like an electric supercharger 
the hybrid turbo can use its electric motor to spin the turbo before the engine has built 
up any exhaust pressure greatly reducing turbo lag. However since it still has the 
exhaust turbine it also has the ability to improve efficiency due to the electric motors 
ability to act as a generator. The generator recuperates energy by placing a resistance 
on the turbine as a form of boost pressure control reducing the need to open the waste 
gate, converting energy that would normally flow out the exhaust into electricity. This 
is even better when combined with a hybrid powertrain where the battery is big 
enough to allow the turbo to charge as much as possible, maximizing the potential 
fuel savings.  

2.25.6 Exhaust gas generator 

A Simpler version would be to only use the turbine side of a hybrid electric turbo. The 
resulting design would therefore only extract power of the exhaust without using any 
power to compress the intake. The one limitation is that due to the exhaust generator 
not having a compressor there is no high pressure intake charge. This makes it more 
sensitive to backpressure than the hybrid electric turbo. The upside of the design 
would be that no energy is spent compressing the intake air allowing for more energy 
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recuperation. Since a compressor has an efficiency of approximately 60-70% energy 
is wasted when compressing air therefore a naturally aspirated engine with an exhaust 
gas generator should theoretically be more efficient than an engine with a hybrid 
electric turbo. 

2.25.6.1 Potential exhaust energy 

The potential energy of a hybrid electric turbo is like a standard turbo the exhaust 
blowdown pressure, illustrated in figure 32. 

 

Figure 32: Energy loss graph of Otto cycle. (77) 

 

The blowdown is simply the excess pressure that cannot be utilized during the 
expansion stroke. How big the blowdown pulse is will be directly related to the load. 
With higher load comes higher cylinder pressures which increases the amount of 
remaining pressure after the expansion stroke. The opposite effect happens at lower 
loads associated with normal driving reducing the pulses energy. The hybrid electric 
turbo leverages the difference in exhaust gas energy and the energy needed to 
compress the intake charge as electricity. This difference comes from the point that at 
the same pressure exhaust gas contains more potential energy than the air getting 
compressed since the temperature is higher, as seen in equation (8). 

The difficulty comes from balancing the energy recovered to losses associated with 
internal EGR effects on combustion and pumping work. If the pressure over the 
exhaust is too large the exhaust gases will not be able to escape. In valve timing the 
exhaust and intake valves are opened simultaneously during a short duration at TDC. 
This period is called overlap and during this time optimally what is supposed to 
happen is fresh air should flow from the intake and push out the hot exhaust gases. If 
the pressure is too high on the exhaust side this will not happen and could even cause 
backflow under certain circumstances. This is referred to as internal EGR and the 
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issue compared to EGR systems is that this is both uncontrolled and increases the 
temperature which can knock limit the timing. This means that if the exhaust and 
intake pressure difference is significant then the overlap needs to be minimal which 
will impact combustion. 

Another part to consider is that with a raised backpressure the pumping work will 
increase. If the piston needs to pump out the exhaust gases that energy is directly 
taken from the useful work. Some of it will be returned if the solution uses an electric 
turbo or exhaust gas generator. However the turbine usually only has a peak 
efficiency of 60-70%, which causes a net loss in total system power. At lower 
pressures the blowdown pulse energy should generate power but with rising pressures 
a point will be reached where the extra pumping work will lead to diminishing 
returns. 

The calculations made are based on the isentropic expansion enthalpy that takes 
turbine efficiency into account. The energy 

𝐸 = 𝜂 ∗ 𝐶 ∗ 𝑇 ∗ − 1   (8)  

is derived from ratio of the pressure on the intake side of the turbo Pin and the 
pressure remaining after the Pout turbine. The temperature 𝑇  of the exhaust gases 
when entering the turbine is used in Kelvin. 
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3 Method 

This chapter deals with the different methods used to decide the final engine 
configuration. It starts by describing the process that was used as a template as well as 
the different steps added or modified from the original and any calculations that were 
used.  

3.1 Product development process 

The methodology in this project will follow the outline of Ulrich and Eppinger [1] 
product development process. The product development process consists of 5 main 
steps as shown in figure 33. Note however that this is the entire Process for product 
development and this project will as stated in Aim and Limitations reach system level 
design. 

Figure 33: Displays the steps outlined for the product development (44) 

3.1.1 Planning and pre-study 

The planning stage is where the outline and goal of the project is defined. There is a 
preliminary timetable set with the intent to create a structure for the project. Without 
it there is a high probability that time runs out and parts will need to be rushed. This 
usually ends up with a non-ideal end results. The timeline will also need to take into 
account the possibility that certain steps may take longer by creating the ability to 
catch up at some point. This is followed by a focus to collect as much information 
about current and future customer needs as possible. There is also a need to research 
state-of-the-art products and to create a good knowledge base of what current research 
and technology exists and what competitors currently sell. There is also the need to 
identify the applicable market that the project is aiming to fill. This will be the base 
for benchmarking targets and requirement specifications set for the project. 

3.1.2 Concept development 

After the applicable information is gathered a relevant target specification to aim for 
and to evaluate solutions with can be set up. It is important to note that this should 
always be updated with new information when applicable and not be permanently set. 
Goals and aims can change during the course of a project. 
 
These targets are then used to evaluate potential concepts. It is encouraged to start 
with wide ideas that might not seem optimal as they might still have useful elements 
or foster ideas that can be implemented into other concepts. After investigating the 
feasibility of these ideas and removing the ones with low to no feasibility the 
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remaining can then be compared and graded against the target specification and goals. 
This entire process may be reiterated to find an optimal result. 

3.1.3 System level design 

In the concept stage the focus is overall function and main design. In system level 
design decisions about shape and architecture are made. As well as defining all 
possible subsystems and interfaces of the product takes place. This stage also contains 
the bulk of the modelling calculations needed to show how the design compares to the 
target specifications. 

3.1.4 Detail design 

The detail design is the last step before a test model is built. This is where all the 
measurements and tolerances are set with the preparations of building a finished 
product. The final CAD/CAE models and any necessary instructions are created. This 
is also the stage where packaging and service modifications are added. 

3.2 Process changes. 

The original Ulrich and Eppinger process (44) was used to build the basis for the 
project’s development process planning. As this study had a different delivery target 
than the complete development process changes were made to allow for more focus 
on the parts that were important. This meant that the majority of the project would be 
spent on the concept development phase. Below are what parts of the process was 
used and how they were done.  

3.3 Benchmark and Target specification 

During this time discussions were held with Volvo to find what target our solution 
should meet. This gave the ability to identify what cars the final solution should be 
benchmarked against. The automotive industry has many different cars and 
manufacturers so a wide variety of cars could be benchmarked. The series hybrid is 
however not a very common solution in the market so the competitors had to be 
estimated of what cars the series hybrid could compete with. 

3.4 Literature studies and state-of-the-art 

Primarily the need to understand the factors and limitations of combustion needed to 
be understood so a primary phase with investigating fuel saving techniques were 
carried out. A combination of investigating other manufacturers and using scientific 
studies of different future technologies were used for gaining market knowledge.  

3.5 Analyzing improvement claims 

Something that has become apparent in this project is that it is important to keep in 
mind which improvements are being measured. Scientific journals, company claims 
and the like are usually not being presented in the same way. The result of efficiency 
and fuel consumption improvement are usually measured in BSFC, or as fuel 
consumption in driving cycles. The result that are the most useful in this project is 
improvements in BSFC. These results can directly be taken into account and the 
overall efficiency is apparent. The fuel consumption improvement in a driving cycle 
is however not as clear. The engine might have an improved efficiency at low load 
which makes sense since the majority of driving occurs at low load and low rotational 
speed. So for a traditional drivetrain for everyday usage these improvements are very 
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interesting. A very clear example of this would be cylinder deactivation which 
improves low load efficiency. However for peak efficiency it is optimal to use all 
cylinders at higher loads so even if an engine with cylinder deactivation might 
improve greatly in a driving cycle. When implemented in a series hybrid that runs at 
an optimal load and RPM cylinder deactivation would see no improvement. This is 
something that is important to keep in mind when evaluating solutions for this project. 

3.6 Concept 

A large part of the project was spent in the concept phase. Because a combustion 
engine contains many variables the different possibilities were numerous. The concept 
stage started wide that was later narrowed down in multiple iterations. The first 
decision matrix was broken down into categories and were evaluated against each 
other using +, 0 and - to find which solutions showed the most potential. This 
however proved fruitless since there were still too many options remaining. Instead a 
matrix was constructed with how different solutions affected the target specification 
variables using a finer numerical scale. The numbers in this matrix are not completely 
accurate due to objectively trying to decide a numerical value proving difficult. 
Therefore the numbers in this matrix was rather viewed as indications and used as a 
tool when the different solutions were discussed further. These results were then used 
to build an assortment of final system concepts. These were however not finalized but 
were iterated upon with contacts within Volvo and revised a few times during the 
process.  

3.7 Concept calculations 

To evaluate the concept selection the efficiency improvements of the considered 
changes were estimated. The improvements were based on testing data from a T5 
engine. Three different methods were used ignition timing, thermal efficiency, and 
electricity recuperation.  

3.7.1 Ignition Timing 

To estimate the impact of ignition timing the provided data of estimated torque 
efficiency for each operating point were used. The torque efficiency was plotted 
against ignition retard. The ignition retard was estimated using the CA50’s distance 
from the MBT point of the engine which is 6 degrees ATDC. 6 degrees ATDC is 
estimated to be the optimal ignition angle for peak efficiency. From this a function of 
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the torque loss were then approximated as seen in figure 34.

 

Figure 34: Torque efficiency depending on timing retard. 

 

The resulting function can therefore be used to approximate any improvements in 
ignition timing using the equation (9). 

𝜏 = 𝜏 ∗ 𝜂    (9) 

This can then be directly related to BSFC with the torque increase since the fuel flow 
would be the same for both operating conditions. Equation (10) used to calculate the 
theoretical 𝐵𝑆𝐹𝐶 based on the BSFC given by the test data. 

𝐵𝑆𝐹𝐶 = 𝐵𝑆𝐹𝐶 ∗  = 𝐵𝑆𝐹𝐶 ∗ 𝜂  (10) 

3.7.2 Compression and Miller 

The effects on thermal efficiency from the change in compression ratio as well as the 
addition of running a miller cycle were estimated compared to the T5. The 
compression ratio improvements were estimated with as the difference in cycle 
efficiency between high and low compression based on equation (3). This results in 
equation (11) used when calculating ∆𝜂, the change in thermal efficiency. 

∆𝜂 = 1 − − 1 −   (11) 

Changes as ∆𝜂 from the compression increase was then added to the thermal 
efficiency acquired in the test data using equation (11). The improvements from using 
a miller cycle was estimated by using data from Lin (64) and then added to the new 
thermal efficiency with equation (12). 

𝜂  = 𝜂 + ∆𝜂  (12) 

3.7.3 Exhaust Gas Energy 

The exhaust gas energy were based on the total mass flow through the engine. 
Therefore the mass flow that normally is passed through the waste gate were 
considered routed through the turbo. This was done to calculate the maximum energy 
output for any given point which would be with the waste gate fully closed. The other 
values were used in equation (8) from the test data provided. 
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3.8 Cost 

The target specification for cost was set by Volvo Cars to match or beat the per-
engine price of the current T5 variant used in its mid power applications. This was 
selected to make room for the increased cost of the electrical drivetrain compared to 
the fully mechanical drivetrain in the current T6 option. This gave the project a 
budget needed to balance the concepts efficiency versus value. One of the hardest 
parts in this case was how difficult costs were too find as the project deals with a 
theoretical use of emerging technologies that are currently not in use. Therefore most 
cost estimates are rough and focus has been placed on identifying cost risks and 
reasoning behind them. The balancing of potential costs were done through a few 
different strategies. The first was during the concept development phase were three 
different cost categories were used as one of the main basis for how they were 
constructed. After the concepts were configured and selected a cost reduction strategy 
was used to identify components that could be simplified to compensate for added 
component costs.  

From here work was done to find if the efficiency difference between the cheaper 
concepts and the more expensive concepts were big enough to offset the cost. 
Consideration was also taken on, add on cost risks that might come from the use of 
particular fuel saving strategies. An example of this is the added after treatment 
systems needed to remove the NOx gases that bypass the three way catalytic converter 
during ultra-lean fueling strategies. This would build one of the bases that would be 
used to evaluate the concepts to decide what moves forward into system design.  

3.9 Concept selection 

Concept selection was based on three parameters, the potential improvement to fuel 
consumption, the complexity of implementation, and the add-on cost of the systems. 
The potential improvements of the 5 concepts were based on three different areas. 
The first was the analysis of their theoretical potential found from studies around the 
different technologies. This was used in combination with the calculations done 
earlier to quantify the potential fuel savings and BMEP loads for the different 
concepts. This was later complemented by taking possible complications and 
difficulties associated with the concepts design, configuration or implementation. 
Here everything from packaging, to cost, to reliability was taken into account. This 
was then used to build a picture of the potential component costs associated with 
different solutions. Here the potential improvements were compared in an iterative 
process to their efficiency, cost, and complexity to find which concept proved to carry 
the greatest potential.  

3.10 System design 

The system design were focused on the implementation of a passive prechamber with 
the surrounding parameters. This was conducted in regards to two aspects, design 
changes needed in the head of the engine, and designs of the prechamber itself. 
Starting out an analyses of the possibility of implement the prechamber in current 
design of the head was conducted. This was followed by identifying shortcomings of 
the design and possible improvements suggestions were added. When designing the 
prechamber itself sources show that a volume of roughly 2% of the clearance volume 
were suggested. To calculate the clearance volume equation (3) for compression ratio 
was altered. 
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𝑉 =  (13) 

Once the volume was decided varying versions of prechamber designs were 
considered. Once the volume was decided the internal diameter and height were 
varied to show potential solutions. The use of the current sparkplug design was 
considered and from there possible limitations and recommended solutions were 
made to secure a proper operation. 
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4 Results 

4.1 Benchmarking and Target Specifications 

Benchmarking started with a set of targets provided by Volvo. These were detailed as 
base specifications which were divided into three categories, performance, cost, and 
fuel efficiency as well as certain limitations. Here the target was for the drivetrain to 
perform like a T6, at the per engine cost of a T5 with the fuel efficiency of a D4 
diesel. The limitations were that the drivetrain was to fit in the SPA platform as well 
as the battery being able to provide 60 kW of power. Competitors were chosen that 
either competed with performance, fuel economy, or technology. As there are only 2 
other produced series hybrids available to benchmark an assortment of similar parallel 
hybrids were selected as they will target the same customers. This was combined with 
some current mechanical drivetrain alternatives.  

In the end the complete list of cars chosen and the results can be seen in appendix (2). 
Some noteworthy selections are the Nissan Note e-power, the Lexus GS450h, BMW 
540xi and Audi A6 3.0T. The Nissan Note e-Power being the only currently produced 
series hybrid is interesting as it shows the potential of the concept even if it is in a 
different price and size. The Lexus GS450h is the most successful hybrid in its class 
and has a great balance of performance and fuel economy. It is also the longest 
running hybrid large sedan and the one of the few to exist for more than one 
generation. The BMW and Audi sedans were chosen as they are the most popular in 
the luxury car market. They are also highly regarded for their performance making 
them ideal performance benchmarks for the engine prototype.  

To compete with future products the performance target was set at 5 seconds 0-100 
km/h. This is compared to the current T6 0-100 km/h time of 6.1 seconds allowing for 
it to be competitive in some years to come. From here the Audi A6 and BMW 5 series 
was used as a baseline for the total system output. Since they are proven to achieve 
their marketed 5.1 seconds 0-100 km/h with ~250 kW at a similar weight to the 
current T6. Given the torque and lack of shifting from an electric motor a 250 kW 
electric motor should be more than sufficient to match or exceed the performance 
target. Because the project already had a battery output specified at 60 kW. This 
means that the ICE would need to able to meet the difference between these two 
components. Resulting in a Power target of a 190 kW gasoline engine. The main 
compromise for the drivetrain is the top speed due to the single gear of the electric 
motor it was decided that 200 km/h will be sufficient for most people. The reason 
being that prolonged high speed capability is limited by the ICE not the electric 
engine due to the battery being drained causing a drop in power.  
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From the benchmarking studies’ results a target specification for the engine was 
decided. A description of the cars target specification was built to provide an end 
target for the engine seen in table 1. 

Model   Target specification 

Power ICE kW 190 
Power electric kW 250 
0-60 mph s 5 
1/4 mile km/h 13,8 
top speed km/h 200 
City  l/100km 5,7 
Highway l/100km 4,5 
Combined l/100km 4,9 
CO2    g/km 129 
Weight kg 2000 
Price   kr 434900 
Battery capacity kWh 2 
Drive wheels    Rear 
Engine config   Series hybrid 
Electric Range   km n/a 
Plug-in   no 
DOH   1,14 

Table 1: Target Specifications 

4.2 Component concepts 

As mentioned in limitations (Chapter 1.2) the scope of the project was to look into 
future technologies that shows great potential over optimization techniques as such 
used by Toyota for the ESTEC engine platform. The different technologies were 
divided into groups depending on how it affected the combustion process. These 
groups and the applicable technologies can be seen in Appendix (3). How the 
different technologies within the categories compare to each other is discussed to find 
which hold the highest potential. 

4.2.1 Ignition 

The two ignition methods chosen to further investigate were passive and active 
prechamber systems. The passive prechamber was chosen for stoichiometric 
operation due to the knock reduction and potential this creates compared to spark 
ignition. While corona spark with multiple ignition sites also shows some potential for 
knock reduction the passive prechambers lower complexity was therefore preferable 
from a cost perspective. The active prechamber shows even greater knock reduction 
however the added cost and complexity with dual injection systems and prechamber 
design is deemed unnecessary since its main advantage of being able to run at low 
load condition does not impact the SHEVs load condition. The area where active 
prechamber excels are when moving into lean burn strategies. This is because the 
active prechamber enables a quick efficient burn of the lean main charge reducing the 
emission issues associated with lean operation. The stratified charge method has 
issues with higher NOx because of slower combustion times and soot because of the 
nature of the combustion. The HCCI shares the issue of stratified charge were it is 
only stable at a small window of operation with difficulties surrounding sudden 
transient conditions. HCCI might therefore be interesting if the engine is only used in 
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a constant power demand. The HCCI engine also needs to be warm to operate and 
when a series hybrid is planned to only run intermittently it might not be optimal. The 
Mazda system show more potential with power demands using spark assists during 
combustion and when switching from HCCI operation. Both SPCCI and active 
prechamber can operate lean and has short combustion durations. The SPCCI 
however is a more complex system to operate than an active prechamber which has a 
negative effect on costs making it hard to recommend.  

4.2.2 Induction 

The inductions system investigated were focused on two areas power capability and 
efficiency improvement potential. Naturally aspirated engines are simple and light, 
making them a cheap efficiency engine to use. The problem is that there is a risk that 
the engine will become too large to meet target specification. The mechanical 
supercharger solves this issue using boost pressure however needs a physical 
connection with the crank usually in the form of a belt transmission which creates 
packaging and mechanical complexity. The electric supercharger has the added 
advantage of not being RPM locked while also being easier to package in the vehicle, 
this makes it more flexible. Due to the SHEV powerful electrical system and a large 
battery with high power output from the ISG an electric supercharger was chosen over 
a mechanical supercharger. The big battery also overcomes limitations with using a 
Hybrid electric turbo and exhaust gas generator in a traditional car. Therefore a 
Hybrid electric turbo was chosen to be investigated over a traditional turbo. At the 
same time interest was placed in the potential of the exhaust gas generator as a 
potential efficiency boost to the electric supercharger.  

4.2.3 Compression ratio 

The compression ratio is directly related to the cycle’s thermal efficiency. Due to this 
efficiency connection, low compression ratio is not an option. Instead focus become 
on what compression was a good balance between power density and efficiency. 
These characteristics compete due to the added knock propensity connected with high 
compression. A method around this is to use variable compression since it can move 
to lower compression in high power operation this was not a chosen however due to 
the issues associated to its mechanical complexity being deemed greater than the 
efficiency gains. The compression ratio will then be set as high as possible following 
the concept. 

4.2.4 Cooled EGR 

EGR and specifically Cooled EGR is used in most modern engines today. It aids in 
both emission control and fuel efficiency attributed to its increased knock resistance. 
This is further improved by cooling the exhaust gases before recirculation. This 
system is not a separate concept moving forwards since it most likely must be 
included for emissions control and will be added if necessary. 

4.2.5 Cylinder Deactivation 

Cylinder deactivation helps modern cars save fuel by moving the load higher by 
deactivating some of the cylinders. The problem is that this strategy only works 
during low load conditions. This is not a load case used by an SHEV drivetrain and 
can therefore be dropped. In the case of using the current engines produced by Volvo 
this would be removed to reduce complexity and cost. 
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4.2.6 Miller 

Miller was initially seen as a technology with the same limitations and cylinder 
deactivation where its efficiency gains are mostly during low load conditions. Hence 
it was dropped from the possible technologies used to build the initial iterations. Since 
it added component cost and complexity cancel out the low to no improvement 
potential of the miller cycle.  

4.2.7 Opposed Piston 

Was added due to the novelty of the technology but two major drawbacks killed it 
early in discussions. These two drawbacks were its inherent size from having two 
cylinder that oppose each other which causes the engine to be almost twice as tall as a 
traditional engine. The other is the fact that it requires diesel which currently suffers 
from a damaged public perception and thus was not studied further. 

4.2.8 Engine encasement 

Engine encasement shows great potential especially when combined with the 
difficulties for NVH associated with an SHEV drivetrain. This however was moved to 
a recommendation since it is applicable but the cost and packaging impact could not 
be quantified. Hence it would need to be added as necessary. 

4.2.9 Selective catalytic reduction 

SCR was added as a system for emission control but adds nothing by itself. It does 
however add the possibility to run and engine lean due to its ability to clean NOx from 
the exhaust gases. The big issues with SCR is that it adds not only a component cost 
to a car it also adds a running cost and service item for the end user. It remained but 
only as a sub component to a different solution.  

4.2.10 Rankine heat recovery system 

Systems to recover exhaust gas energy is great for generator like load case of a SHEV 
due to their constant RPM and interest in peak efficiency. However the Rankine 
method has too many drawbacks at this time to recommend. Especially with the 
prominent packaging constraints in the SPA platform. The added complexity, cost and 
weight make the system difficult to add as well as the safety questions around how a 
high pressure steam system responds during an accident.  

4.2.11 Fuel Injection 

Fuel injection is a subsystem that is mostly governed by other larger decisions 
systems that only need a single injection point would use direct injection. This is due 
to it already existing in the current Volvo component catalog with widespread use in 
current Volvo engines as well as its great advantages over port injection in 
combustion stability. Dual injection can provide knock support and the added effect 
of cleaning the intake valve which can be a problem with modern DI engines. It is 
however more complex requiring two separate fuel systems increasing cost. Therefor 
its main use would be in advanced ignition system such as an active prechamber. This 
meant that the concept would use single direct injection unless the ignition system 
required the addition of a second injector. 
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4.2.12 Valve train 

Valve train decisions come down to two different areas. The first is the use of 2 or 4 
valves per cylinder where it was found that the possible flow restriction and 
characteristics of 2 valve systems are too great for the slight cost reduction. The 
second was the use of VVT or not, this was initially thought to be unnecessary due to 
the engines limited RPM range during normal driving. The problem that wasn’t 
identified during this stage was the ability for such small engines to produce the 
amount of power the target specification calls for without effecting efficiency. The 
decision was to use 4 valves across the range and VVT in most concepts. 

4.2.13 Configuration 

This chapter was initially added to find what different solutions could be achieved by 
using different engine configuration compared to the engines used by Volvo today. 
These went from 2 to 8 cylinders that are either straight or V engines. The problem 
that arose was that there isn’t a noticeable change to characteristics when moving 
from different configurations when it comes to efficiency. The only change worth 
discussing is the engines NVH characteristic which is important but not worth the cost 
and packaging issues with attempting to move to another engine type.   

4.3 Concepts 

Once the different technologies had been analyzed and compared between each other 
five different concepts were created to span a variety of solutions that should be able 
to provide the target specifications for the engine. The concepts range in to categories 
from small to large and cheap to expensive. These were then compared to each other 
and iterated upon until a final design could be decided. 
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4.3.1 Initial Concept 

The initial concepts set up were as shown in table 2. 

Concept 1 Concept 2 Concept 3 Concept 4 Concept 6 

1.5L 3-cyl 2.0L 4cyl 2.0L 4cyl 2.0L 4cyl 
2.5L 5-cyl 

N/A 

Passive 
prechamber 

Passive 
prechamber 

Active 
prechamber 

Active 
prechamber 

Active 
prechamber 

VVT No-VVT VVT VVT VVT 

High 
compression 

ratio 

high 
compression 

ratio 

Very high 
compression 

ratio 

Very high 
compression 

ratio 

Very high 
compression 

ratio 

Electric turbo Electric turbo Electric turbo 

Exhaust gas 
generator and 

electric 
supercharger 

Exhaust gas 
generator 

Stoichiometric Stoichiometric Lean burn Lean burn Lean burn 

Table 2: Initial Concepts 

 

The first and second concepts were considered to be a cheap alternative that offered 
an increase in efficiency with the passive prechamber and hybrid electric turbo. The 
difference between the two was that the VVT were considered to be needed for 
concept one since the engine had a smaller displacement.  

The third and fourth concepts would increase the efficiency further with the added 
active prechamber lean operation. These would however increase the cost since the 
active prechamber is a more complex system and the lean burn requires a more 
complex emission control systems. The fourth concept use an exhaust gas generator 
with an electric supercharger for peak power. This concept was considered to operate 
as a naturally aspirated engine with the exhaust gas generator during normal operation 
and the supercharger engaging only for peak power. 

The fifth concept had an increased displacement up to a volume that should fit within 
the SPA platform when gearbox and other components had been removed. This was 
considered as the most efficient concept since it did not only use a lean combustion 
but the larger displacement should allow the compression to raised further than the 
smaller engine since the kW/liter would be lower. 

4.3.2 Concept iteration 

After the initial concepts were created the process of evaluating the different concepts 
against each other caused multiple changes. This was mostly due to the application of 
new knowledge and perspectives on previous solutions. One of the component 
applications that had a change in perspective was the view on VVT and over-
expanded cycles such as Miller and Atkinson. Initially they were seen as expensive 
and unnecessary but it was later discovered that some information had been 
overlooked during the study and they were brought back in during a later iteration. 
The big part of this is that the internal cooling effect of the over-expanded cycle has a 
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positive effect on knock control and peak efficiency in supercharged engines. There 
were also changes to the concept of a naturally aspirated engine due to size 
constraints. The issues lied in the already cramped engine bay of the SPA platform 
making it difficult to package a larger engine. Other components that were 
reconsidered was the electric hybrid turbo and exhaust gas generator due to the 
difficulties surrounding quantifying the potential improvements compared to their 
effect on combustion stability. These changes were combined with a refocus on the 
separate components to build a final concept as a mix from the different initial 
candidates. 

4.4 Concept Calculations 

4.4.1 Compression ratio 

Compression ratio is a very relevant discussion when talking about efficiency. This is 
due to its direct effect on cycle efficiency, since a higher compression ratio generates 
higher initial pressure resulting in higher peak pressure from combustion which 
generates more useful work. The issues with the higher compression is the increased 
propensity for knock which negatively effects efficiency. The performance target of 
this project is to reach 190 kW. At the same time there needs to be a focus on 
maximizing efficiency. Therefore the compression needs to be as high as possible as 
can be seen in the high efficiency engine examples compared to the current T5 in 
table 3.  

Manufacturer engine 
Displacement 

(liter) 

Power 

 (kW) 

Compression 
ratio 

kW/liter 

Volvo B4204T23 2.0 190 10.8:1 95 

VAG EA888B 2.0 140 11.7:1 70 

VAG EA211EVO 1.5 96 12:5:1 64 

Toyota 2ZR-FXE 1.8 100 13:1 55.6 

Mazda Skyactive G 2.0 121 14:1 60 

Table 3: High efficiency competitors 

 

In today’s high efficiency engine the kW/liter that can be achieved with high 
compression ratio is limited due to combustion stability. If the concept engine follows 
the examples and extract either 55.6 or 70 kW/liter to reach 190 kW the implicated 
engines size would be calculated Based on the power target 𝑘𝑊  compared to 

power density 𝑘𝑊/𝑙 and results in the needed displacement in liters 𝑙  at a given 

power density seen in equation (14): 

/
= 𝑙  →  = 2.7 𝑜𝑟  

.
= 3.4 (14) 

So to build a high compression efficient engine without any other modifications a 2.7-
3.4 liter engine would be required to achieve the targeted kW. However one of the 
main objectives is to fit the engine within the Volvo SPA-platform. An engine in this 
size would not fit. This means that to achieve the engine displacement another 
solution than having a large engine with high compression ratio is required. 
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4.4.2 Operating conditions 

There are two operating points to design against that are identified. These have been 
determined to be normal driving at 60 kW and peak power at 190 kW. The 60 kW is 
considered a good charging point for the car since the battery set by Volvo for this 
driveline has a peak charging capability of 60 kW. This also aligns well with some 
high load conditions that exists on the road like going up long steep hills like the 7% 
grade of the Eisenhower pass. 

The operating points were mapped out for what BMEP the three relevant concept 
engine sizes of 1.5, 2.0 and 2.5 liters would need. The results are seen in figure 35 

 

Figure 35: BMEP for different load cases. 

 

As can be observed for the 60 kW it is possible to reach the power target with the 1.5, 
however not within the RPM range target. While the 2.0 should be able to reach 60 
kW at around 2000-3000 RPM which makes it a good candidate. Here it is clear 
however that a supercharging system needs to be applied. It also the smallest engine 
that can reach 190 kW within realistic limits. Where the 1.5 needs to use very high 
RPM and BMEP (so high it does not fit on the graph). The 2.5 liter engine does have 
lower loads than the 2.0 liter but it would still need a turbo for the target RPM span 
for normal driving. This means that the engine would both be more expensive to 
produce without any benefits. 

4.4.3 Efficiency calculations 

The efficiency calculations were based on experimental measurements from a T5. 
Measurements where 2000-3000 RPM at approximately 67 kW in 100 RPM steps. 
The BSFC was plotted against the RPM and used as a baseline for calculations. In 
figure 36 the base BSFC is increasing with the lower RPM, this is because the power 
is the same resulting in the load being higher at the lower RPM and therefore knock 
reduction needs to be implemented which impacts efficiency. To calculate the 
efficiency penalty from the ignition the provided torque loss data was used to 
approximate the BSFC at the ideal ignition timing also seen in figure 36. 
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Since the passive prechamber provides approximately 10 degrees improved timing 
(53) it will not achieve ideal ignition at higher loads. With this a 10 degree ignition 
improvement was calculated and is also displayed in figure 36. As can be seen the 
largest gains would be when operating knock-limited to knock-limited conditions. 

 

 

Figure 36: Efficiency improvements from timing. 

 

The other possibility for the passive prechamber was the possibility of improving the 
compression ratio. If the ignition timing is kept similar but instead the compression 
ratio is increased 2 points from 10.8 to 12.8, the cyclic efficiency improvement would 
approximate to the difference shown in figure 37. This means that the potential for 
gains in increasing stable combustion at higher compression ratio is significant over 
only adjusting the spark advance as discussed in Mahle (53).   

 

Figure 37: Efficiency improvements from increased compression ratio. 

 

The further increase in cycle efficiency and knock reduction of adopting a Miller 
cycle is estimated using results of high load efficiency improvements found in Noor 
(64). This would increase the efficiency further making the total BSFC decrease from 
the T5 close to 8% seen in figure 38. 
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Figure 38: Efficiency improvements of adding miller on high compression. 

 

4.4.4 Turbo potential 

Calculating the potential energy collection with a hybrid electric turbo is a balance of 
energy added versus increased losses. At stoichiometric conditions it’s the balance 
between the added backpressure and increased pumping work to find where the net 
positive point is achieved with any given turbine efficiency. When the turbine 
efficiency increases the more backpressure can be generated for electricity without 
diminishing returns on system efficiency. The complexity increases when lean 
operation is considered. Even though lean operation is more efficient, the temperature 
is lower which decreases the energy in the exhaust for a given pressure. A more 
thorough simulation would be needed to estimate the efficiency gains at any operating 
point. The issue of getting an accurate simulated efficiency in this project is the 
uncertainty around the increased backpressures effect on the combustion. Since an 
increase in backpressure will increase internal EGR and temperature which is not only 
engine but also load point specific.  

To get an understanding of the potential energy in the exhaust three different 
strategies were investigated and is displayed in figure 39. The first strategy was to 
equalize the pressure between intake and outtake. As can be observed this makes a 
differences at higher loads where the turbo is operating under higher pressures. This 
operation was assumed to have a minimal effect on combustion stability and since 
there is no excess backpressure no added pumping work should occur. The second 
strategy was based on (51) estimation that no significant impact should occur with 1 
kW of energy being extracted. The third was to set a constant exhaust backpressure, 
the value chosen was 1.75 bar absolute backpressure. These have been simulated with 
a turbine efficiency of 70% (81) but without any other losses.  
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Figure 39: Hybrid electric turbo strategy estimates. 

 

These numbers will therefore be less efficient due to pumping losses and combustion 
quality loss. The uncertainty of a clear efficiency improvement that can be estimated 
with the calculations from this project means that potential energy that accounts for 
loss requires further investigations to be conducted. Dijkstra(13) and Arsie(51) shows 
a potential of 2.7 and 5.3% in increased efficiency this needs further investigation.  

 

 

 

 

 

4.5 Final Concept 

 2.0L 4-cyl. 
 Passive Prechamber 
 VVT-Miller 
 12.8:1 compression 
 Turbo 
 Stoichiometric 

The final concept is a combination of the different components that were in the 
original lineup. The engine starts with a Volvo 2.0L 4-cylinder engine allowing for 
easy implementation and solid base to build from. This engine is already available in 
the same power output as the target specification calls for. This is then combined with 
a passive prechamber to unlock higher compression ratio due to the improved knock 
control of the prechamber design. It also uses VVT and the Miller cycle to maximize 
the efficiency potential while maintaining the ability for high peak power. To reach 
the two power targets with a 2.0L engine a turbo is added for better breathing and 
boost pressure. These changes net a thermal efficiency of >39% which lines up with a 
WLTP simulation for an SHEV drivetrain in an S90 done by Volvo. The final results 
for how this engine compared to the target specification and the current T6 engine 
option can be seen in table 4. These estimates show that the target specifications have 



 55  

 

been met. The engine provides the power and fuel efficiency targets while still being 
able to package inside the SPA platform. At the same time effort has been spent on 
providing the basis to match the NVH experience that is necessary for the end user. 
The engine also has great potential at matching or exceeding the cost target being less 
complex than the current T5 drivetrain option that was provided as a cost target. 

 
 

Current T6 Target B6 Results 

Performance  
0-100 

6.1s 5s ~5s 

Fuel 
consumption 

7.1 l/100km 4.9 l/100km ~4.7 l/100km 

Table 4: Comparison of current target and results. 

4.6 System Design Prechamber  

If the engine has a displacement of 2 liters and a compression ratio of 12.8:1 the 
clearance volume would be ~41700 mm^3 if the prechamber is 2% of the clearance 
volume it would need a volume of ~835 mm^2. An illustrative prechamber with this 
specification was made to fit within the current design of the head and would look as 
depicted in figure 40. 

There are two changes that should preferably be made to the design of the head for 
the prechamber. Firstly, the position of the prechamber which is currently tilted to the 
right which would lead to an uneven propagation in the main chamber. One 
alternative would be to design the nozzles to compensate. This would however mean 
that the prechamber would need to be rotation locked. The preferred alternative would 
be to position the prechamber upright and switch positions between the ignition and 
injector as the figure 40 visualizes. This would be preferable since the design of the 
prechamber would be considerably simpler in design resulting in less expensive 
manufacturing. 
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Figure 40: Illustration of prechamber implementation in a T5 head. 

 

The second change would be the length of the sparkplug. Two examples can be seen 
in figure 41, the left is the design used in figure 40 which is the design compatible 
with the current sparkplug location. The length of the current sparkplug leads to a 
narrow and tall prechamber volume. A longer slimmer design similar to this has been 
adopted when using active prechamber, however since the passive prechamber would 
be dependent on the charge entering and mixing in the prechamber this might not be 
preferable. What is recommended instead would be to use a shorter wider prechamber 
design displayed on the right. 
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Figure 41: Prechamber design recommendation. 

 

This should be a more favorable design partly since the mixing and purging of the 
chamber should be favorable. This design with a reduced surface area would also 
reduce wall wetting and heat loss. Lastly the flame front should propagate more 
favorably in the prechamber resulting in a quick and stable combustion. 

4.6.1 Cooling 

The temperature will be significant in a Prechamber. There is a risk of exceeding the 
stable temperature of steel. There are two options of solving this, either the 
prechamber can be actively cooled which would add complexity to the design and add 
on components such as coolant lines, or the use of a material suitable for dispersing 
the heat could be adopted. Schumacher(68) achieved this by making the prechamber 
in a copper alloy, CuCr1Zr keeping the prechamber stable at a load of 100 kW/liter 
and 12000 RPM. 

4.7 Cost 

The main use of the cost estimates during the project was to quantify how valuable 
the efficiency improvements were for different technologies. In this case the big 
issues existed in subsystems of certain technologies. For example, the active 
prechamber was estimated to be an expensive technology but due to the efficiency 
potential it could be worth the added cost. However due to the issues around 
emissions the cost of the total system required to pass regulations would be too 
expensive for the efficiency improvements. Once the final concept was set, a cost 
breakdown was done to see how the engine compares to the target engine T5. This 
was done for analyzing cost balancing internally for Volvo Cars. Here components 
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that could be removed were used to compensate for potential add-on costs from added 
technologies. Due to the value of the information used the table and individual part 
breakdown has been censored. The end results are however positive with the total cost 
for the added technologies and components being estimated to cost 60% less than the 
cost savings resulting from removed components that would not be necessary in the 
SHEV drivetrain configuration. 

 

Table 5: Cost breakdown of engine concept. 

4.8 Packaging 

Since the concept still uses a Volvo VEA engine platform the packaging should be a 
fairly simple. This is because the engine already is in use in the current SPA platform 
while the SHEV drivetrain reduces engine bay complexity. The noticeable points are 
the removal of components and shrinking of others. The parts that have been removed 
that effect packaging are manly focused around the drivetrain. These components 
combined with the ISG which is shorter and smaller than the old automatic 
transmission makes the complete engine package both shorter and narrower than the 
current T5 engine drivetrain combination. This means there is more room for other 
components and since the engine no longer needs to connect to the front wheels it can 
be moved to where it fits best. 

4.9 NVH 

The risk associated with the SHEV platform is that compared to regular drivetrains 
people are not used to the engine not following torque demand. In addition it runs a 
majority of its time on electrical power which these to mean it would be 
recommended that the NVH experience is as close to an battery electric car as 
possible. Requiring that the engine needs to be masked as much as possible to hide its 
traits from the end user. There are some traits of the SHEV powertrain design that 
help in this situation however. The first is since the engine is not mechanically 
connected to the wheels its vibrations should be easier to isolate from the chassis 
since the engine mounts is the only energy transfer point. The second is since the 
engine runs at a set load and RPM isolations strategies can be better targeted at the 
frequencies the engine generates during its load case. Generating more constant 
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frequencies that are easier to design against. Also since there are no transient 
conditions making natural frequencies easier to work around.  

To further improve the NVH it was decided that running at a low RPM would help 
mask the engine over running a small engine at higher RPM. As the lower frequencies 
are harder to discern from other noises inside the cab such as wind and tire noise. This 
improves the outer perception of the vehicle as it will sound closer to a normal car 
when driving around at low speeds in town. Some ideas to further silence the engine 
was the recommendation to use modern active noise cancellation which should be 
effective due to the stationary conditions. The last recommendation is to look into 
more advance engine encasement since it has been shown to lower exterior engine 
noise by as much as 5 dB while allowing for a significant increase in engine heat to be 
retained while the engine is off (Autoneum). This would also help lower fuel 
consumption and emissions. The last recommendation is to have conviction in 
working with what makes an SHEV unique and not compromise the capabilities in an 
attempt to hide the true nature of the drivetrain by making it act like a conventional 
system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 60  

 

5 Discussion & Conclusion 

In summary the target for the project was to optimize an ICE for a series hybrid 
drivetrain. Its target specifications were focused around providing performance that 
replaced a T6 while matching a D4 in fuel consumption. To compensate for the 
increased cost of a series hybrid system compared to a traditional drivetrain the 
engine was targeted to cost as much as a T5 engine. The configuration chosen still 
uses the 2.0L engine due it already being used in the SPA platform, but with 
modifications that focus on maximizing thermal efficiency. These focused on an 
ignition system that built around providing improved combustions stability in the 
form of a passive prechamber. This is only chosen due to the SHEV load case since 
the passive system struggles with purging at low load common in a regular drivetrain. 
From this rough simulations show potential to matching the fuel economy target of 
4.9 l/100km. This while providing the power needed to match a future T6 engines 
future performance of 0-100 in ~5s thanks to the high power electric motor all at a 
price that should be able to match the current drivetrain. The challenge left is how 
these technologies act in the Volvo Engine Architecture. Since there was no time to 
run any actual tests or simulations all potential estimates were based on values and 
results from other studies. Due to the complexity of the combustion process it is 
difficult to know for certain how this concept will run at the given load points. There 
are however indicators that the results should be able to reach or exceed the targets 
used with proper design optimization. Therefore it can be said that the study shows 
that when an ICE is optimized for an SHEV drivetrain there is efficiency potential 
that can be used to create a unique driving experience and a new potential for 
combining performance and fuel economy.   
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6 Future Work 

These are some recommendations for future studies. These technologies have 
potential but there was not enough time during this project to fully understand the 
potential versus drawbacks. 

6.1 Lean 

The turbulent jet ignition in collaboration with an SHEV should prove a very efficient 
solution if lean burn was adopted. The issue as it stands with lean and the emissions 
not being stable is something SHEV operation could solve. Since the transients and 
varying loads in a traditional driveline means the emissions control efficiency suffers. 
The operation of an SHEV with a steady higher load operation should provide a more 
stable temperature for the after treatment system without transients varying the 
emission output. In this project where a 190 kW model was discussed, performance 
driving will occur where RPM no longer stays constant which can have a negative 
effect on emission control stability. Meaning the emissions system for this drivetrain 
would have to comply with these varying flows and lambda values. In a lower kW 
SHEV where the load point is at a constant lean operation the after treatment system 
should be able to be simplified but still operate properly. If moving toward with lean 
combustion the higher load points possible compared to the more widely used 
stratified charge solution should provide a higher power density at a higher efficiency 
point. The rapid combustion duration should also minimize the NOx. The expectation 
is therefore that lean combustion has a high potential in a SHEV configuration. If the 
engine would be able to pass emissions at lean conditions the potential efficiency 
improvements increase past 13% BSFC which would be a thermal efficiency of ~41% 
as seen in figure 42. 

 

Figure 42: Efficiency improvement potential for lean combustion. 

 

News of a commercialized version of microwave assisted ignition were revealed late 
in the project. This resulting in that no investigation of the technology has been done 
due to time constraints. However the concept of microwave assisted ignition should 
deliver similar positive results as the active prechamber with a rapid ignition in a lean 
charge and therefore minimize NOx. 

6.2 Electric hybrid turbos. 

Most studies done for electric turbo generation have been done to replace the 
generator. This means that the output current and total accumulated energy is limited. 
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The SHEV or alternatively a parallel-serial hybrid should be the ideal use case for an 
electric turbo. Having an ICE as a generator should be at higher loads and lower RPM 
which should be the ideal load case. Having the large battery and electric engine that 
constantly needs electricity instead of having a limited battery in a traditional car 
gives the best opportunity for this technology. Since the issue with a combustion 
quality and the direct gain is difficult to estimate, it was not chosen as part of the final 
concept but if a hybrid electric turbo should be used the SHEV driveline would be the 
best contender to utilize the gains. 
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Appendix 2. Market research table 
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Appendix 3. Concept evaluation table 

 

 


