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Abstract
This project is carried out in collaboration between Volvo Penta and Chalmers Uni-
versity of Technology. This is a master’s thesis and the report outlines the overall
work carried out by two Product Development students at Chalmers University of
Technology. Volvo Penta is a company within the Volvo Group and manufactures
products within the marine-and-industry segment. A generator set (GenSet) with
a diesel engine, which the project focuses on, is necessary for a wide range of ap-
plications, for instance at hospitals or in mines. The reliability of the power source
is of great importance whether it is for a constant supply or a back-up generator
supplying energy to vital functions in the society.

This project was initialized since one of the most challenging problems right now is
the increase in global warming, which emissions from diesel engines contribute to.
Volvo Group has its own targets that are within the line of the Paris Agreement,
where Volvo Group has committed to the Science Based Targets initiative. Volvo
Penta has set a target to absolute reduce greenhouse gases by 37.5% by 2034 and
the overall goal for Volvo Group is to have net-zero greenhouse gas emissions by
2040. By constructing a model and methodology that enables Volvo Penta to find
the most promising improvements for a GenSet engine, with the cost taken into
account, this project can help Volvo Penta to lower the CO2 emissions.

The report showed the workflow for concept selection by constructing a model and
methodology. The course of action followed: technology research, screening tech-
nologies by using an elimination matrix, methodology research, model creation that
combines technologies for improving the efficiency of the engine by using Matlab and
Simulink, sensitivity analysis and multi-criteria decision-making matrix, to finally
have three concepts. The final concepts were visualized.

By using the created model, the three most promising combinations of technologies
could be selected. The first one included turbo compound, continuously varying
transmission, cylinder deactivation and thermal barrier coating. The second one
contained turbo compound, continuously varying transmission, dynamic skip fire
and thermal barrier coating. The third one consisted of turbo compound, con-
tinuously varying transmission, cylinder deactivation, thermal barrier coating and
variable compression ratio. The increased efficiency respectively were 29.4%, 29.6%
and 29.5%. The cost for the additional technologies was approximately between
66300-68300 SEK.
Keywords: GenSet, Diesel Engine, Volvo Penta, Optimization, Concept Selection.
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1
Introduction

Making a product as efficient as possible with as low impact on the environment is
an important aspect to consider when developing a product. By using a sustainable
mindset together with product development, already existing products can be im-
proved. Furthermore, by taking this product development process one step further
and developing a standardized methodology for improving a product, the develop-
ment time for achieving a sustainable outcome might be shorter and engineers at
companies do not risk to do the same work multiple times.

1.1 Background

One of the most challenging problems today is the increase in global warming. This
problem is the cause of various reasons from different places around the world in-
cluding the use of combustion engines. For some of the areas where combustion
engines are used, a replacement to more sustainable alternatives are in progress,
for instance, electrification within the transport sector. There are still areas where
combustion engines are the most promising or the only option. It is within this
segment essential to optimize the efficiency of the combustion engine to get as low
impact on the global warming as possible. A product within this segment is power
generators, which is a device that converts chemical energy into electrical energy,
that for instance is used when electricity is needed without having the access to a
power grid [1].

Volvo Penta is one of the leading developers and manufacturers of diesel engines
used in power generators. The capacity of the different models of the engines ranges
from 75kW to 800kW [2]. Volvo Penta has set a goal to increase the efficiency of the
diesel engines as much as possible to contribute to the goal to decrease the overall
CO2 emissions by 37.5% by 2034 [3]. Procedures that must be considered are to
improve the efficiency of the engine by finding new technical solutions. However,
the process of selecting improvements when developing concepts is challenging based
on the complexity of the various technologies and the lack of consistency in the
decision making. Volvo Penta has therefore expressed the need for a model for the
company to find the most promising improvements concerning efficiency and cost,
and also a methodology of mapping the attributes of the technologies. This model
and methodology could result in a more effective way of selecting and developing
concepts and improving the consistency in decision making.

1



1. Introduction

1.2 About Volvo Penta
The mechanical workshop Sköfde Gjuteri Mekaniska Verkstad was founded in 1868.
In 1919, the company changed its name and was instead called Pentaverken AB af-
ter the decision in 1907 to construct the first Swedish engine for marine use. When
Volvo created their first passenger car in 1927 an engine from Pentaverken AB was
used and the company became an established car engine manufacturer. In 1935,
Volvo bought Pentaverken AB and the company instead became Volvo Pentaverken
[4].

Volvo Penta is now a company within the Volvo group and is developing products
within the marine-and industry segment. The central part is diesel engines manu-
factured in Vara and Skövde and petrol engines manufactured in Tennessee, USA,
mainly for the American market. The headquarter is situated in Gothenburg, where
also the majority of the development takes place [5].

The reliability of the power source is necessary whether it is for a constant supply
or a backup generator supplying energy to vital functions in society. Volvo Penta is
providing customers with engines that have reliable efficiency and unmatched load
acceptance [6].

1.3 Goal To Achieve Within The Company
Volvo Group’s target are within the line of the Paris agreement where Volvo has
committed to the Science Based Targets initiative (SBTi). Different goals are set
depending on the products and industry segments. Volvo Penta has a target that
commits to absolute reduction of greenhouse gases with 37.5% by 2034. The overall
goal for Volvo Group is to have net-zero greenhouse gas emissions by 2040, 10 years
before the same target set by SBTi [3].

1.4 Stakeholders
To understand and formulate the aim of a project, it is crucial to investigate the
different stakeholders that the project concerns. For this project, the stakeholders
are Volvo Penta, the employees at Volvo Penta, customers of Volvo Penta, suppliers
to Volvo Penta and the society [7].

Volvo Penta
Volvo Penta has a goal to reduce the greenhouse gases that are emitted from their
products. By using different technologies that enable the reduction of carbon diox-
ide emissions, this can be achieved. If technologies should be used in combination,
the technologies would operate differently compared to being used individually. By
having a model to generate the most suitable combinations to a specific efficiency
increase and at as low cost as possible, this project will help Volvo Penta reach their

2



1. Introduction

goal.

Employees at Volvo Penta
Having a methodology to follow when technologies should be chosen will simplify
the work for the engineers and the same job does not have to be done several times.
The model and methodology should be created in a way that technologies easily can
be added and be developed further.

Customers
Increasing the efficiency of the engine is positive for the customer in terms of lower
operating costs when the fuel consumption is lower.

Suppliers
Volvo Penta does not collaborate with specific suppliers for these kinds of technolo-
gies studied in this report. If some of the technologies are not developed in-house,
it will be necessary to find relevant suppliers.

Society
Everyone should contribute to minimize the emissions emitted in society. If Volvo
Penta reaches their goal, it would benefit society and the environment.

1.5 Aim

This project aims to help Volvo Penta lower the CO2 emissions by 37.5% that are
emitted from diesel engines in GenSets during the use phase.

1.5.1 Goal
The Goal is to construct a methodology that enables Volvo Penta to find the most
promising improvements at a conceptual level, for a GenSet engine to lower the CO2
emission with the cost taken into account.

1.5.2 Research Questions
• Which existing technologies could potentially increase the efficiency of the

engine?
• What kind of structured models/methods are the most suitable to improve

the efficiency of the engine in a cost-efficient way?
• What kind of correlations and parameters are the most interesting to investi-

gate in the comparison between combinations of technologies?
• Which combinations of technologies are the most promising?
• How can the model and methodology be verified?
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1.5.3 Objectives

• Find information about the technologies to an extent so that a selection of the
most relevant technologies can be made.

• Find information about current established product development methods and
tools.

• Create a suitable model to generate the most promising technology combina-
tions based on the correlation between the technologies.

• Create a methodology that can select the most promising combinations based
on different requirements.

• Choose a test method for verifying the created model and methodology and
executing the verification.

1.6 Limitations

• The report is only covering implementations and technologies related to the
diesel engine.

• The report is using average data.
• The investigated technologies are verified technologies.
• The report is only studying one alternative engine model.
• Diesel is remaining as fuel.
• The study is only investigating technologies that reduce the emissions of CO2.
• Only emissions emitted in the use phase is being accounted for.
• The report is only covering calculations of the 1500 rpm engine that results in

electricity distribution of 50Hz that is used in Europe.
• The study is using the operating conditions from the D2 driving cycle and

other load cases are not taken into account.
• The study is only estimating the purchase price for the technologies.

1.7 Information About The Current Engine

One diesel engine model is studied in this report and is called D13-EU STAGE V.
Below in Table 1.1 are specifications for this engine model [8].
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Table 1.1: Current engine data [9]
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Theory

To get an understanding of this project, the theory chapter starts with an explana-
tion of what a GenSets is, and what components it consists of. The chapter then
continues with a description of diesel engines and their component systems. Com-
bustion theory is then explained and different kinds of emissions from diesel engines
are discussed. Regulations that have to be followed to minimize the emissions are
then presented. Finally, the ISO standard used to compare technologies is explained
and the relevant technologies for this study are presented.

2.1 GenSet
A GenSet is equipment consisting of an engine and an alternator. The engine con-
verts chemical energy from the fuel into mechanical energy. The alternator has two
main parts, the rotor and the stator. The mechanical energy makes the rotor in the
alternator spin through a magnetic field between the rotor. The stator creates a
voltage on the stator, called electromagnetic induction. If the voltage on the stator
is connected to a load, electrical current starts to flow and the generator starts pro-
ducing electricity. From this process, mechanical energy is converted into electrical
energy [10].

Even though the main parts of a GenSet are the engine and the alternator, a GenSet
consists of more components described below.

• A control panel that regulates all the components.
• A fuel system that consists of fuel tanks that supply fuel to the engine.
• A voltage regulator that controls the amount of voltage produced and trans-

forms it from alternating current into direct current.
• A housing that holds the components together reduces vibrations and ground-

ing the equipment.
• A battery to start the GenSet.
• A manual or automatic transfer switch keeps the flow of electricity consistent

and prevents dangerous disruptions.
• A lubrication system and a baffle box or enclosure that reduces noise, prevents

corrosion and creates airflow to the engine to enable cooling of the GenSet and
exhaust transportation out from the GenSet [11].

GenSets can be found in different sizes and can use different fuels. The fuels can be
diesel, gasoline, biodiesel, natural gas, propane and solar.[11].
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GenSets are used in industry, developing areas or places that are not supplied with
electricity from the power grid. These are places where outages are frequent, such as
locations prone to extreme weather conditions or where outages can be dangerous,
for example, in a mine or a hospital. GenSets can in other words be used as either
the primary source or a supplementary power source [10]. GenSets do not have a
specific application in a single industry but are used for the same purpose in various
industries. GenSets prevents lost business and lost productivity. Besides healthcare
facilities as mentioned, the equipment can be used at emergency departments and
news stations during, for example, critical situations, military operations or to get
contact with remote islands [13]. GenSets can also be used to keep refrigerated loads
cold during transportation, at offshore operations, and at festivals where the peak
demand is usually high [14].

2.2 Diesel Engines
The German engineer Dr. Rudolf Diesel invented the diesel engine at the end of
the 19th century. Diesel engines use Compression Ignition (CI) that turns the en-
ergy in diesel into rotary mechanical energy. It is the most efficient power source
known among internal combustion engines. Diesel engines are fuel-efficient and con-
tribute to lower greenhouse gas emissions compared to other combustion engines.
The engines are also more durable and reliable than other engines and require less
maintenance [15]. The cost of the fuel per kilowatt produced is 30-50% lower than
for other engines. Diesel engines also have a longer life compared to spark igni-
tion engines [16]. The negative aspects of diesel engines are the high cost and high
amounts of NOx and Particulates Matter being emitted [15].

Diesel engines are widely used in society for example in construction equipment,
automobiles, marine, mining, hospitals, forestry, telecommunications, subway, agri-
cultural and industrial applications. [16].

2.2.1 Components
A diesel engine consists of different systems and the main systems are called fuel
system, lubrication system, air intake system, exhaust system, cooling system and
electrical system. Within these systems there are components included and in this
sub-chapter describes how these components are connected and what they are used
for. In a diesel engine, components are used to minimize the exhaust emissions,
which will also be presented [17].

Fuel System
1. Fuel tank
2. Water separator
3. Feed pump
4. Filter
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5. Injection pump
6. Injection nozzle
7. Cylinder

The fuel is transported from the fuel tank, where the fuel is stored, through the
water separator, which prevents fuel of poor quality to damage the engine. From
the water separator, the fuel is transported to the feed pump that is pumping the
fuel further in the engine, through a filter into the injection pump that transports
the fuel up to the injection nozzle that then finally doses the fuel into the cylinder.
To open the nozzle, the fuel has to be pressurized. The injection nozzle breaks the
fuel into particles and this occurs at a pressure between 10MPa-28MPa [17].

Lubrication System
1. Oil sump
2. Oil pump
3. Strainer
4. Filter
5. Main gallery
6. Main bearings + camshaft + timing gears + valve tappets
7. Sump + cylinder walls + crankpin + piston pin + piston ring

The pump pumps oil under pressured feed to lubricate the engine to reduce friction
and prevent wear. The oil also removes heat from the pistons and separates the
piston rings and the cylinders. The filters clean the oil from contaminants [17].

When the engine is not in use, the oil is stored in the oil sump, where the oil pump
takes the oil from. The oil must be within a temperature range so the viscosity
of the oil does not get too high and therefore is an oil cooler used. The oil is led
through a strainer, a filter and then into the main gallery. From the main gallery,
the oil flows to the main bearings, the camshaft, timing gears and valve tappets.
The oil left after lubricating the main bearings either flows back to the sump or
splashes on the cylinder walls. The oil remaining from the cylinder walls goes to the
crankpin, to the piston pin and finally to the piston ring [17].

Air Intake System
1. Air cleaner
2. Turbocharger
3. Intake manifold
4. Inlet port
5. Inlet valve
6. Cylinder bore

The air cleaner consists of a filter to prevent dust from entering the cylinder bore.
The air from the air filter is compressed in the turbocharger to generate a higher
efficiency in the cylinder bore and it is the exhaust gas that drives the turbocharger.
The intake manifold leads the air from the turbocharger to the inlet port. From
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the inlet port the air is transported into the inlet valve, where the valve allows air
into the cylinder bore. The camshaft controls the opening and closing of the valve
citecomponents.

Exhaust System
1. Cylinder bore
2. Exhaust valve
3. Exhaust port
4. Exhaust manifold
5. Turbocharger
6. Muffer

The exhaust system moves the exhaust gas from the cylinder bore through the ex-
haust valve out through the exhaust port into the exhaust manifold. The exhaust
then passes through the turbocharger to make it spin and compress the air from the
air intake system. The exhaust is then transported out of the system, through a
muffer to cool down the exhaust gases, reduce the pressure of the gases and therefore
also reduce the noise from the engine. [17].

Cooling System
A cooling system is used to maintain an optimal temperature to make the engine
as efficient as possible, to protect the components and make the life of the engine
longer. The cooling system is also used to maintain an optimal temperature of the
oil in the lubrication system. Cooling can be done either by air cooling or water
cooling. The cooling system consists of a radiator used to cool the liquid and a
pump pushing the liquid around inside the engine. The liquid is usually a mixture
of distilled water, glycol and additives that prevent corrosion. [17].

Electrical System
The electrical system consists of a starter motor, an alternator and a battery. The
task of the alternator is to charge the batteries. The battery gives power to the
starter motor, enabling the flywheel to rotate, which then allows the crankshaft to
rotate. This is the motion that enables the pistons in the cylinders to move. The
pistons suck air and fuel into the combustion chamber and the engine can start.
When the speed of the engine is at a required speed, the starter motor stops rotat-
ing and the flywheel stops since it is not needed anymore [17].

Minimize Exhaust Emissions System
Emissions are emitted from diesel engines, and to reduce these, different systems are
included among the other components in the diesel engine. Three methods used in
almost all diesel engines are Exhaust Gas Recirculation (EGR), particle filter and
Selective Catalyst Reducer (SCR) [18].

Exhaust Gas Recirculation has been described briefly in the exhaust system above,
where the exhaust gas is recirculated into the turbocharger to make it spin. The
EGR valve consists of a funnel with a filter mounted where the engine ends and
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the exhaust system begins. The valve opens when the exhaust is sent back in for
combustion once again. By reheating the soot, the NOx is reduced, since the oxygen
concentration in the combustion chamber is now lower than before the combustion
[18].

When exhaust gases leave the engine, they are transported through a particle filter
where most of the Particulates Matter are filtered. When the exhaust exits the
filter, the exhaust are transported into a Selective Catalyst Reducer. Diesel exhaust
fluid (DEF), stored in a urea tank in connection to the SCR, is added and the DEF
consists of purified water and urea. The urea reacts with the NOx emissions leaving
the combustion chamber and creates harmless emissions. When the exhaust leaves
the SCR and is released into the air, the NOx and Particulates Matter are reduced
with 98-99% [19].

2.2.2 Combustion Theory
The basic principle of a diesel engine is that it converts chemical energy in terms
of fuel into mechanical energy by combustion. This engine is called a compression
ignition engine since this engine only requires heat generated from air compression.
There are two types of diesel engines, two-stroke-and four-stroke engines. This chap-
ter is describing the process of a 4-stroke engine. Four-stroke means that the piston
changes direction four times to complete a combustion cycle, which is two turns for
the crankshaft [20].

The first phase is called intake stroke, this starts when the piston is in the top dead
centre (TDC). The inlet valve opens as the piston moves down towards the bot-
tom dead centre (BDC). This creates air suction and will continue until the piston
reaches the BDC [20].

The second phase is called compression stroke and the piston goes from BDC to
TDC. This is done while both the valves are closed and air compression occurs.
When the piston is close to the TDC, the fuel is injected by a nozzle as the crank
angle for this time is around 25 degrees [21]. The fuel mixes and absorbs the heat of
the surrounded compressed air to a temperature close to the ignition temperature.
As the piston moves towards the TDC, some of the mixed air and fuel start to ignite.
This can be defined as the start of the combustion, as the process from fuel injection
to this point is mentioned as ignition delay. This local ignition influences the rapid
vaporization and increases the overall compression to the ignition temperature. This
results in the combustion of all the unburned fuel as the piston reaches the TDC and
starts to move down to BDC. At this point, the crankshaft has rotated 360 degrees
and the second phase of the combustion cycle is completed [22].

The third phase is called power stroke and begins when the piston is in the TDC
and starts to move towards BDC. This is done when the valves are closed and the
high gas pressure from combustion pulls the piston down. The pressure remains
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constant in this state as the piston is moving [20].

The fourth and last phase is called the exhaust stroke and includes a movement of
the piston from the BDC to the TDC. The exhaust valve is now open and the piston
pulls the burned gas out of the chamber as it becomes exhaust gas. The four-stoke
cycle is complete, and the crankshaft has rotated 720 degrees [20].

2.2.3 Emissions
The diesel engine is a combustion engine that converts chemical energy to ther-
mal energy and then to mechanical energy. In theory, the combustion should only
generate H2O and CO2, but this is not the case due to various reasons, such as
ignition timing, combustion temperature and air-fuel ratio. This results in various
harmful substances in terms of pollution. This is harmful for both for the human
health and the environment. This type of pollution represents 1% of the exhaust
gas and consists of carbon monoxide (CO), hydrocarbon (HC), Particulates Matter
and nitrogen oxides (NOx). The rest of the emissions consists of approximately 12%
carbon dioxide (CO2), 67% dinitrogen (N2), 11% water (H2O) and 9% oxygen (O2).
Carbon dioxide has an impact on the global warming, since CO2 is one of the most
critical greenhouse gases [23].

Carbon monoxide is a result of an incomplete combustion process where the air-fuel
mixture is too rich. This means that not all the carbon in the diesel will convert to
CO2 but will instead create CO. The concentration of CO in the exhausted gas is
always minimal, nevertheless, the substance is a harmful gas and could by inhala-
tion result in slow reflexes, mental illness and impaired concentration. CO is also
indirectly contributing to climate change in terms of tropospheric greenhouse gas as
ozone [24].

Hydrocarbons are a result of unburned fuels. The principal reason is insufficient
combustion temperature. The substance often occurs when the engine is operating
at light loads. Another reason for unburned fuel is often related to injector needle
bounce, a speed change in the engine’s excessive nozzle cavity volumes. The emis-
sions of HC occur mainly from the exhaust pipe but also the crankcase, the fuel
system and atmospheric venting vapors in the fuel distribution process. The sub-
stance harms human health. It could potentially lead to respiratory tract irritation
and increase the risk of cancer. The substance is one of the gases that impacts the
most when it comes to the formation of ground-level ozone [23].

Particulates Matter are related to sulfates and water or burned fuel, burned lube oil,
ash from fuel oil or cylinder lube oil. The formation of Particulate Matter results
from various factors such as fuel quality, lubrication oil quality, combustion tem-
perature, consumption of exhaust gas cooling or the expansion process. The size of
the particles is often around 15-40nm in diameter. Three types of categories cover
the different types of Particulates Matter and they are soot, inorganic fraction and
soluble fraction. The Particulates Matter in the exhaust gas from a diesel engine
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consists of approximately 50% soot, called the black smoke. Soluble fraction is the
cause of low exhaust temperature, which consists of unburned fuel and a compound
of combustion and lubrication oil. It could contribute to the soiling of buildings but
also pollution of water, air and soil. Particulates Matter also contributes to worse
human health since inhaling could cause asthma, lung cancer and premature death
[23].

Nitrogen oxide gas is caused by a high combustion temperature, the oxygen con-
centration level or resident time. At high temperatures, over 1600◦C, the nitrogen
reacts with the oxygen and forms NOx. NOx is representing both nitrogen oxide
(NO) and nitrogen dioxide (NO2). NOx predominantly consists of NO. NOx is con-
sidered a toxic gas, where NO2 has a toxicity by a factor of five compared to NO.
NOx has an impact on human health in terms of lung diseases. Except for the bad
impact on human health, NOx contribute to acidification and smog formation. It is
a terrestrial substance that stays in the ground and disturbs the aquatic ecosystem.
[23].

2.3 Regulations
Standards and regulations are developed to ensure that vehicle emissions are being
limited. These standards and regulations also applies for non-road compression ig-
nition engines and power generators. There are currently two leading agencies that
have presented the strictest regulations. The Environmental Protection Agency
(EPA) has provided multiple emission standards over the years and the presently
proposed regulations are called Tier final 4 and was introduced between 2013-2015
[25]. The second leading agency, European Commission has provided several emis-
sion standards where the current standard is called Stage 5 and the standard was
applied between 2019-2020 [26].

Tier final 4 and Stage 5 provide requirements to control the harmful substances
emitted from a compression-ignition engine. The regulated substances are nitrogen
oxides (NOx), hydrocarbons (HC), particle number (PN), Particulates Matter and
carbon oxide (CO). The mentioned regulations require a change in the region after
exhaust treatment, where technologies such as diesel particle filter, SCR and EGR
need to be implemented to fulfill the requirements [27].

At the end of November 2021, a potential new regulation was presented by the
California Air Resources Board. The suggestion is called Tier 5 and is estimated to
be in commercial service between 2028-2030. The suggested Tier 5 aims to make
the regulation of the substances presented in Stage 5 and Tier final 4 more strict.
The early proposal of restrictions includes an after treatment that absorbs NOx up
to 90% and particulates matter up to 75%. In addition, the regulation will include
non-road compression-ignition engines and for the first time propose limitations for
the carbon dioxide emissions. However, the only announced goal for reduction of
carbon dioxides is the SBTi target, which includes that Volvo Penta will reduce the
absolute greenhouse gas emissions by 37.5% by 2034 [28].
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2.4 ISO 8178
The ISO 8178 is an international standard for exhaust emissions created only for off-
road engine applications. The cycle used in this project is type D2 and is performed
at a constant speed, but at a rated speed, which means that it is the speed of the
engine when it produces its maximum power. The torque changes between 100%,
75%, 50%, 25% and 10%. The weighting factors for each load are presented in Table
2.1 and represents the most common loads for this kind of engine [29].

Table 2.1: Weighting factors in D2 cycle ISO 8178 [29]

2.5 Optimization Technologies
This subchapter presents the twelve interesting and relevant technologies for this
project.

2.5.1 Direct Water Injection
By combining the needle for fuel in the injection nozzle with a needle for water, this
technology injects water through the nozzle directly into the combustion chamber.
The water is injected before the fuel to cool down the combustion chamber, which
creates the time to evaporate before the fuel is injected and the combustion starts.
The water is injected after filtration at a pressure of 200-400 bar. This is controlled
by a pressure regulating valve to enable the correct pressure and a water pump is
therefore also needed to be implemented [30].

The main benefit of this technology is that the temperature in the combustion cham-
ber gets lower before the fuel is injected. Turbocharged engines are pushing their
limits both in performance and fuel efficiency. When the water is added it lowers the
temperature and allows for a higher compression ratio without the risk of a knock
[31].

Another benefit is that Direct Water Injection (DWI) enhances the fuel efficiency
at a fixed water to fuel ratio suitable for the specific engine. The water injection
duration is of great importance for the technology to improve efficiency and has to
be ideal for the specific engine. When the water evaporates in the combustion cham-
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ber it reduces the temperature and pressure. This results in a negative compression
stroke’s work. The steam adds to the working fluid and gives a positive stroke’s
work. At tests done on a common rail diesel engine retrofitted from a two-cylinder
mechanical pump diesel engine, it was seen that the thermal efficiency could be in-
creased by up to 4.08% [32].

When using Direct Water Injection the combustion temperature will decrease be-
cause of the ignition delay and therefore will the NOx concentration also decrease.
The cylinder temperature decreases by approximately 6.5%. The maximum cylinder
pressure is also decreasing due to the lower combustion temperature. The change
is approximately 4.5%. The effective power increases for all the speed cases by a
maximum of 3.7%. The torque will increase by 3.5% over all the speed conditions.
Nox reduction is around 55% lower for all the engine speeds [33].

Bosch is a supplier of direct water injection for gasoline engines and is supposed to be
a supplier for diesel engines as well [31]. The cost for this technology is approximated
to 7000 SEK [34].

2.5.2 Continuously Varying Transmission
In the GenSet used today, the alternator is directly connected to the engine. The
engine is required to have the same rotational speed at all loads. This means that
the current engine is not running at an optimal speed in terms of efficiency as the
optimal rotational speed is 1200-1300 rpm for different load cases. This also means
that the capacity of the engine, in other words, the maximum torque, is dependent
on the maximum load required from the GenSet even if the GenSet is running on
a maximum load of one percent of its use time. Because of the constant rotational
speed limitation, the engine is running on lower efficiency and can potentially be
oversized. The solution to this problem is a transmission box. It could either be a
single speed transmission (SST), which can be read about below in subchapter 2.5.3,
or a Continuously Varying Transmission (CVT). The later technology changes gear-
ing with a wide range of ratio depending on the load [35].

Mazaro has come up with a technology that is called drilled free curve-CVT. This
transmission can change gearing up to the ratio of 10:1 [36]. The basic function of the
transmission consists of a ring wheel connected to the input shaft, a sun wheel con-
nected to the output shaft, and three planet wheels transmitting the torque between
the sun-and ring wheel. Since both the sun-and ring wheel are conically shaped,
the relative gearing ratio could be changed depending on where the planet wheels
are positioned on the wheels. The function of changing the gearing ratio occurs
when the distance between the sun-and ring wheels changes and the planet wheel
transmits rotational movement at different positions of the sun-and ring wheels. By
changing the contact position, the diameter of the ring-and sun wheels are different
and contributes to different gearing ratio [37]. The internal efficiency is 94.6% [38].
It is stated that approximately 30% smaller engines can be used for the same demand
if this transmission is implemented. This is an approximation and is depending on
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the purpose of the GenSet and the driving cycle [39].

For Continuously Varying Transmission, the efficiency can increase by up to 22.8%
in brake specific fuel consumption, see Appendix A.1. The exhaust temperature
increases for all the load cases and can increase by up to 29.5%. For the two highest
load cases the NOx concentration will decrease by up to 11.3%, but for the lower
load cases the NOx concentration will increase by up to 14.4%, see Appendix A.2.
Mazaro is a possible supplier for Continuously Varying Transmission and the model
that Mazaro currently provides, which is capable for GenSets, is called SVT. An
approximate price for this technology is 29000 SEK [40].

2.5.3 Single Speed Transmission
The Single Speed Transmission (SST) can change the engine speed from 1500 rpm
down to a more optimal level, for instance, 1300 rpm. The engine is still changing
the torque to regulate the different loads, but the overall efficiency is higher. This
technology can although only be used for GenSets with a maximum load of 75%
since it can not give the same maximum power as a GenSet with 1500 rpm. The
cost for a Single Speed Transmission is approximately 5000 SEK [41].

If using a Single Speed Transmission, the efficiency is increasing by up to 19% in
brake specific fuel consumption, see Appendix B.1. The exhaust temperature for
Single Speed Transmission gets higher for all the load cases and is increasing by up
to 10.8%. For all the load cases, except for 25%, the NOx concentration decrease
by up to 54.8% but for the 25% load case is the NOx concentration increasing by
up to 9.3%, see Appendix B.2.

2.5.4 Variable Compression Ratio
One vital parameter for high thermal efficiency in diesel engines is compression ratio
(CR). For the internal combustion engines, the ratio is fixed, and the performance of
the engine is a result of trade-offs between different parameters. Since the diesel en-
gine is a compression ignition engine, the ratio must be adopted for different loads,
speeds and ambient conditions as cold starts to self-ignite. This means that the
limitation of the CR affects the operational efficiency [42]. Standard CR is between
a ratio of 14:1 to 25:1, and the fixed CR results from a trade-off between part load
and full load conditions. A high CR improves efficiency when the engines operate at
low load conditions but will have peak pressure limitations. It will also increase the
frictional losses and increase the temperature gradient due to heat transferred into
the combustion chamber. A low CR contributes to a decrease in frictional losses
but is also decreasing the maximum torque. A low CR will have problems at cold
start conditions and might have to use a glow plug for more beneficial conditions [43].

Variable Compression Ratio (VCR) adjusts the CR depending on the speed and
load conditions. This type of method is an upcoming area primarily for spark igni-
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tion engines where the potential for an increase in efficiency is higher, nevertheless,
there is a potential to increase the efficiency of diesel engines for a varying load.
By increasing CR at low load and start-up conditions, a more stable and efficient
operating condition is achieved [43].

The technical solution to achieve VCR varies and most of the solution is only in the
theoretical stage. The primary function is thought to be able to change the com-
bustion chamber volume. The solution to this is to change the effective rod length,
change the distance between the rotational axis of the crankshaft and the cylinder
head and change the distance between the top of the piston and the piston pin axis
[44].

The company FEV provides a VCR solution for both spark ignition (SI) engines
and CI engines. This solution changes the distance between the piston pin and the
rotational crankshaft axis. This is done by an eccentric bearing rotating around an
offset axis related to the center axis of the bearing. This result in a change of the
TDC and BDC for the piston [45]. The technology provides a more flexible way of
using dual-fuel, adaptive to the engine layout and can improve the brake specific
fuel consumption by up to 4.59% [46].

With an increase in compression ratio, the exhaust heat decreases due to more ef-
ficient combustion. A general decrease in exhaust temperature of 4% is measured
when the ratio changes from 16:1 to 18:1 [42]. The peak combustion pressure is
increasing with VCR and a stable improvement over different load cases has shown
an increase by 6-7%. This could enable downsizing [47]. FEV is a suitable supplier
for this technology and an approximate cost is 2000 SEK [46].

2.5.5 Variable Valve Actuation
One way to reduce fuel consumption and improve the after-treatment condition is
to implement Variable Valve Actuation (VVA). One benefit of this type of technol-
ogy is the decrease of NOx emissions without an increase in fuel consumption. The
technology can increase the efficiency by up to 3.2% [50]. Eaton has provided a
technology within the area of VVA and estimates that it is lowering both the fuel
consumption and NOx pollution [48].

Late intake valve closing (LIVC) is one of Eaton’s recently developed VVA technol-
ogy. This technology has a delay of the closing of the intake process. This result in
a lower compression ratio relative to the expansion ratio. This process increases the
thermal efficiency which increases the exhaust temperature by 40 degrees Celsius,
which contributes to a more efficient after treatment, in terms of SCR utilization.
The overall impact of this technology is a reduction of CO2 with up to 1-2% [49].

A decrease in NOx at different load cases occurs using an EGR. At part load the
NOx reduction is measured to 64%, at high engine loads a reduction of 67% but at

17



2. Theory

low loads is the NOx emissions close to unchanged [51]. Eaton is a possible supplier
and the approximate cost for the technology is around 7000 SEK [52].

2.5.6 Turbo Compound
One way to increase the efficiency of the diesel engine is to utilize the thermal energy
wasted in the combustion. Using the heat from the exhaust gases to generate me-
chanical or electrical heat increases the engine’s thermal efficiency. One way of doing
this is by adding a Turbo Compound (TC) to the exhaust flow. It is comparable to
a turbo compressor but instead of using the energy to compress air, the energy is
transferred to the output of the GenSet. There are different ways of transferring the
energy. Some engine manufacturers connect the turbo to the output shaft, convert-
ing thermal energy into mechanical energy. Another way to transfer the energy is to
let the turbine generate electricity by using a generator [53]. Turbo Compound has
advantages such as increasing the thermal efficiency, increasing the power density of
the engine and is resulting in a downsizing of the engine [54].

Volvo Trucks is providing a D13TC engine with turbo compound that has a max-
imum increased in fuel efficiency by 16.7%, which is interpreted as a maximum
efficiency increase of 19.5% for GenSet engines, see Appendix C.1. The thermal
efficiency increase is varying depending on the amount of energy, in terms of the
heat that the exhaust gases consist of. Depending on the load and speed conditions,
different thermal efficiencies are delivered. Volvo Trucks D13TC’s optimal operation
condition is 1000-1100 rpm, which means that the thermal efficiency increase is not
assumed to be the same for the D13 GenSet engine [55].

Turbo Compound decreases the exhaust gas temperature between 16.0-38.2% and
reduces the NOx emissions by up to 67.8%, see Appendix C.2. Volvo Group already
has the technology available at the company and the technology has an estimated
cost of 30000 SEK.

2.5.7 Emulsified Fuel
One way to increase the efficiency of a diesel engine, but at the same time lower
exhaust gas emissions, is to use Emulsified Fuel (EMF). Increasing the concentration
of water in the emulsion results in an increase in ignition delay since the water will
absorb the heat by vaporizing and reduce the chemical reaction in the combustion
chamber. The fuel is consisting of diesel and an emulsion. The emulsion consists
of a certain percentage of water; the rest is a surface-active agent that reduces the
surface tension and enables substances to blend, usually immiscible [56].

In a study where the emulsion consists of 30% water, the maximum increase in
efficiency is confirmed to be 8.7% at 100% load. In the same study, the NOx

emissions was reduced by up to 79% due to the ignition delay. Furthermore, due
to the evaporation of water, the cylinder temperate is decreasing, which results in
a decrease in exhaust gas temperature by 15% at 1500 rpm at 100% load [56]. The
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cost for the technology is approximately 7000 SEK based on an estimation that
similar equipment is used for DWI.

2.5.8 Organic Rankine Cycle
There are several ways of utilizing the thermal energy loss from internal combus-
tion. One way of doing this is called Organic Rankine Cycle (ORC). This cycle is a
closed system that uses energy losses from exhaust gases to boil organic fluid. The
system consists of three parts, an evaporator, an expander and a condenser. This
technology is commonly used in large plants such as geothermal reservoirs, turbines,
combustion engines and solid biomass combustion, where the thermal losses consist
of a high amount of energy compared to one single GenSet [57]. The cycle consists
of a three-step process, where the first step is to pressurize the liquid in the va-
porizer by using the energy from the exhaust gas. In the second step, the vapor is
transferred to the expander, where the thermal energy is converted into mechanical
energy. This results in a pressure drop, that in the third step condensate in the con-
denser by cooling down the liquid [58]. The technology is directly influenced by the
exhaust gas temperature, which means that with an increase in temperature, there
is an increase in delivered power from the ORC technology. The thermal efficiency is
approximately 19% at 75% load, which corresponds to an exhaust gas temperature
of 196◦C [57].

ORC is an established technology at a large scale at power plants, but there are
ongoing pilot projects and research on implementing this technology on single light-
and-heavy diesel engines. A study from a master’s thesis at Chalmers University of
Technology was working on the Volvo D13 engine to simulate the impact of imple-
menting an ORC. The result can be interpreted as an efficiency increase between
3-12%, see Appendix D, depending on the exhaust gas temperature [57].

Different pilot projects have shown an efficiency increase, where an ORC system is
implemented in a diesel engine. The efficiency improvements are estimated to be 5%
[59]. Volvo Buses presented a project where they are implementing an ORC system
in a D13 engine on a city bus. It resulted in efficiency improvements with up to 6%
using typical driving cycle for city buses [60].

Borg Warner is one of the suppliers that enables this technology to be implemented
in a diesel engine [61]. The estimated cost for all the components is 80000 SEK,
which includes fluid pump, condenser, evaporator, superheater, recuperator, turbine
expander, alternator piping, generator electrical conditioning and a control system
[62].

2.5.9 Cylinder Deactivation
A technology relevant for part load conditions is the Cylinder Deactivation (CDA),
whose primary function is to deactivate or close both the injection intake valve and
exhaust valve for some cylinders. This is done at low load conditions when the
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engine does not require all the cylinders and can increase the exhaust temperature
and improve the after-treatment conditions. By deactivating some of the cylinders,
the still operating cylinders will decrease the air-fuel ratio so that an increase in
temperature at low load conditions occurs [63].

Cylinder Deactivation is resulting in a reduction of CO2 with up to 9% [64]. This
technology is also reducing the NOx concentration by up to 8% and the average
exhaust gas temperature increase is around 9% [65]. Jacob’s or Eaton are possible
suppliers for this technology and the approximate price is 4500 SEK [66].

2.5.10 Dynamic Skip Fire
A problem when the engine operates on low or part loads is that the efficiency
decreases. One solution to improve the performance at low load conditions is im-
plementing a Dynamic Skip Fire (DSF). This is a Cylinder Deactivation technology
that deactivates or fires one of the cylinders with the help of a software based on
algorithms depending on the load cases. This enables the engine to operate on the
demanded torque at an optimal efficiency [67].

Tula has provided a DSF technology implemented in a Cummins X15 HD diesel
engine. This implementation resulted in a 74% reduction of NOx emissions and a
CO2 reduction by 5%. The test results are based on driving cycles for vehicles and
trucks. This has an impact on the result since the efficiency is highly correlated to
the load conditions of the engine [68].

Using the D2 cycle instead of a driving cycle results in an approximate increase of
efficiency with up to 15% at low load conditions and a decrease of concentration of
NOx with approximately 29%. The exhaust gas temperature increases by approx-
imately 9% at 25% load. As mentioned earlier, Tula is a suitable supplier for this
technology and an approximate price is 6375 SEK [67].

2.5.11 Thermal Barrier Coating
Heat losses regarding the combustion process are an area where the potential for
improvement is high. Several problems cause heat losses such as friction, water cool-
ing and heat transfer in terms of exhaust gases. One way of improving the thermal
losses by heat transfer is to implement Thermal Barrier Coating (TBC). Thermal
Barrier Coating means that the parts from the combustion chamber are coated with
a material with low thermal conductivity to minimize the heat transfer from the
combustion chamber. The coating material is often of ceramic structure and is ap-
plied to the components by a plasma spraying process. The purpose of the TBC
is to reduce the heat transfer from the hot gas to the combustion chamber parts.
There is a high variety of coating materials where the selection of material signif-
icantly impacts the result depending on the application. A study was conducted
on a single-cylinder four-stroke engine. Three different materials, with two different
thicknesses of layers was tested. The result shows a decrease in brake specific fuel
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consumption by 14.96%. The 13% higher cylinder pressure resulted in a 12.35%
higher torque, increasing power by 14.92%. Since this study is conducted based on
a single-cylinder, similar result for a larger engine is not guaranteed [69].

Toyota is the first and only automotive company that has implemented the TBC
technology in their engine. A report from the R&D department at Toyota presented
a decrease in fuel consumption by 5.1% in a 4-cylinder diesel engine. This is done
by a Thermo-Swing Wall Insulation Technology [70].

By looking at the D2 cycle used for comparison in this project, Thermal Barrier
Coating increases efficiency up to 20.3% at low loads. The exhaust gases for the
thermal coating are around 40◦C higher during the whole cycle for loads at 10%. For
loads between 25-50%, the increase in temperature after the combustion is about
20% higher [71]. The price for the TBC is around 1500 SEK for six pistons and 1300
SEK for the combustion chamber including exhaust ports and valve heads [72].

2.5.12 Rotational Liner Engine
One common cause of energy losses in internal combustion is friction. The friction
between the contact region of the piston and cylinder is increasing proportionally
to the pressure in the combustion chamber. One way of reducing the friction is to
apply rotational piston liners. The technology is called Rotational Liner (RL) and
minimizes the piston ring friction by having a rotational movement on the piston
relative to the cylinder. A few studies have verified that this type of movement in
a combustion engine decreases friction. In 2019 a study was conducted where the
technology was tested in a four-stroke single-cylinder Cummins 4BT engine. The
result shows a fuel saving by 3.5% at maximum load and up to 10% fuel saving at
lower loads. When the engine was idle, the fuel consumption decreased around 25%.
This study shows that there is a possibility that this technology can improve the in-
ternal combustion efficiency, but the technology is in an early development state [73].

No information is found on the change in temperatures of the technology and neither
about changes in NOx concentration, therefore it is assumed that the changes are
negligible. Rotating Sleeve Engine Technologies Inc is a possible supplier for this
technology and an approximate cost is 29000 SEK [74].

2.6 Programs Used In This Project
Interesting programs for creating models are established by MathWorks, including
Matlab, Simulink and App Designer. In addition, Excel is a helpful tool when
analyzing the results.

2.6.1 Matlab
Matlab is a programming language and a numeric computing environment developed
by MathWorks. Matlab did first appear for commercial use in 1979. The program is
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designed to be used for analyzing data, developing algorithms and creating models
[75].

2.6.2 Simulink
Simulink is a graphical programming tool, built up with blocks, and is used when
dynamic systems are being modelled, simulated and analyzed. Simulink is connected
to Matlab scripts and can either be run directly from the model or the background
through a script [76].

2.6.3 App Designer
The App Designer is a tool to create a graphical user interface by building the
interface with visual components like push buttons. By integrating the Matlab script
and Simulink simulations within the components, the app’s behavior is programmed
and used independently [77].

2.6.4 Excel
Excel is a tool created by Microsoft in 1987. Excel is built up of spreadsheets
arranged in rows and columns, can be used for calculations, and has integrated
graphical tools. In addition, it is a tool for organizing and presenting data in an
understandable way [78].
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Methodology And Results

This chapter presents the methodology this project followed together with the results
that were received by following the steps in the methodology. The working process
is visualized below in Figure 3.1.

Figure 3.1: Timeplan for the individual deadlines

3.1 General Research
The method to find the information needed for this project was performed by con-
ducting a literature study. The sources of information used were mainly from the in-
ternet but also books. Literature on the internet was obtained from online databases,
for instance, Google Scholar and Chalmers Library. From these databases most of
the articles were found on portals where they gather technical papers in one place.
These portals are SAE International, DieselNet, SpringerLink, ResearchGate, SAGE
journals and ScienceDirect. Information was also obtained from webpages, for ex-
ample, Volvo Penta’s webpage or possible suppliers’ webpages.

3.1.1 Research About Technologies
Researching possible technologies started with finding names of parameters that
were possible to change in an engine and technologies that will enhance the per-
formance. When a list of parameters and technologies was created, the process to
screen the parameters and technologies started. It was decided that parameters
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were not of interest to change in this project since it was assumed that the param-
eter values already were optimized. A deeper investigation of the technologies was
performed and it was realized that many of the technologies were implemented out-
side of the engine, for example, in the fan. These technologies are therefore out of
scope. Another example of excluded technologies were if the technologies were only
valuable in vehicle applications during starts and stops. The process of screening
the technologies was an iterative process where investigations about the technolo-
gies were performed more profoundly and more detailedly every time. Finally, the
technologies were screened in an elimination matrix shown below in Table 3.1.

3.1.2 Selection Of Technologies

The twelve technologies were selected based on multiple criteria corresponding to
the main goal. The selection process was conducted through an elimination matrix,
where the technologies needed to be approved for all the different criteria, see Table
3.1. Four criteria needed to be approved for and can be read about below. If a
technology pass the criteria the box was filled in with green. If a technology did not
pass the criteria, the box was filled in with red, and the following criteria were not
necessary to analyze since the technology was now screened out.

• Are able to decrease the CO2 emissions.
This criteria exclude all the technologies that did not directly have an impact
on the efficiency or did not decrease the CO2 emissions. This means that
technologies that, for example, improve the after-treatment system, and as a
result of that could impact the efficiency, were considered out of scope.

• Are able to be implemented in a diesel GenSet.
The technologies that met the criteria did not have to be demonstrated or
validated in a GenSet if tests had been carried out in a relevant environment,
where it indicated that the technology could be applied to a GenSet.

• Provide a solution that is not possible to accomplish with the current engine
parts.
This criteria means that changes in terms of tuning the engine or parameter
changes were excluded.

• Shows improvements in relevant operating conditions.
This criterion excludes all technologies that do not impact the efficiency when
the GenSet operates in the D2 driving cycle. For instance, technologies that
only improved the performance under cold start conditions or increased the
maximum engine power were excluded since these are not relevant performance
parameters for this project.
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Table 3.1: Elimination matrix of the 12 selected technologies

3.1.3 The 12 Chosen Technologies
The Twelve technologies that were found interesting and could increase the efficiency
of the engines, can be read further about in the theory chapter and summarized
information sheets can be seen in the tables in Appendix E.1 - Appendix E.12. The
collected information is presented in the tables and also specifications of how the
studies were performed.

3.1.4 Estimation Of Technology Information
Under the process of conducting literature research for the technologies, there was
a limitation of relevant information for four of the technologies, CVT, SST, TC
and ORC. By using internal test data from Volvo Penta and insufficient data from
the literature study, estimations and calculations could be made to provide relevant
information for all the technologies. This chapter also includes the process of es-
timating how the SCR technology is operating in different exhaust gas temperatures.

An estimation of the performance of the Continuously Varying Transmission tech-
nology was performed based on the current data from a D13 GenSet engine. 200
data points from different engine speeds, efficiency, NOx emissions, exhaust heat
and power were interpolated to correspond to the relevant load cases for the D2
cycle. The efficiency was interpolated for the five different load cases at the engine
speed from 1800 rpm to 600 rpm with a step size of 100 rpm. Since the technology
has an efficiency of approximately 97%, the power output will have an energy loss
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of 3%. This meant that to be able to compare the efficiency for different load cases,
the requested power output needed to be set to 3% higher to deliver the same en-
ergy output as the current engine, see Appendix A.1. The estimation shows that by
using a transmission box, the efficiency could increase by 2.9-22.8% depending on
the load case. Since the Continuously Varying Transmission technology enables the
engine to run at different engine speeds, NOx emissions and exhaust heat will differ
relative to the current engine, see Appendix A.2.

An estimation based on the current engine data was performed to understand how
well the Single Speed Transmission was performing and what engine speed was the
most suitable. An interpolation was conducted in the same procedure as for the
Continuously Varying Transmission estimation for engine speeds was made from
1400-900 rpm with a step size of 100 rpm. The Single Speed Transmission was as-
sumed to have a similar efficiency as the Continuously Varying Transmission. To
compare different speed conditions, the power output needed to be set to 3% higher
than the current engine operating conditions. The selection of the most suitable
engine speeds was performed with respect to the weighting factors of the D2 cycle.
This is presented as the sum column, see Appendix B.1, where the efficiency for the
different load cases was multiplied by the corresponding weighting factor. They are
then summarized for all the cases to one number that describes the total efficiency.
This enabled the selection of the most suitable engine speed to be the overall best
choice, which was 1300 rpm. The exhaust heat and the NOx emission were set to
correspond to the selected engine speed conditions for 1300 rpm, see Appendix B.2.

The Turbo Compound technology performance was estimated based on current en-
gine data for two D13 diesel engines, where one was using a Turbo Compound. 200
data points were interpolated to illustrate the correlation between the in-and-out
flow of the exhaust temperature and the efficiency improvements, see Appendix C.1.
The correlation was demonstrated by a ten-step temperature interval, where the size
of the interval was based on the changes in efficiency. The NOx emissions and the
outflow exhaust gas temperature is presented for the different load cases as percent-
age change relative to the input data, see Appendix C.2.

The ORC technology was estimated based on five data points collected from a study
where the implementation of Organic Rankine Cycle in a D13 diesel engine was in-
vestigated [57]. The study presented that the Organic Rankine Cycle technology
contributed with additional energy supply for the different load cases. This addi-
tional energy was assumed to represent the efficiency increase for the technology.
An interpolation was conducted based on the five load cases to establish the relation
between in-and outflow of the exhaust gas temperature, NOx emission and increase
in efficiency. The relation between the increase in efficiency and inflow exhaust gas
temperature is presented in intervals where the size of the interval is depending on
the changes in efficiency, see Appendix D. The changes of NOx emission was as-
sumed to be negligible and the change in the outflow of exhaust gas temperature
was estimated to be 90% lower than the inflow temperature [57].
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The data from the SCR technology was estimated based on test data from a D13
diesel engine. Data from 200 data points were interpolated to understand the rela-
tion between the exhaust temperature and the performance of the SCR in terms of
extracting the NOx particles from the exhaust gas. Both the outflow of the exhaust
gas and the rate of reduction of NOx were directly influenced by the inflow exhaust
gas temperature. The outflow temperature is presented based on the inflow tem-
perature between 150-340°C, see Appendix F.1. For the outflow temperature, the
relation is presented by temperature intervals down to 150°C. With temperatures
under 150°C, the technology will not operate in an acceptable environment and the
extrusion of NOx will not be enough. With lower temperatures under 150°C, the
correlation of NOx extraction and temperature was linearly correlated, see Appendix
F.2.

3.1.5 Research About Already Existing Methods

Research of already existing development tools and methods was performed to un-
derstand what kind of methods that could be useful. Methods searched for were in
the category of methods in ranking different concepts individually and getting a value
for the specific concept instead of comparing concepts against each other based on
criteria from a requirements list. The chosen methods suitable for this project were
concept scoring matrix, indicators for technology, Multi-Criteria Decision-Making
(MCDM) matrix, design structure matrix, sensitivity analysis and change propa-
gation. The concept scoring method is included in the MCDM matrix and the
indicators for technology were the multi-criteria in the matrix. Change propagation
is the factor that resulted in implementation ability, which is one of the indicators
for technology in the MCDM matrix. Different methods are therefore used in com-
bination to utilize the methods more efficiently. A list of all the methods found and
motivations if used or not can be seen in Table 3.2.
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Table 3.2: Description of the methods and motivations if used or not

3.2 Model And Methodology Creation
To create the model, a methodology has been constructed and followed. The
methodology consists of finding criteria and defining them and based on the cri-
teria being able to perform a MCDM matrix. On the matrix, it was suitable to
perform a sensitivity analysis. A design structure matrix was helpful to realize
which technologies that could not be combined and then the model was created in
Matlab, Simulink and App Designer.

3.2.1 Cost For The Technologies
The cost for each technology is presented in Table 3.3 and is based on the literature
study in the theory chapter. These costs will be used as a criteria in the method-
ology. The reason the cost was selected as a criteria was based on the goal stating
that the efficiency should increase with the cost taken into account. The cost is one
of the most important factors when it comes to significant attributes for all stake-
holders. With improvements for a low cost, there is a possibility of either delivering
better profit margin or lowering the sales prices. The costs will be graded from one
to five in the compilation of the technologies ranking, and the span for each grade
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is presented below.

1. = 64000-80000 SEK
2. = 48000-64000 SEK
3. = 32000-48000 SEK
4. = 16000-32000 SEK
5. = < 16000 SEK -32

Table 3.3: The cost for the technologies

3.2.2 Trustworthiness
Trustworthiness is a factor that is important for this creation of the methodology
since the data found about the different technologies has been of varying levels of
trustworthiness. The trustworthiness can get a grade between one to five, where the
five represents the best grading, see list below. The grade decision is based on an
overall impression and the information the research on the technologies provided. A
compilation of the grading can be seen in Table 3.4. The grading of the trustwor-
thiness will not be used in the comparison of the technologies, they will be used as
a validation at the end of the project and as a help to understand how trustworthy
the results are.

1. = There was lack of vital data and unreliable assumptions were necessary
2. = The data was not representing the relevant environment but showed the

overall performance of the technology with room for assumptions
3. = The data was representing similar operating conditions, but assumptions

were made
4. = The data was presented with relevant operating conditions and with infor-

mation that indicated high reliability
5. = The data was presented with relevant operating conditions and with infor-

mation that could not be misinterpreted
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Direct Water Injection was given a two in trustworthiness, which is based on the
information found about the efficiency does not clearly describe what kind of load
cases are being used. Therefore was an assumption that the efficiency was constant
for all the different load cases. This assumption was also based on another study
with other load cases where this assumption is pointed out to be reliable.

Continuously Varying Transmission was graded a four in trustworthiness because
the information is based on test data for a D13 engine. The technology did not get
a five since the efficiency was based on recalculations from test data of how a CVT
is supposed to behave. Single Speed Transmission also got a four based on the same
assumptions, since the calculations were conducted similarly.

Variable Compression Ratio got a grading of five since the data used was from
Volvo and simulations have been executed with this specific technology purchased
from FEV.

Variable Valve Actuation got a three in trustworthiness based on the relevance of
the test that was executed. The speed was changing instead of the torque when the
load was changing. For more reliable information, the speed should be the same for
all the load cases.

Turbo Compound got a grading of four since it was a technology available at Volvo,
but was not tested in a GenSet. The numbers from an engine with a Turbo Com-
pound have been compared with a GenSet engine. This technology got a four based
on the same motivation as the Continuously Varying Transmission.

Emulsified Fuel got a grade of two in trustworthiness since the test from which the
information was gathered did not provide sufficient relevant data. The test was
carried out at different load cases where the engine speed was changed instead of
the torque to deliver different loads. Another reason for the low grading is that
information was only available for the load cases 100% and 75%. After these loads,
it was assumed, by looking at a graph during the research phase, that the difference
gets stabilized and the same efficiency is set for the three other load cases.

Organic Rankine Cycle got the highest grade since the conducted simulation used
relevant operating conditions, that corresponded to the current engine. The infor-
mation also came from a master’s thesis performed at Volvo Penta that described
how to find improvements for each load case.

Cylinder Deactivation got a two in trustworthiness because the information was
taken from a test where the test cycle had an average load of 25% and the cycles
were transient.

Dynamic Skip Fire got a rating of four since the test data used was based on a test
with a test cycle where the average load was 25%. This data was analytical and
values for all the different load cases at various speeds could be found in the diagram.
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Thermal Barrier Coating got a three in trustworthiness because the data was missing
information about the highest and lowest load cases and the engine did not cohere
with the requested environment.

Rotational Liner got a rating of one in trustworthiness since the data for all the
load cases were missing and the data presented in this report were assumed based
on what was described in the text about the technology.

Table 3.4: Trustworthiness weighting

3.2.3 Implementation Ability
Implementation ability is one of the factors for comparing the technologies against
each other. It is a difference between the ability to implement a technology almost
directly with minor adjustments and the need to reconstruct parts that gets affected
by the new components. This was a result of using the method change propaga-
tion. The implementation ability for each technology can be seen in Table 3.5 and
comments for each decision in the text below. The grade decision was based on an
overall impression and the information the literature study provided.

1. = Required internal development of the technology and redesign occurred.
2. = Purchase from a supplier was required and redesign occurred.
3. = Purchase from a supplier was required and minor redesign might occurred.
4. = Purchase from a supplier was required and could been implemented directly

without redesign or complexity.
5. = Could been implemented directly without redesign or complexity. The tech-

nology was already available within the company.
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Direct Water Injection got a grade of three since this technology required a minor
engine block redesign to enable the technology’s connection. Software changes was
also required.

Continuously Varying Transmission got a grade of two in implementation ability
since space had to be made for the technology and it was assumed that this tech-
nology required a reprogramming of the control scheme.

The Single Speed Transmission got a grade of three because space had to be made
for the technology and the speed was required to be reprogrammed.

Variable Compression Ratio got a four in implementation ability since the technol-
ogy only required a change for some parts and no extensive changes. The connecting
rod had to be exchanged for a new one and the new connecting rod was including
the Variable Compression Ratio technology and there was no need for any additional
software. Volvo already had a contact created with a possible supplier called FEV.

Variable Valve Actuation got a grade of three because the technology only required
changing from the old valves to new valves, including the technology Variable Valve
Actuation. An additional software for this technology was needed. Volvo had a
contact with a possible supplier, Eaton.

Turbo Compound got a five in implementation ability since this technology was ex-
isting at Volvo and the information about the redesign that was required was also
already available.

Emulsified Fuel got a three because the technology required minor redesign of the
involving parts. Moreover, the implementation has to be performed by adding ad-
ditional components.

Organic Rankine Cycle got a three in grade since the technology required redesign
at the attachment of the exhaust system. The technology required some extra space
but the parts did not have fixed places where they needed to be placed and could
therefore be placed where space was available.

Cylinder Deactivation got a grade of three in implementation ability since the old
valves had to be changed into new ones. Possible suppliers for this technology was
either Jacobs or Eaton and Volvo had contact with Eaton already. An additional
software had to be implemented.

Dynamic Skip Fire got a four in implementation ability because the valves had to
be changed in the same manner as for Cylinder Deactivation. In this technology
was although the software included and was based on algorithms.

Thermal Barrier Coating got a four since the same components could be used with-
out reconstructions, but had to be sent to a supplier for coating. The pistons and
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the combustion chamber including the exhaust port and valves was supposed to be
coated in this case.

Rotational Liner got the grade of one since redesign of nearby parts had to be re-
designed and a new camshaft, a new crankshaft, new pistons and new cylinders that
includes the rotational liner function had to be implemented.

Table 3.5: Implementation ability weighting

3.2.4 Technology Readiness Level
Technology Readiness Level (TRL) analysis was a method to understand the ma-
turity level of a particular technology. Each level had specific requirements and to
reach a certain level in the TRL table the technology had to comply with all the
requirements for the specific level. The ten requirements used in this project came
from Volvo Penta. When doing the TRL it was important to implement the technol-
ogy for a specific purpose. In this case, it was in a GenSet engine at Volvo. A TRL
was used in this project since the information about the maturity of the technology
was of great importance. Information about different TRL levels was required since
technologies needs different amounts of work before launch. The TRL analysis con-
ducted for this project did not include all necessary steps and procedures for a fully
executed TRL analysis. For this project, the analysis included an estimation of the
TRL based on the knowledge from the literature study.

In Table 3.6, the different TRL requirements was stated in the left column. Each
technology was presented in green at which TRL level the technology was placed,
regarding diesel engines in GenSets at Volvo Penta. In the green boxes, it was also
stated what the decisions are based on. To implement the technology readiness level,
seen in Table 3.6, in the MCDM matrix, where all factors are weighted together, the
TRL levels were divided by two before being implemented. This was done because
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the other factors were weighted from one to five and therefore this factor should also
have the same magnitude.

Table 3.6: Technology readiness level for each technology

3.2.5 Efficiency In D2 Cycle

In the twelve tables, Appendix F.1 - Appendix F.12, the different efficiency improve-
ments for the technologies could be seen. To compare the technologies against each
other, the efficiencies at the different load cases were multiplied with the weighting
specific to the D2 cycle. In Table 2.1 the weighting for the D2 cycle can be seen.
In the right column of Table 3.7, the sum of the overall efficiency increase for each
technology is presented.
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Table 3.7: Weighted efficiency D2 cycle for the different load cases

3.2.6 Ranking Of Technologies
The Multi-Criteria Decision-Making matrix was chosen because the method eval-
uates conflicting criteria, which in this project were the efficiency, the cost, the
technology readiness level and the implementation ability. These factors were also
a part of the method that was studying indicators of technology, where these in-
dicators resulted in the conflicting criteria in the Multi-Criteria Decision-Making
matrix. There was no obvious solution of which technology combinations were the
most optimal, and it was therefore necessary to use this method to differentiate
between the concepts. By using the concept scoring method, the technologies could
get a value and be compared against each other based on that value. Each criterion
was weighted from one to five based of how important the criterion was. The num-
bers for each respective technology were then multiplied with the weighting of the
criteria and the different values for each technology were summarized. When all the
technologies had a total value, a ranking of the technologies was done with respect
to the criteria.

The four factors: increased efficiency, cost, TRL and implementation ability were
weighted with the respect to importance in this study. The increased efficiency got
the highest weighting, a five, since increasing the efficiency was assumed to be the
most important aspect concerning the scope. The cost got a three since it was im-
portant to consider the price because the customers would not buy the product if
it were too costly. Although, the cost was not of as high importance as the effi-
ciency. The TRL level got a four since it was important to know at what stage the
technology was at. Development takes a long time, is costly and technology with
a high TRL level was therefore advantageous since it could start to be used faster.
It is assumed to be more important than the cost, since both cost and longer de-
velopment time are variables that get impacted when studying TRL. A higher TRL
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level is therefore advantageous. Implementation ability also got a three because it
was more advantageous the less redesign that had to be done. It was assumed to be
less important than the TRL level, since the implementation ability will not directly
present how costly or how long the implementation would take. The results from
Table 3.3, Table 3.5, Table 3.6 and Table 3.7 was put in Table 3.8 and multiplied
with the weighting of importance for each factor. The sum and ranking can be seen
at the bottom of the table.

The ranking process showed that the most promising technology to implement would
be the TBC technology. Since this was a technology with a high increase of efficiency,
it was given the highest ranking in that specific criteria. The sum of TBC was
significantly better compared to the other technologies. The trustworthiness of this
technology was given a grade of three, indicating that the information needs to be
verified to conclude that this was the most optimal technology selection.

Table 3.8: Ranking of the technologies with regard to efficiency, cost, TRL level
and implementation ability

3.2.7 Sensitivity Analysis
When developing a Multi-Criteria Decision-Making matrix, the weighting of the cri-
teria is one of the significant factors for the ranking outcome. A sensitivity analysis
was performed to understand how well defined the weighted criteria were and how
robust the selection model was. The analysis was performed to answer two critical
questions, How much impact did the choice of the weighting for the different criteria
have on the ranking results? and How much impact did the individual criteria have
on the ranking result?. To be able to answer these questions, two different analytical
analyzes were conducted.

The first scenario was performed by defining all the criteria with equal weighting,
see Appendix G.1. The second scenario was conducted by reordering the hierarchy
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of the criteria, with the highest weighting criteria to the lowest value and the criteria
with the lowest weighting to the highest value and so on, see Appendix G.2. By
changing the weighted values, an understanding of how much impact it had on the
individual technologies were discovered, see Table 3.9. The three scenarios, includ-
ing the original case, were visualized in a graph where the ranking position for each
technology was presented for each scenario, see Figure 3.2. It could be interpreted
that most technologies changed one ranking position, but two technologies stood
out. The RL went from position four to eleven between the original and the equal
weighted scenarios and the CDA changed position from twelve to eight from the
original to the equal weighted scenario. There was also an identification of more
minor position changes for the technologies on the more advantageous half of the
scoreboard compared to the other half. This is because there were more minor
differences between the sum values for the higher scored technologies. This could
have resulted in more extensive changes in the ranking result. Although the analysis
showed that the selection model was trustworthy.

Table 3.9: Ranking result for scenario: original, 2 & 3
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Figure 3.2: Changes in ranking position for different scenarios

The second analysis was performed by creating four different scenarios where one of
the criteria was excluded. This analysis developed an understanding of how great of
an impact the individual criteria had on the different technologies, see Table 3.10.
To visualize the result from the analysis, a graph is shown with the five different
scenarios on the x-axis where the first scenario is the original and the ranking position
for each scenario is shown on the y-axis, see Figure 3.3. The excluded criteria were
ordered as followed: cost, efficiency, TRL, and implementation ability. It could have
been interpreted that most changes in position occurred when the TRL criteria were
excluded.

Table 3.10: The ranking result for the different scenarios
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Figure 3.3: Visualization of the ranking position for different scenarios

3.2.8 Design Structure Matrix

A Design Structure Matrix was a square matrix containing the technologies on the
first row and the first column. The matrix represented relationships between the
technologies. This method visualized which technologies that could be combined
and which technologies that could not operate at the same time. An "X" in the
matrix described that a linkage between the technologies was found and an empty
box described that no linkage was found and therefore could the technologies not be
combined. This method was used to understand which combinations that did not
work together and could be removed from the total list of combinations that the
methodology for this project generated.

Before starting the methodology creation, this matrix was performed, see Table 3.11.
Combinations of Continuously Varying Transmission and Single Speed Transmission
were not a working combination. This was because these two were the same type of
technology, only different types of transmissions. Neither were Direct Water Injec-
tion and Emulsified Fuel working together since these technologies were connected
at the same place at the engine. It was contradictory to cool down the combustion
chamber with DWI and then use Emulsified Fuel afterwards. Turbo Compound and
Organic Rankine Cycle were neither working together since both of them were a
solution for waste heat recovery. These technologies were optimal when the input
temperature was high and resulted in higher engine efficiency and lower exhaust gas
temperature. If one of these technologies was used, it was unnecessary to use the
other one since the temperature input was too low. The last combination that was
not working together was Cylinder Deactivation and Dynamic Skip Fire since these
were almost the same technology except that Dynamic Skip Fire has an additional
software.
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Table 3.11: Design structure matrix

3.2.9 Matlab And Simulink
Matlab and Simulink were the tools used for the creation of the model. Simulink was
chosen because it could create a graphical model and simulate a dynamic system,
which was the type of tool needed in this project.

The model creation in Matlab and Simulink started with the decision of having the
structure of each technology connected in a series, as seen in Figure 3.4. All the
information must pass through each technology and depending on if the technology
was activated or not, the technology should give the respective data.

Figure 3.4: The structure of the simulink model
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Furthest to the left in the model is the input values, which are the parameter values
taken from the D13 engine as it is today, without any additional technologies. These
values are the input in the first technology studied in this project.

Ten of the technologies were structured and created with the same structure, except
the waste heat recovery technologies Turbo Compound and Organic Rankine Cycle
which were created differently. The ten technologies that were created similarly to
each other were constructed in a way that if the on/off switch were set to off, the
input values would be transported directly to become the output values for the tech-
nology, this can be seen in Figure 3.5. If the on/off switch instead was set to on, the
input values would be transported into another box within the technology, this new
box can be seen in Figure 3.6. At this stage, it was included more on/off switches
where the load was decided. If 100% load were being used, the on/off switch would
have been activated and set to on, while the other on/off switches were set to off.
When the load was decided, the inputs moved on to the next box, which can be
seen in Figure 3.7. In the last box, the input parameters were multiplied with the
respective factor that increased the parameter, decreased the parameter, or had the
same value as before, if the technology did not change that specific parameter. The
output from these boxes was the output from the entire technology and also the
input to the next technology.

Figure 3.5: On/Off switch. Either the input transports directly to the output or
into the next box
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Figure 3.6: On/Off switches depending on load case.

Figure 3.7: Inputs are multiplied with a factor for the specific technology and load
case. The new value is then transported to the output of the technology

Turbo Compound and Organic Rankine Cycle had on/off switches to determine
whether the technology should be active or not and for choosing the different load
cases. Instead of changing parameters by multiplying with a factor, these technolo-
gies increased the efficiency depending on the temperature input. A function was
used inside these boxes and based on different temperature ranges different improve-
ment factors for the efficiency were being used, see Appendix C.1 and Appendix D.

The SCR was also included in the model since it reduced the NOx emissions and the
temperature of the exhaust gases. The SCR should be placed before the waste heat
recovery technologies. Still, since the information Turbo Compound was based on
already had SCR included, the SCR was placed behind the Turbo Compound and
before the Organic Rankine Cycle. The SCR lowered the NOx emissions based on
the temperature and would result in an output of a lower temperature and a lower
amount of NOx emissions. The SCR did not change the efficiency of the engine and
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it did not have an additional cost since an SCR already was included in the D13
engine.

The Simulink model was created with variables of all the different parameters. The
variables were defined in a Matlab script with headlines for each technology to en-
able manageable changes if parameter values were found not to be accurate.

3.2.10 Graphical User Interface

A graphical user interface was created in Matlab’s App Designer to simplify the
usage of the model. When the app is started, the first viewing window is the sim-
ulation window. The starting view of the app can be seen in Figure 3.8. The first
step is to choose which load case that should be simulated. For running the sim-
ulation, there are two possible options, either running the simulation manually or
running the simulation automatically. If the simulation should be run manually,
technologies included in the evaluation must be chosen before the "simulate" button
is pushed. When the button is pressed, the program will calculate the new parame-
ters. Suppose the results tab is pressed and the results from the manual simulation
are chosen. In that case, the efficiency, the amount of NOx emissions, the new tem-
perature output and the cost for the additional technologies will be shown which is
visualized in Figure 3.9. By using the manual simulation tab, specific combinations
can be tried and results and answers can be received after a few seconds.

Figure 3.8: Start view of the app
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Figure 3.9: Results from manually simulation is visualized in this tab and com-
parative input numbers are stated

By running the simulation automatically, all possible combinations of all the tech-
nologies will be evaluated and the results will be saved in an excel file for the user to
continue to analyze afterwards. This simulation takes approximately two to three
hours depending on the capacity of the computer. Suppose the results tab is pressed
after the simulation is done and instead the results from the simulation automat-
ically are chosen. In that case, a graph is visualizing the cost on the x-axis and
increased efficiency on the y-axis. For all the different combinations, this graph is
shown below in Figure 3.10.
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Figure 3.10: The graph visualizing the increase in efficiency versus cost for all the
different combinations

The third tab in the app is called change parameters and is only necessary to use if
new information is found about the parameter values and has to be updated. The
ten first technologies are designed in the same way, and the factors that can be
changed are efficiency, temperature and NOx for each load case and also the cost of
the technology. For the last two technologies, it is possible to change the efficiency
for the different temperature spans and also the cost for both technologies. An
example of how the graphical user interface for the possibility of parameter value
changes is seen below in Figure 3.11.
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Figure 3.11: Parameter changes can be done in the app

3.3 Concept Selection

The first step in the concept selection procedure was a screening process of the in-
appropriate combinations. This was executed since the generic combination model
generated all possible combinations from the twelve technologies. A graph was plot-
ted that presented the increase in efficiency in relation to the summarized cost, see
Figure 3.12. By using all the data points from the Matlab model, several com-
binations were shown that were not possible to implement. By excluding these
combination based on the design structure matrix, see Figure 3.11, a more realistic
visualization was presented, see Figure 3.13. This figure also excluded all the com-
binations that included the SST technology. The reason was based on that all the
technologies needed to be able to perform under all conditions of the D2 cycle. Since
the SST technology performance was limited to operating from 10-75% in load, the
technology was inappropriate to include in this selection process. The figure also
excluded combinations with duplicates in terms of cost, therefore only the combi-
nations with the highest increase in efficiency for every cost were presented. Based
on this graph, with all acceptable combinations, the most promising concepts were
selected. This was executed by selecting the combinations that were on the top edge
of the data points, the green ones.
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Figure 3.12: Cost vs increase in efficiency for all combinations

Figure 3.13: Efficiency vs cost for the possible combinations

The selected combinations were visualized in a graph where it could be shown that
the relation between an increase in efficiency and cost was not linearly, see 3.14. It
seems that the increase in efficiency was steeper for the lower costs and the steepness
decreases with higher values for the cost. To understand the relations better, a vi-
sualization between the ratio of increase in efficiency and cost and the cost itself was
plotted, see Figure 3.15. This visualization showed that there was an exponential
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relation which demonstrated that the cost to increase the efficiency was increasing
exponentially.

Figure 3.14: Increase in efficiency vs cost for the selected combinations

Figure 3.15: The relation of increase in efficiency and cost

The previously applied ranking method was performed to select the most promising
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combinations out of the 40 selected from the screening process. One new crite-
rion was added, in terms of NOx emissions and this criterion could be investigated
through the Matlab model. The criterion was added since some technologies im-
pacted the exhaust gas temperature. The temperature change could lead to a change
in the performance of the SCR component, which could result in an change in NOx

reduction. The scale of the ranking for all the parameters was changed to 1-10,
to distinguish the performance of the technologies even more. The level of perfor-
mance, which is the ranked value for the different criteria, was changed since the
performance of a combination of technologies differs from the performance of a sin-
gle technology, see 3.12. The level of performance for the criteria increase efficiency,
cost and NOx emissions were defined based on the lowest and the highest value from
the 40 selected combinations. The TRL criteria were defined using the average value
from the TRL assessment for all the technologies. Since the highest level of TRL
for the twelve technologies was five, a suitable way to convert the performance level
to a scale of ten was by multiplying the TRL value by two. The implementation
ability criteria was defined by using the average value for all the included technolo-
gies and adding a supplement value based on how many technologies were included
in the combination, see Table 3.13. By considering the number of technologies in
the implementation criteria, a more realistic evaluation was created of how well the
ability was to implement the technology combinations.

Table 3.12: The level of performance for different criteria

Table 3.13: The influence from the number of technologies the combination have

The Multi-Criteria Decision-Making matrix was utilized for the 40 combinations to
make a well-founded selection based on the criteria, see Table 3.14. It could be
seen that the three combinations with the highest score were combinations with
similar technologies. All three concepts included the same three technologies and
were using TC, CVT and TBC, where all of the mentioned technologies had top
scores individually from the Multi-Criteria Decision-Making matrix, see Table 3.8.
The technologies that separated the combinations were CDA, VCR and DSF.
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Table 3.14: MCDM matrix for the 40 selected combinations

3.4 Final Concepts
The three selected concepts were visualized in the Figures below, see Figure 3.16,
Figure 3.17 and Figure 3.18. There were evident similarities between the concepts
as three technologies were involved in all the selected concepts. The first technology
that all the concepts had in common was Continuously Varying Transmission, where
a transmission box was implemented between the output shaft of the engine and the
alternator. The engine would then be able to change the engine speed depending
on the load and would always operate at optimal conditions. This implementation
would have required reconstructions of the GenSet since there was no space for an
implementation of a CVT in the current GenSet.

The next technology that all the concepts had in common was Turbo Compound.
This technology would be able to use the energy losses from the exhaust gas and
would have utilized it for either electrical energy or mechanical energy. The TC
technology would be implemented between the EGR system and the SCR. The im-
plementation possibilities of this technology were relatively high since the technology
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and the implementation has already been performed in a D13 engine at Volvo Trucks.

The last technology that the concepts had in common was Thermal Barrier Coat-
ing. This implementation reduced the thermal losses in the combustion chamber by
changing the thermal conductivity on the surface of the combustion chamber parts:
pistons, cylinders, exhaust port valves and heads. The coating layer would have a
negligible thickness, resulting in no reconstructions of the various parts.

3.4.1 Concept Nr.20

The first selected concept, Concept Nr.20, used CVT, TC, TBC and cylinder Deac-
tivation, see Figure 3.16 and Table 3.15. This last technology was both utilized in
the first and third concepts. The contribution from the technology was mainly at
low loads where some of the cylinders was being deactivated to increase the thermal
conditions in the combustion process. This technology was developed to be imple-
mented on current diesel engines and could therefore be implemented at a GenSet
without reconstructions. This concept was one of two that was ranked as number
one in the MCDM matrix, see Table 3.14. The reliability of this concept in terms of
trustworthy data was questionable. CDA was graded with the value of two, which
corresponded to low trustworthiness. The other technologies were given values from
three to four, which showed higher reliability. This concept had a higher level of
improvements at lower operation loads and was therefore a more suitable choice for
GenSets mostly running at 10-25% in load.

Figure 3.16: Components and their position for Concept Nr.20
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Table 3.15: Data for Concept Nr.20

3.4.2 Concept Nr.21

The second concept, Concept Nr.21, was including CVT, TC, TBC and Dynamic
Skip Fire, see Figure 3.17 and Table 3.16. This technology was also a Cylinder De-
activation technology with a more advanced operation procedure. The technology
used an algorithm that dynamically activated and deactivated different cylinders de-
pending on the load. This technology was developed to be implemented on various
diesel engines, so it was no need to reconstruct the engine. The trustworthiness of
this concept was relatively high based on that three out of four concepts were given
a grade of four which corresponded to a high reliability. This concept had its ben-
efits at lower loads similar to the first concept. Compared to the first concept, this
concept was more adaptable to various load changes in terms of transient driving
conditions.
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Figure 3.17: Components and their position for Concept Nr.21

Table 3.16: Data for Concept Nr.21

3.4.3 Concept Nr.22
The third and last selected concept, Concept Nr.22, consisted of CVT, TC, TBC,
CDA, and Variable Compression Ratio, see Figure 3.18 and Table 3.17. The VCR
was changing the operating conditions in the combustion process. This enabled the
engine to run at a more beneficial combustion condition without being influenced by
external compilations, such as cold start conditions or which type of fuel the engine
was using. This technology was replacing the existing connecting rod and possi-
bly small reconstructions were necessary to achieve optimal combustion conditions.
This concept had the same trustworthiness as Concept Nr.20 since the performance
of the CDA technology was not based on reliable information. This concept was
beneficial if the GenSet was placed in environments with varying weather conditions.
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Figure 3.18: Components and their position for Concept Nr.22

Table 3.17: Data for Concept Nr.22
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4
Sustainability And Ethics

The sustainability and ethics perspective are necessary to consider in this project
since diesel emits emissions into the air, which have to decrease. Global warming is
an important topic to discuss since diesel engines contribute to global warming and
engines is therefore an ethical aspect of this project. The development of CI engines
with more sustainable fuels is in progress. To improve the efficiency of CI engines is
necessary since there is yet no other promising solution that can be utilized instead
of diesel engines for various applications. Since there is no better solution yet for
these kinds of applications that a GenSet is used for, it is a good alternative to do
this kind of research and improvements to the engine and improve the performance
as much as possible with the technology available today.

None of the regulations that has to be followed, as it is today, are directed toward
carbon dioxide emission. Approximately 12% of the emissions are carbon dioxide
which results in global warming but no laws say that it must be reduced from the
emissions. A prediction is that carbon dioxide will be included in the new regula-
tions updates. These are mostly predictions in line with the Paris agreements, but
to take a responsible choice, Volvo Penta has committed to the Science Based Target
initiative and has decided to lower the emissions of carbon dioxide by 37.5% by 2034.

An ethical aspect to consider is that besides from the 12% emissions of carbon diox-
ide, 1% of the emissions consists of harmful emissions in terms of carbon monoxide,
hydrocarbon, particulates matter and nitrogen oxides. Carbon monoxide is a result
of an incomplete combustion and could by inhalation result in slow reflexes, mental
illness and impaired concentration. Hydrocarbons are a result of unburned fuels
and harms human health. It could potentially lead to respiratory tract irritation
and increase the risk of cancer. The formation of Particulates Matter is a result of
various factors such as fuel quality, lubrication oil quality, combustion temperature,
consumption of exhaust gas cooling or the expansion process. It also contributes to
worse human health since inhaling could cause asthma, lung cancer and premature
death. Nitrogen oxide gas is caused by a high combustion temperature, the level
of concentration of oxygen or resident time and has an impact on human health in
terms of lung diseases. A discussion to have is therefore necessary. Is it ethically
correct to continue to develop and use diesel engines even though the emissions harm
human health? There is not an easy answer to this question. Since there are yet
no other alternatives solutions for replacing the combustion engine in this area, this
can result in positive consequences. By developing and optimizing the efficiency for
all load cases at a correct temperature of diesel engines, incomplete combustion and
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unburned fuel can be minimized. By minimizing these factors, less harmful emis-
sions will be emitted.

An aspect not studied in this report is the environmental aspect to produce the
technologies suggested to use. In this report, the use phase is only studied and no
further studies have been done on the product’s life cycle, for instance, what kind
of materials are being used, how the technologies are manufactured or where the
technologies are produced. Another aspect not studied in this report is the other
emissions emitted from diesel. In this report, the emissions CO2 and NOx are stud-
ied and the other emissions were put as out of scope since the main goal was to
lower the CO2 emission for the upcoming regulations and since the focus was put on
getting the model to work. The ethical aspect of the limitations can be questioned,
but the delimitation is necessary.

Although that it is contradictory to put more time on diesel engines when they have
a negative impact on the environment, it is positive that companies try to make the
best out of the situation, in terms of global warming, and try to lower the emissions
as much as possible during this time that no other solutions can be used for some
applications.
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Discussion

The first part of this chapter discusses decisions made during the project and the
consequences that could be drawn from these. Specific conclusions that gave in-
teresting results are also discussed in the first part. In the second part is the aim
and goal discussed, knowledge gathered during the project is described, and possible
further development is explained to finalize by stating the most interesting outcomes
from this project.

5.1 Motivations and Discussion of Results
There are limitations in this project that had to be decided for this project to be fea-
sible in 20 weeks. The first limitation is The report only covers implementations and
technologies related to the diesel engine. It is chosen because Volvo Penta is almost
only selling their gasoline engines to the United States of America and therefore it
is more interesting to study diesel engines in this project. The second limitation
The report is using average data is decided upon since it is too time consuming to
gather the exact data from each technology. The third limitation The investigated
technologies are verified technologies is chosen because the time before the launch of
upcoming technologies is too long and therefore it is more interesting with verified
technologies. The fourth limitation The report is only studying one alternative en-
gine model is chosen because otherwise would all the calculations have to be done
several times. The technologies are although working similarly with other engine
models as well. The fifth limitation Diesel remain as fuel is chosen because some
technologies found in the research stage could be used with other kinds of fuels.
This is interesting, but to compare the technologies against each other would be
difficult and therefore diesel remained as fuel. The sixth limitation The study is
only investigating technologies that reduce the emissions of carbon dioxide, is cho-
sen because the aim of the project is only focusing on the reduction of CO2. The
seventh limitation Only CO2 emissions emitted in the use phase is accounted for is
chosen because, in the SBTi, where Volvo Penta is committing to the target, the
whole product life cycle is included. By limiting this project to only investigating
the engine’s impact in the use phase, more effort is put into the performance of the
different technologies. This limitation is though something that should be included
in a continued work, since the impact from the life cycle is of high relevance when
it comes to lowering the overall CO2 emissions. In that case, including concepts
on different fuel alternatives and suppliers are necessary to investigate. The eighth
limitation The report only covers calculations of the 1500 rpm that results in 50Hz
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that is used in Europe is an assumption that the difference between the 50Hz and
60Hz is negligible. Calculations and the development of the model for both options
are more time consuming to create, but also unnecessarily complicated. The ninth
limitation The study is using the operating condition from the D2 driving cycle and
other load cases are not taken into account means that the operating conditions are
five different steady-state load cases, where different load cases are operating under
a specific time that corresponds to how the overall GenSet is used to operate in.
This means that operating conditions such as cold start, acceleration or transient
driving cycles are not included in this project. The estimation would have been too
complicated and it would have been more difficult than necessary to compare the
current engine to the different concepts.

In the graph in Figure 3.14 are the chosen technology combinations visualized. It is
seen that a balance is found between increasing the efficiency and the cost for the
combination. In the graph it is also visualized that the pareto frontier is steeper in
the beginning and at a cost of approximately 110000 SEK and higher, the pareto
frontier is not as steep anymore. This can be evaluated in terms that the combina-
tions of technologies have an area where they perform better compared to the cost.
This depends primarily on the number of technologies implemented in the combi-
nation and the complexity of the implementation ability that gets higher when the
number of technologies in the combination increases.

The cycle that is being used for calculating the efficiency of each technology is called
the D2 cycle. This cycle is being used since it is created for non-road engine applica-
tions and the tests are performed at a steady state, at a constant speed. The cycle
analyzes the efficiency at different loads, 100%, 75%, 50%, 25% and 10%. Another
cycle can be chosen, but this is the cycle used most frequently at Volvo Penta and
is why it is selected in this project. One of the technologies, Single Speed Transmis-
sion, is deselected from the results in this report since the technology is not handling
a load at 100% and therefore can not be used in the D2 cycle. The technology is still
in the report since it is an interesting alternative. This technology can be included
if another cycle is used or if it is known that a specific product should not be using
a load of 100% for a specific application.

The technologies chosen are based on criteria, limitations and guidance from Volvo
Penta, as mentioned earlier in the report. There is a possibility that certain tech-
nologies are being missed that would enhance the results even further but the tech-
nologies chosen are carefully selected with no rush and therefore are the results
considered trustworthy. The values for efficiency, temperature, NOx and the cost
for the technologies are not as reliable since they are difficult to find specific values
on. Almost every supplier for all of the technologies are contacted, but none of them
answered, so assumptions are made. Each assumption are being described in the
report. Since the most important aspect of the report is to create a model that
worked, the focus is put on that. Instead, the model is built so that the parameter
values for each technology can easily be changed when more reliable numbers are
found.
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The chosen computer programs that is being used to create the model, are Matlab,
Simulink and App Designer. The model is probably possible to build in Excel, but
the reason not to do it is that it would have been difficult to create a model in Excel
that is easy for other people to use. In Matlab, it is easier to structure the param-
eters and then code for the actions without seeing all the numbers on the sheets,
which can easily get confusing. By using Matlab it is also possible to visualize the
whole model in Simulink for further understanding and App Designer for a graphi-
cal user interface to simplify it even further for people to use the model in the future.

In the process of estimating the technology information that is missing after the
technology research is conducted, the calculations are based on interpolated test
data from the current D13 engine. The data used for the TC technology is based on
the current D13 diesel engine with an existing TC technology. The reliability of the
data is questioned since it is assumed that the brake specific fuel consumption for
the new engine is a result of the TC technology. The engine with the implemented
TC technology is a newer version. This could mean that other improvements have
also been implemented or that the engine is more optimized in terms of efficiency.
This means that an overestimation of the performance of the TC technology could
have been done.

The process of selecting the specific weighting values for the criteria are conducted
based on experience and subjective assessments. In a fully conducted requirement
specifications list, needs must be established based on the relevant stakeholders. In
this specific situation, a limited list of the numbers of criteria are necessary, since the
complexity of the Matlab model is directly influenced by the criteria. To increase
the reliability and the quality of the decision-making of the three concepts, a more
elaborated selection of criteria and weighting can be performed.

The sensitivity analysis is performed with the purpose to get an understanding of
how robust the MCDM model is. This can be done in many ways and can be exe-
cuted with more scenarios than the current sensitivity model is performed with. The
reason for the limited extent of the analysis is that the result does not impact the
decision model’s structure. So, there is no need for a more in-depth analysis when
the purpose is to understand the influence of the different criteria. An analysis is
performed on the MCDM matrix where an evaluation is conducted on the individual
technologies. This is in a more or less early stage in the selection phase. This analysis
can also be conducted on the MCDM matrix for the different combinations and can
increase the reliability of the decisions made. For this particular project, the analysis
is not prioritized but can still be a useful process to perform if more time is available.

When creating the model in Matlab and Simulink the technologies are put beside
each other in a series and the outputs from one technology are the input in the next
one. It can be discussed if this is a correct way of structuring the model since other
factors can affect the technologies. A decision within this project is to not look
at too many factors but instead get the model to work, and an assumption taken
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is that the additional factors do not affect the result too much. Another aspect
to mention about the model is that inside the technology boxes are the parameter
values, in most cases, multiplied with each other and then transported as an output.
In some cases, this may not be the most correct way of doing it since other factors
can affect the multiplication and losses must be included. Although not enough
information is available about these questions in the research about the technologies
and because of the time limitation, it is decided to not put too much energy into
trying to contact the suppliers for more information. Instead, the model is created
to be modified easily, if new changes appear.

All the graphs and figures throughout this report are results based on the D2 cycle
and therefore include the five different loads. If the model in Matlab, Simulink and
App Designer is being used for this specific purpose, to study the D2 cycle, the model
can maybe be perceived as a bit complicated. To receive the values for each load it
has to be simulated for each load and then weighted with help of the D2 cycle. The
model is constructed in this specific way since the D2 cycle is not used in all cases
at Volvo, and by structuring the model like this, there is a possibility to choose how
the results should be studied and there is no restriction to only studying the D2 cycle.

By looking at the figure, see Figure 3.13, it is noticeable that the relation between
increased efficiency and cost is changing depending on the cost. The pareto frontier
can be the most suitable approximation of the best performed combinations relative
to its cost. It can be interpreted that the relation is an upgoing trend until the
cost reaches 110000 SEK, the curve then flattens out. This is why combinations
after 110000 SEK are later excluded from the decision-making model. There is no
need of evaluating combinations that delivers the same efficiency for higher costs.
If the choice of including the whole pareto frontier is made, a more well-grounded
decision can be achieved. None of the excluded combinations from the pareto fron-
tier can be selected as the most promising concept but to increase the reliability of
the final decision, it can be more beneficial to include the whole pareto frontier curve.

The correlation between the ratio of increased efficiency, cost and cost for itself, see
Figure 3.15 shows how much efficiency can increase in relation to the cost. The
relation can be interpreted as logarithmic or exponential. This information is highly
valuable since there is a need of knowing how much every percentage of increase in
efficiency is worth. The information can be utilized when a trade-off between how
the company values efficiency and what the actual cost for it is. The outcome of the
most promising combination can be different from the three current selected ones.

By looking at the graph, see Figure 3.15 it is noticeable that the three selected con-
cepts have a relatively low efficiency ratio relative to cost. That is a good example
of how the MCDM matrix has provided additional information and contributed to
a more well-grounded decision. If the criteria for the decision only is high efficiency
for low cost, the mentioned graph would be a good tool for selecting concepts. In
this case, the decision is based on multi-criteria and even if both cost and increase
in efficiency are weighted as the most important criteria, other aspects influenced
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and created a more reliable decision.

The different criteria in the MCDM matrix includes cost and efficiency increase.
The cost is weighted to 0.2 and the increase in efficiency to 0.3. This means that
these two criteria are highly important and essential for the decision. Despite this,
concepts with a high efficiency and cost increase can get a high ranking either way,
see Table 3.14. An aspect that can be useful to implement as criteria are the ratio
between cost and increase in efficiency. It is possible that it can create a decision
model that priorities concepts that give more efficiency for the money since the three
current selected concepts do not have the highest rate. One of the disadvantages or
potential challenges with such criteria is that some of the attributes can be double
counted, for instance the increases in efficiency. So, if the ratio criteria can be imple-
mented, both the cost and increase in efficiency criteria would need to be changed
in the weighting aspects or excluded from the decision model.

The selection of the concepts is based on the ranking process. The top three are
assumed to be the most promising, see Table 3.14. The differences in the sum for
the highest scored concept are relatively low as the sum differs from 7.6 to 7.2 be-
tween the ten best scored concepts. Even if the three selected concepts has the
highest score, the performance of the ten best concepts are similar. CVT, TBC and
TC are included in the top five scored concepts and the difference between them is
one technology. One way of interpreting this information is that depending on the
segment the GenSet will operate in, it is suitable to select concepts from the top
five since there are some differences in terms of how well they perform at different
loads and operating environments.

The trustworthiness is based on different criteria and the perspective given from the
research stage. The trustworthiness for the different concepts varies, but it is evident
that the concepts have questionable trustworthiness that must be considered before
implementation. When a concept is chosen it is suitable to research further and
contact suppliers to receive information of higher trustworthiness. It is to prefer to
receive the exact numbers from a supplier, then finding the data from experiments
performed by people outside of that company to compare. This approach is effective
and cost efficient. Otherwise, an alternative is to receive a model and simulate it or
buying one product and trying it.

5.2 Final Discussion
The aim of this project is to help Volvo Penta to lower the CO2 emissions, that
are emitted from diesel engines in GenSets during the use phases. This is achieved
by constructing a methodology that enables Volvo Penta to find the most promis-
ing improvements, at a conceptual level, for a GenSet engine, to lower the CO2
emission with cost taken into account. The goal is to present a model of combin-
ing technologies to find the most promising improvements. By only studying the
chosen concepts, they increase the efficiency by up to 29.6% and since the aim is
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to help Volvo Penta to increase the efficiency with the cost taken into account, the
goal is achieved. By studying the model, it is also evident that the model can find
combinations that increase the efficiency by more than 37.5%, but then to a higher
price. A limitation stated early in this project is to only study the engine of the
GenSet. At the same time, there are still possibilities to improve the efficiency by
investigating other components of the GenSet. The final concepts that this project
results in increase the efficiency by 29.4%, 29.5% and 29.6% which is a step toward
increasing the efficiency by 37.5% by 2034 and if looking at other components in the
GenSet there are promising possibilities to find the remaining percent.

In the process of executing this project, the understanding of the subject has been
improved. Several aspects can be improved based on what has been realized af-
ter the project was conducted. The distribution of time in the different phases of
this project could have been carried out differently. Almost eight weeks of technol-
ogy research and selection were conducted as the project started. This was more
time-consuming than necessary since the goal of the project did not require the in-
formation and the data to be that reliable. This would have lead to more time spent
on the selected concepts, where more focus on the explanation and further develop-
ment on the specific concept could have been possible. Another aspect that would
have been changed if the project should have been conducted again is the creation
of the criteria. The criteria themselves are suitable and provide good results, but
more effort could have been spent on how the criteria were established. Instead, it
could have been conducted as a study or a focus group where the stakeholders were
allowed to express their needs and interpret them into useful criteria.

Improvements and further development of the current work are needed. A next step
to improve the combination model is to define more attributes that the different
technologies influence each other with. In the current model, exhaust gas heat is a
variable that has a dynamic impact on several technologies. This is something that
can be more investigated. By theoretically understanding the different technologies
and their impact on a deeper level, more information and data can be implemented
in the combination model. This results in a more dynamic approximation of the
combinations and a more realistic simulation of the technologies. Another aspect
to extend or develop even further is the segment where the technologies impact, for
example excluding some of the limitations or adding more parameters to the model.
In the current model, only technologies that improve the efficiency under the D2
cycle are investigated. If instead various external conditions are taken to account
as cold start conditions or to increase the maximum power of the engine, excluded
technologies are being investigated and the selection process is even more reliable.

This project are creating several interesting outcomes. Established possible tech-
nologies that can improve the efficiency, a methodology to select concepts but also
a model to generate a dynamic synergy effect and combinations of technologies are
being presented. Combining solutions, generating multiple outcomes and trying to
understand how different solutions or alternatives correlate with each other can be
implemented in various areas. There are several upcoming challenges where the
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decision making process of which technology or concept that is the most promising
will be useful at Volvo Penta. Presenting a large number of combinations and pre-
senting the most promising combinations by using a pareto frontier is useful in many
different areas. This is a suitable way of excluding or screening alternative solutions
in not just product development areas, but for any decision-making process with a
trade-off between criteria.
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To complete the goal, several research questions needed to be answered. In this
chapter, the answers to the research questions are summarized in the first subchap-
ter to then finalize this report by writing the conclusion of the goal.

6.1 Conclusion of Research Questions
Which existing technologies could potentially increase the efficiency of the engine?
By performing a literature study, twelve promising technologies, that are suitable for
this project, are studied. These technologies can potentially increase the efficiency
of the engine individually but also in combination with each other. The selection
of these twelve technologies is based on several requirements that are necessary to
accomplish. The selected technologies are, DWI, CVT, SST, VCR, CDA, VVA,
TC, ORC, EMF TBC, DSF and RL. These technologies are possible to implement
in the current engine and can improve the performance of the engine in the relevant
operation condition, which in this case is the D2 cycle.

What kind of structured models/methods are the most suitable to select to achieve
improvements for the efficiency of the engine in a cost-efficient way?
By conducting methodology research, several suitable methods to select the most
promising concept are defined. A simulation model is created to convey the data
and information needed to perform the selection procedure and evaluate the differ-
ent concepts. The selection methodology consists of six established concept selec-
tion tools, MCDM matrix, TRL assessment, DSM, sensitivity analysis, indicators
for technology and change propagation. This set of tools enables the selection of the
concepts based on various criteria. It concludes which combinations of technologies
that are not suitable to combine. Further, it creates an understanding of how well
established the specific technologies are in relation to Volvo Penta and concludes
how robust the selection process is for different data changes.

What kind of correlations and parameters are the most interesting to investigate in
the comparison between combinations of technologies? By executing the technology
research, correlations that impact the different technologies are defined. The re-
search provides information that states that the temperature of the exhaust gases
is affected by most of the technologies. The exhaust gas temperature impacts the
performance of both TC and ORC. The increase in efficiency is another attribute
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that the different technologies correlate with. An independent relation in terms of
increase in efficiency is concluded between ten of the technologies.

Which combinations of technologies are the most promising? A verification of the
model is executed by using the model to define all possible combinations and the
performance for every single combination. The model generates over 4000 combina-
tions and by using the developed selection process, three combinations are selected
to be the most promising concepts. Concepts Nr.20, Concept Nr.21 and Concept
Nr.22 are the final ones.

How can the model and methodology be verified?
The model is verified by implementing the twelve selected technologies and evalu-
ating if the performance is realistic. To verify the methodology, implementation of
both the individual-and-combination of technologies are performed. The outcome
of the selection process is evaluated and concluded that the most promising technol-
ogy and combination of technologies are selected. To further verify if it provides a
reliable choice, a sensitivity analysis is conducted on the individual technology selec-
tion process. This confirms the robustness of the decision. It is concluded that the
concept selection that is based on the model and the methodology, is well-founded
and it seems that these three concepts are the most promising.

6.2 Final Conclusion
The Goal is to construct a methodology that enables Volvo Penta to find the most
promising improvements, at a conceptual level, for a GenSet engine to lower the
CO2 emission with cost taken into account.
The goal is completed. By using the developed methodology and model it was possi-
ble to select three concept suggestions with a performance to increase the efficiency
of a GenSet engine by 29.4, 29.5 and 29.6%. The increase in efficiency results in
a CO2 emission decrease, which corresponds to the goal. If this project is studied
from another perspective by looking at its aim, it is evident that the project has
fulfilled its purpose, but more development must be done until 2034. The aim is to
help Volvo Penta to lower the CO2 emissions by 37.5% that are emitted from diesel
engines in GenSets during the use phase. As stated above, the goal is fulfilled, this
project has helped Volvo Penta to lower the CO2 emissions. The project has al-
though not resulted in a decrease of CO2 emissions by 37.5% and more development
has to be executed before 2034. This methodology and model is although considered
having the capacity to be developed further with more parameter values and more
technologies.
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