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Preface
The research on Pulsed Corona Technology, as a possible and innovative emission control system, is derived from an earlier project:
‘Corona Technology’ - Project 2, conducted by students at the Rotterdam Mainport University (RMU), in the year 2012. This study on
Pulsed Corona would not have been possible without the support of the TU/Eindhoven. We would like to thank them for the access
to their test facilities and in particular thank A.J.M Pemen, W.F.L.M Hoeben en F.J.C.M. Beckers, for their knowledge and skills on
this subject. Their time, help and support were of a high value to this particular research. Furthermore, we would like to thank our
local principals, at the Rotterdam Mainport University, for their guidance and expertise in the making of this report.

Boards review
Nautical activities have a significant impact on the environment and the human health, primarily by the emission of exhaust gases.
To deal with this environmental issue, emissions standards for nitrogen and sulfur compounds have been adopted by the IMO, while
even stricter regulations will be implemented by the year of 2020 and 2021.
These legislations result in the development of new and innovative technologies, in order to comply with the stated regulations,
concerning the emission of ozone depleting substances.
The objective of this study is to determine whether Pulsed Corona Technology, a potential emission control system, is capable of the
degradation of pollutants, i.e. nitrogen oxide (
) and sulfur oxide (
), contained in exhaust gases of diesel engines, in such a
way that the legislation is met. Therefore, several sub-questions have been formulated concerning the required Corona Power,
components and automation of the system, the legislation and the costs. All these questions contribute to answer the main
question: ‘How is ‘Corona Technology’ applicable and profitable onboard vessels to reduce the emission of nitrogen (
)-and sulfur
oxide (
)’.
The required information for this study is obtained through a desk- and field research, in which quantitative and qualitative research
methods have been combined. For the knowledge on the subtopics: legislations, cost effectiveness and the theoretical calculations,
information has been gained via books, scientific reports and other media. This is considered as a part of the desk research. A
quantitative research method, conducted at the TU/e was used for the determination of the specific amount of energy and the
necessary components of the reactor.
Research
The new IMO TIER III regulations state that newly built diesel engines are prohibited to emit more than 3.4 g/kWh of nitrogen oxides
inside emission control areas and 14.4 g/kWh outside these designated areas. At the same time, the regulations state that the
emissions of sulfur oxide have to be reduced to 6 g/kWh.
In order to determine the extent of the installation, i.e. the average Corona Power, which is necessary for the degradation of
nitrogen and sulfur compounds, the specific amount of energy [J/l] had to be determined.
To calculate the ‘theoretical’ emissions of NOX and SOX in exhaust gases, three engines were selected that are represented the world
fleets: the Wärtsilä 6RTA96 , Wärtsilä 9L46 and the Bolnes (field research) located at RMU. The new IMO TIER III regulations state
that these types of diesel engines need to reduce their emissions by approximately 70%. These results have been used as input for
the experiments at Technical University Eindhoven test facility.
The NOX experiments resulted in 70% conversion at an energy density of 115J/L. This resulted in a required power of 13.4 MW for
the Wärtsilä 6RTA96 diesel engine, and 2.7MW for the Wärtsilä 9L46. This experiment was conducted purely by degrading the
nitrogen oxide, no other substances were present in the target gases.
The SOX experiment resulted in 0% conversion at a maximum energy density of 150J/L this is most likely related to the absence of
water vapor in the experimental setup.
Concerning the automation, when a Corona Reactor is implemented on board, the process should be automated to ensure that
regulations are not exceeded. This can be done by controlling the “spark gap” by means of a programmable logic controller (PLC).
The PLC will receive its signals by means of transmitters which measure the concentration (g/kWh) of nitrogen and sulfur oxides,
present in exhaust gases, and the given load of the Main Engine (kW).
The initial installation costs and use of HSFO have been compared to the use of LSFO to determine the Return on Investment (ROI)
time. This resulted in a ROI of 9 to 12 years in the current economic conditions. The maintenance costs have not been implemented
in these calculations since these numbers are not available.
With the implementation of such a system on board, certain regulations concerning the introduction of new technologies and
additional factors need to be met. In this case the production of ozone and the use of high voltage.
Regarding the usage of high voltage, required for the Pulsed Corona, no regulations are specified in the maritime sector. The existing
legislation is known as the ICE60092 international standard which is limited to 11.6kV.
In order to run trials with this system implemented onboard a vessel, requirements stated by the IMO must be met. It states, among
other regulations, that during test runs LSFO must be used. When the requirements described are met, the government may issue a
permit to install the system onboard a vessel.

For further researches, the following subject needs to be investigated.
What effect does the treatment time have on the conversion of substances
Can modules be built that produce a higher power level than the current 30kW
What will happen to the substances converted in the reactor when ordinary exhaust gases are used as a
test substance, and how will this affect the energy density.
The corona reactor could be built in to an existing vessel to determine the reliability as its maintenance
sensitivity.
As the maritime law is written today, no mention is made of high voltage above 11.6 kV. New regulations
need to be adopted before these installations can be installed onboard.
Pulsed Corona Technology has proven to be a possible emission control system for the maritime sector. Research has shown that
Corona is capable of degrading nitrogen oxides sufficiently whilst working standalone onboard a vessel. Although it is a big and
expensive solution to reduce nitrogen oxides, Corona technology in the maritime sector is still in its infancy, more research needs to
be conducted into this subject which might result in cost and size reduction by increasing its efficiency. The ones that will decide
whether or not this technology is cost effective are the shipping companies which will determine if their eco-image outweighs the
costs of such a system.
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1.

Introduction

1.1
Problem Definition
Nautical activities have a significant impact on the environment and the human health, primarily through the
emission of exhaust gases. To deal with this environmental issue, emissions standards have been adopted, which
1
focus on reducing the pollutants contained in these exhaust gases. For the maritime sector, MARPOL Annex VI
sets limits to the concentration level of nitrogen oxides (
) and sulfur oxides (
) and prohibits deliberate
emissions of ozone depleting substances. As a result, new and innovative technologies need to be developed and
applied to comply with the regulations.
In short, the concentration of nitrogen oxide (
) and sulfur oxide (
are affecting the atmosphere and the environment.

) in the exhaust gases are too high, which

1.2
Pulsed Corona Technology
The emission control system, “Corona Technology”, is a project commissioned by the Technical University of
Eindhoven. See for more information chapter 2. The assignment is an extension of a research done by students of
RMU, in the year 2012. Dr.ir. W.F.L.M. Hoeben and Dr.ing. A.J.M. Pemen are external experts and experts on
Electrical Engineering and Corona Technology at Technische Universiteit Eindhoven.
The Pulsed electrical discharge technology, i.e. Corona Technology, has been widely investigated by scientific
research institutions, such as TU Eindhoven and TNO, for the degradation of hazardous materials in gas or liquid
2
state. It has already proven to be an efficient and innovative system in several sectors . However, the question
remains whether it can be used as an emission control system in the maritime sector, taken into account the
legislation and cost effectiveness. Consequently, this study will research the possible implementation of Corona
Technology on board vessels.
1.3
Objective
The objective of this study is to determine whether Pulsed Corona Technology, a potential emission control
system, is capable to degrade, nitrogen oxide (
) and sulfur oxide (
), contained in exhaust gases of diesel
engines, in such a way that the legislation is met. In order to achieve this objective a main question is formulated
with a number of sub questions, which will be elaborated in each chapter of this report.
As of the year 2020 (SOX) and 2021 (NOX). the IMO states that the ships may not emit more than 6 g/kWh of SO 2.
The regulations further demands that, depending on the engine speed, the amount of NO x may not emit
more than 3.4 g/kWh, decreasing with higher revolutions. Further details are discussed in chapter 9.
Main question: “How is ‘Corona Technology’ applicable and profitable onboard vessels to reduce the emission
of nitrogen (
)-and sulfur oxide (
)”
Sub questions:

1
2

- What is the amount of specific energy used by the Corona Technology to reduce the
concentration of harmful substances?
- What are the required components of the Corona Reactor and how can these be
integrated in the exhaust funnel?
- How can ‘Corona Technology’ be automated in relation to the concentration of SOX and NOX?
- What are the costs concerning the construction and the maintenance of the Corona Reactor.
- How does the Corona Technology compete with low sulfur fuels?
- What is the legislation concerning the construction of the Corona Reactor on board vessels?

MARPOL: ‘International Convention for the Prevention of Pollution From Ships’
Onderzoek NOx verwijdering – Corona Toepassing voor NOx verwijdering uit tunnellucht. – TU/e
Oxidative degradation of toluene and limonene in air by pulsed Corona Technology – W.F.L.M Hoeben
The degradation of aqueous phenol solutions by pulsed positive corona discharges. – E.M Veldhuizen et al
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1.4
Research Methods
The required information for this study is obtained through desk- and field research, in which quantitative and
qualitative research methods have been combined. For the knowledge on the subtopics: legislations, cost
effectiveness and the theoretical calculations, information has been gained via books, scientific reports and other
media. This is considered as a part of the desk research. A quantitative research method, conducted at the TU
Eindhoven, was used for the determination of the specific amount of energy and the necessary components of the
reactor. All information is carefully selected/processed and implemented in the report.
1.5
Boundaries
The project boundaries are closely linked to the sub questions. Whilst answering these questions, the boundaries
made sure that the research stayed on course.
Concerning the legislation the project group will look at the regulations for the emissions of exhaust gases in the
maritime sector, as if Corona technology may be used on board.
When determining the amount of specific energy that is used by Corona, the project group will limit themselves to
use three different types of diesel engines. These types will be the Wärtsilä 6RTA96, Wärtsilä 9L46 and the Bolnes.
The last mentioned diesel engine, the Bolnes located at the RMU, will only be used for a field research.
The experiments that are conducted are done under controlled circumstances. A synthetic gas will be used, instead
of ambient air. Pure NO2 and SO2 will be used to determine the specific energy. Therefore, this research does not
take the multiple different substances in the exhaust gasses into account.
The costs concerning the construction will be determined. The project group will not investigate any possible
expenses required for staff training and/or other third party expenses such as certification or inspections. Neither
will it investigate other emission control systems.
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2.
TU/Eindhoven - Orientation
The Technical University Eindhoven (TU/e) is an international leading university which focusses on research and
design. They are specified in the area of engineering ‘science & technology’, involving in education, research and
3
knowledge transfer.
2.1
Mission, vision and strategy
Mission:
TU/e is a leading international engineering science & technology specialist university. They offer
quality education and research, and thereby contribute to the advancement of technical
sciences, the development of technological innovations and the growth of prosperity and welfare
in both the private area (technology & innovation hotspot Eindhoven) and beyond.
In short, the TU/e profiles itself as the university where innovation begins: “Where innovation
4
starts”
Vision:

Walk in 2020 on the TU/e Science Park: stroll through the green 'city' bursting and lives and
where people work, study, business, residential, sports and recreation. And where a lot of
5
room is for meeting and collaboration.

Strategy:

The TU/e as in 2020, the world leading position as an international research university in
engineering science & technology. She is known to its great scientific and social impact and its
substantial significance for the competitiveness of Brainport Southeast Netherlands and the
6
Dutch knowledge.

Mission Faculty Electrical Engineering:

The department wants a research-driven and technology- based
design department, which has an excellent academic environment for
educating youth. It focuses on generating and spreading knowledge
within its scientific domain, to contribute to the quality of society and
7
a driving & innovative force for that society.

3

http://www.tue.nl/uploads/media/TUE_jaarverslag_2011_01.pdf
Mission and Profile
http://www.tue.nl/universiteit/over-de-universiteit/profiel-en-missie/
Mission TU/e
5
http://www.tue.nl/uploads/media/TUE_2020_brochure_NL.pdf
‘Het jaar 2020 Lonkt’
6
http://www.tue.nl/uploads/media/TUE_2020_brochure_NL.pdf
‘Strategie in een notendop’
7
http://www.tue.nl/universiteit/faculteiten/faculteit-electrical-engineering/de-faculteit/ Mission
4
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2.2
Organization
The Executive Board manages the Technical University Eindhoven (TU/e). The TU/e has nine faculties and eleven
services. The services support the Executive Board and the faculties. The Supervisory Board (SB) of the Technical
8
University Eindhoven oversees the management and administration of the whole university.

The Faculty Board “Electrical Engineering” consists of three members: Dean (Prof. Ton Backx), board member with
portfolio Research (Prof. Ton Koonen), and Director of Administration (Dr Suzanne Udo). The Program Director
(Prof. Bart Smolders) is an advisor to the board. There is also a student advisor to the board (Teun van den
Biggelaar) who attends the meetings and, if necessary, lets the voice of students be heard. The members and the
student advisor are appointed by the Executive Board.
The Faculty Board has a mandate from the Executive Board for education and research in the field of Electrical
9
Engineering and purpose to organize contracts (personnel and financial) to enter.

8
9

http://www.tue.nl/universiteit/kolom-1/over-de-universiteit/organisatie/
Organisation
http://www.tue.nl/universiteit/faculteiten/faculteit-electrical-engineering/de-faculteit/organisatie/bestuur/
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2.3

External Analyses

Sponsors
The TUE relies partly on the government and companies for financing. When the university wants to conduct a
certain test it requires finance. To get this, sponsors are needed to make this plan work. Therefore they require a
good image as scientific institute. As an example, the Corona project is sponsored as well, this project requires gas
cylinders of NO2 and SO2. These cylinders are paid by external parties. Since the university depends on these funds,
it can be seen as a weakness for universities.
Advertising
Another factor are the students. A university requires students. It’s a simple fact, no students means no university.
To make publicity as a proper university is very important, because of this students will choose TU/e. Advertising is
a main factor for a university, and it is important to start advertising in an early stage, such as at the start of a high
school year.
World Economy
Job guarantee is nowadays one of the most important factors for students. After graduating everyone wants to
work in their sector. Universities are, most of the times, focused on one subject like technical subjects. If there is
work in the technical sector of the world, market people will most likely choose for a technical education. This is
not as clear-cut, but when the world economy is bad and job guarantee is slightly, students might think twice
before they choose a Master degree.
Technical Development
Technical development is a fast-growing movement. Everyday new products are available. More important is that
a green environment is crucial to companies. Not only for legislation but also for representing the company.
Technical development will be needed to make it possible to ‘live green’ and comply with the legislations. At this
moment there is still a need for technical students, even in the time of recession. This is positive concerning
technical universities such as TU/e.

2.3.1

SWOT analyses

Strengths
S1: Centralized research facility
S2: Large knowledge base
S3: Focused on one subject (high knowledge)
S4: New discoveries
Opportunities
O1: Innovations
O2: Economical profits
O3: Appearance from other countries

Weaknesses
W1: Focused on one subject (electrical engineering)
W2: Partly relies on funding (government,
companies)
W3: Need of talented students, relies on high schools
etc.
Threats
T1: Other universities
T2: Other solutions to innovation
T3: World economy
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2.3.2

Confrontation Matrix
Opportunities

Strengths

Weaknesses

S1
S2
S3
S4
W1
W2
W3

O1
+
+
+/+
+/-

Threats
O2
+
+
+/+/+/+/+/-

O3
+/+
+/+
+/+/-

T1
+/+
+
+/+/-

T2
+/+
+
+
+/+/-

T3
+/+
+/+
+/+/+/-

Meaning of marks in table:
- =
negative effect
+/- =
neutral effect
+ =
positive effect
Above mentioned confrontation matrix proves that there are mostly neutral effects. Therefore, Corona
technology should have a good chance of development. However, it may compete with other systems for
reducing the NOx and SOx. The matrix shows a good score, but it also shows that one needs to be aware of
the negative effects. This is partly the funding and talented students. It probably doesn’t affect the corona
project, but the score helps to be aware of it.
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3.
Corona Technology
10
In order to fully understand the working principles of the Pulsed Corona Technology, a brief introduction will be
given, in relation to the subject. For this matter, a schematic drawing will be used as illustration, figure 2.
3.1
Working Principle
Besides the three common states of matter in physics; solid, liquid and gas, a fourth state of matter is observable,
known as plasma, a substance which has no definite volume or shape. The electrical discharge, i.e. Corona
discharge, is brought on by the exposure of gas to a high electric field (E), supplied by means of an electrode
configuration (1) and a high voltage power supply (2). See paragraph 2.3 General Structure. Due to the strength of
11
12
13
the field, excitation , ionization and dissociation of gas molecules takes place, thus changing the electrical
characteristics of a gas. In ambient air, therefore also in exhaust gases, above mentioned reactions will create
1
reactive oxygen compounds, such as ozone ( ), hydroxyl (OH·) and singlet oxygen
. With these radicals (atom,
molecule, or ion with an unpaired electron), target components (3) like flue gases, hydrocarbons and tar are
oxidative degraded. See for further information paragraph 3.2 Chemical Reactions.
3.2
Chemical Reactions
The degradation of pollutants or other target components is a pure chemical reaction, caused by the influence of
Pulsed Electrical Discharges (Corona), creating reactive oxygen compounds. These are atoms or groups of atoms
that have one or more unpaired electrons. A characteristic of radicals is that they have extremely high chemical
14
reactivity . Due to these substances, oxidative chemical reactions will occur, which allow molecules, like nitrogen
oxide
), originally not soluble in water, to dissolve.
3.2.1
Nitrogen and Sulfur compounds
Incase nitrogen and sulfur compounds are effected by reactive oxygen species (ROS), the following
reactions will take place, illustrated in figure 1. The image shows a schematic overview of the relation
between the initial (nitrogen and sulfur compounds) and final product (acids), under influence of Pulsed
Corona Energy. The final products are: nitric acid
(g, aerosol), nitrous acid
(l, solution),
sulfurous acid
(g), and sulfuric acid
(g, aerosol). These reactions will be further indicated by
the term ‘conversion’, thus the conversion, in percentage %, of the initial product to another (final)
product. Note: the illustration (1) does not address quantities of reactants and products in the chemical
reactions.
Figure 1. Relation between Nitrogen,
Sulfur and the applied Pulsed Corona.

The substances, resulting from the chemical reactions are of such a nature (acids) that they should be converted to
‘harmless’ products or flushed. Therefore other components are required, which need to be implemented in the
system. See chapter 6 ‘Components and Integration’.

10
11
12
13
14

Plasma Technology – Maritime University of Applied Sciences, Terry Jansen et al
Excitation, elevation of a molecule to a higher energy level
Ionization, conversion of a molecule to an ion by adding or removing charged particles, i.e. electrons
Dissociation , fragmentation of molecules into smaller particles
http://www.vivo.colostate.edu/hbooks/pathphys/misc_topics/radicals.html
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3.3
General Structure
As mentioned before, a typical Pulsed Corona System consists of two main components, an electrode
configuration, i.e. Pulsed Corona Reactor (1) and a high voltage power supply, referred to as the Pulsed Power
Supply (2). See figure 2.
3.3.1
Pulsed Corona Reactor (1)
The degradation of target components (3), by means of Pulsed Corona Power (4), takes place in the
Corona Reactor. It consists of several ‘electrodes’, which are composed of stainless- steel cylinders and
wires, suspended between a lower and upper frame. The size of the reactor entirely depends on the
required power, and thus the treated substance(s) and their concentration.
3.3.2
Pulsed Power Source (2)
The required energy for the formation of a high electric field (E) is provided by a high voltage power
supply, which in turn is powered by an alternating current (AC), the power supply. These high voltages are
15
16
applied to the Corona Reactor (1) in the form of pulses (
sec.) of approximately 60,000 V , which is
enough voltage to create an electrical discharge (arc) in the electrode configuration. In addition, a
constant voltage of 20,000V is supplied to the reactor, to enlarge the energy per pulse, to improve the
power transfer (impedance matching between the pulse forming network and the reactor) and to enable
electrostatic precipitation (removing impurities from gases).

Figure 2. Schematic drawing of a typical Pulsed Corona system
Note: Further explanation of the above mentioned principles can be found in the report ‘Plasma Technology’.

15

16

Pulses, instead of a constant high voltage, are applied for two reasons, the efficiency, i.e. to create as
many reactive oxygen compounds, with the least amount of energy, and the fact that a constant high
voltage will create a continuing arc. As a result, high currents are produced, which are unwanted and have
negative effects on the reactor.
Dielectric strength of ‘air’ is approximately 25kV/cm (varies with the pressure). If this value is exceeded
electrical breakdown of the gas will occur, thus causing an electrical discharge (arc).
The required amount of pulsed Corona power, applied to the reactor, depends on the distance (cm)
between the electrode (wire) and the cylinder in the Corona Reactor, e.g. a radius of 4 cm requires 100kV.
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4.
Theoretical Information
In order to determine the size of the Corona Reactor, i.e. the average Corona Power, the specific amount of energy
[J/l] needs to be known, defined as the required energy for the degradation of substances, at 63% conversion.
With this ‘factor’ the energy density for a conversion of approximately 100% can be determined. It depends on a
total of three factors, the exhaust gas emissions (flow rate), the concentration of pollutants and the efficiency of
the Corona (energy density), required to reduce the concentrations of pollutants.
4.1
Specific Energy
To ascertain the specific energy
, an experiment is conducted, using a test arrangement at the TU Eindhoven.
With this research the difference between the initial and final concentration of the harmful substances will be
measured (Infrared Spectrometer FTIR), before and after the pulsed Corona gas treatment.
Eventually these results will lead to the required specific energy , by means of a functional graph. This graph, see
figure 4, shows the energy density ( ) and the concentration of the harmful substances on the horizontal and
vertical axis. The energy level ( ) is defined as the ratio of pulsed Corona discharged power and volumetric gas flow
17

rate . It can be calculated by
, where represents the pulse repetition rate [Hz],
power [J] and F is equal to the volumetric gas flow rate [
/s].

is the average Corona

The energy per pulse
is determined by the equation,
∫
In which
and
(constant high voltage) represent the total supplied high voltage to the reactor, and the
current
(determined by control equipment of the Reactor). Voltage [V] multiplied with the current [I],
equals power [W], thus
. By integrating the power and the time (area beneath the curve, shown in figure
C), the supplied energy per pulse
[J] is determined. To clarify this formulation, figure 3 is used.

Figure 3. Typical reactor voltage (A), current (B), power (C) and energy (D).
17

Oxidative degradation of toluene and limonene in air by pulsed Corona Technology – W.F.L.M Hoeben
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As mentioned before the specific amount of energy of a substance can be shown by means of a functional graph,
an example is shown in figure 4. The shape of the functions indicate that the concentration will decrease or
increase with the variation of the energy density.
Figure 4. Pulsed Corona gas treatment
Concentration of a substance in relation
to the applied Corona energy density. It
shows three curves from different
components, respectively 1, 2 and 3, with
their own specific energy.

1)
2)
3)

= 10 J/L
= 50 J/L
= 100 J/L.

Odor
Ethylene
Toluene

The curve that is created, figure 4, is a part of the following exponential function, and the conversion formula:
, in which the value x represents the amount of conversion. This number varies between the 0 and
1, respectively 0% and 100% conversion. If the applied energy density is 0 J/L, than
.
C

= Concentration of specific pollutant
= Initial concentration
= Applied Corona energy density, energy per volume gas [J/L]
= Specific Energy [J/L], at 63% conversion

The specific amount of energy
, is determined at 63% conversion (‘time constant’) and is thus displayed at 37%
on the vertical axis (functional graph: concentration = 1 - C/ ). Note: at 63% conversion the applied energy density
( ) is equal to the specific energy ( ). See appendix I for more information, proof.
In short, the specific amount of energy , needed for the degradation of a substance, thus decreasing the
concentration by 63%, is determined by the initial concentration, which is different for each substance, and the
flow. For instance: to convert toluene, by 63%, a specific amount of energy of approximately 100 J/L is necessary,
while 10 J/L is enough for the degradation of an odor, as shown in figure 4.
Thus, to obtain a conversion of 100% a higher energy density ( ) than the specific energy
is required.
4.2
Average Corona Power
The average Corona Power [W] depends on the flow of the exhaust gases and the efficiency of the pulsed Corona
gas treatment. The extent of the installation, and eventually the cost depend on this value, see chapter 7 ‘Costs’.
Accordingly to the following formula the average Corona Power can be determined,
P=

P

= Average Corona Power [W]
= Energy per Pulse [J]
= Pulses per Second [Hz =
]
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4.3
Calculations
In order to determine the required amount of specific energy ΔE, the exhaust gas emissions (flow rate) and the
concentration of harmful substances need to be determined. These values can be acquired by either theoretical
calculations, using existing engine data or by means of an practical analyses of the exhaust flows and substances
of a running diesel engine.
The calculations in this paragraph are limited to theoretical combustion. In this condition all hydrocarbon and
18
sulfur molecules which are injected into the cylinder will vaporize, mix with oxygen and burn completely. A
further restriction with these calculations is that the flow and the sulfur content can only be determined
theoretically. However, nitrogen oxides, on the other side, cannot be calculated since the production of nitrogen
oxide relies on the combustion temperature and the amount of burned fuel, which can only be analyzed with a
flue gas meter. This analyzer was used to determine the NOx emission of the Bolnes diesel engine.
The world fleet sails with a variety of diesel engines. For this experiment, three engines have been chosen that are
representative to the worlds fleet today. Each one has its own specifications, showed in the following table. Note:
one of the diesel engines (the Bolnes), is situated at the Rotterdam Mainport University of Applied Sciences on
which a field research is conducted. No theoretical calculations will be applied to this engine.
Specifications of the Diesel Engines
Engine type
Bore
Stroke
2 or 4 Stroke
Max. Engine speed
Max. Effective power
Specific fuel consumption
Air factor
Cylinders

Wärtsilä 6RTA96
960 mm
2500 mm
2
102 RPM
40040 kW
171 g/kWh
2.22 kg/MWs
6

19

Wärtsilä 9L46
460 mm
580 mm
4
500 RPM
9000 kW
185 g/kWh
2 kg/MWs
9

20

21

Bolnes
190 mm
350 mm
2
600 RPM
400 kW
0.79 kg/MWs
3

4.3.1
Theoretical calculations
To theoretically determine the amount of SOX, (ppm and g/kWh) being emitted into the air, a sequence of
calculations has to be made, requiring above mentioned data.
The first step is to determine the fuel consumption of a diesel engine, by means of the following
equation (1).
(1)

= Mass fuel per second injected into the engine [g/s]
= Specific fuel consumption [g/kWh]
= Effective power produced by the engine [kW]
Note: the specific fuel consumption ( ) can be calculated for every engine. Typical value for a slow speed
22
2- stroke engine is 170 g/kWh and for a 4- stroke engine 180 g/kWh.

18
19
20
21
22

http://www.theparkstore.com/tech/fuel/improving-heavy-fuel-oil.pdf
http://www.Wärtsilä.com/en/engines/low-speed-engines/RT-flex96C
http://www.Wärtsilä.com/en/engines/medium-speed-engines/Wärtsilä46
Manual ‘Bolnes’
Scheepsdiesel motoren page 2-10
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In order to calculate the amount of air, which is required for a total combustion and cylinder flushing, the
following formula is used (2). It has to be noted that the specific air consumption ( ) can be determined
by means of calculation, however, the required data for this equation is not available to this study.
Typically the specific air consumption can be defined as 2.5 kg/kJ, for a 2 - stroke diesel engine and 2.0
23
kg/kJ for a 4 -stroke, at full load. Note: During a test run on the Wärtsilä 6RTA96 2.22 kg/kJ was
24
measured by a teacher of the RMU.
(2)

= Mass air per second sucked into the engines cylinders [kg/s]
= Mass air used per kW of effective power produced [kg/kJ]
= Effective power produced by the engine [kW]

The total amount of exhaust gases emitted by a diesel engine, can be determined (3), with the knowledge
that the input of fuel – and air flow equals the output of exhaust gases.
(3)

= Total amount of exhaust gas [kg/s]
= Mass air per second sucked into the engines cylinders [kg/s]
= Mass fuel per second injected into the engine [kg/s]

To convert the amount of exhaust gases to a volumetric flow [ /s], the following method (4) is used, in
compliance with the gas law. In this case, the flow is calculated in relation to the nominal air flow. This
means that the flow and temperature are defined at 1 bar, 273 Kelvin.
̇

(4)
̇

̇

3

= Exhaust flow leaving the funnel [m /s]
= Total amount of exhaust air [kg/s]
= Density of the exhaust air at nominal conditions [kg/
= Exhaust air pressure [bar]
= Nominal air pressure [1 bar]
= Exhaust air temperature [K]

]

With above mentioned information the total mass of SO2 per kg fuel can be determined. This method
25
requires the mole of oxygen and sulfur which can be found in a periodic table
(5)

̇

= Mass SO2 per second [kg/s]
= Sulfur content in the fuel [%]
= Mole mass of sulfur [g
]
= Mole mass of oxygen [g
]
= Number of oxygen atoms
= Mass fuel per second [kg/s]

Explanation: Sulfur has a molar mass of 32 g
and oxygen has a molar mass of 16 g
.
Since SO2 consist of two oxygen atoms, the mole of oxygen is multiplied by two in this equation.
The percentage relies on the sulfur content of the fuel that is being combusted. HFO typically has a sulfur
26
content of approximately 3 percent , depending on the batch and where it was made.

23
24
25
26

‘Scheepsdiesel motoren’ - page 2-16
mr. B.R. Veldhoedt on a 6RTA96 flex
http://www.lenntech.nl/periodiek/periodiek-systeem.htm
http://www.standard-club.com/docs/AMaster'sGuidetoUsingFuelOilOnboardships.pdf
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In order to determine the sum of SO2 in parts per million, the amount of mole ‘exhaust air’ and SO2
needs to be defined, by means of the mass flow and molecular mass of both components. See equations
(6) and (7). Note: the molecular mass of SO2 is determined by two times the molecules mass of oxygen,
and the molecular mass of Sulfur, resulting in 64 g
. ‘Exhaust gas’ has a molecular mass of
27
approximately 28.97 g
.
(6)

̇

̇

= Mass SO2 per second [g/s]
= Molecular mass SO2 [g
= Amount of SO2 [mol/s]

(7)
‘air’

]

= Mole air per second [mol/s]
= Total amount of exhaust gases [g/s]
= Molecular mass [g
]

Next the parts per million of SO2 are divided to the exhaust gas flow [mole air
(8)

].

= Mole SO2 [mol/s]
= Mole air [mol/s]
= Sulfur oxides [ppm]

To verify, whether a diesel engine complies with the new Tier III norm, implemented by the IMO, it is
necessary to determine the emission of SO2 [ ⁄
. See formula (9),
̇

(9)
̇

= Mass flow
[kg/s]
= Effective power [
= SO2 [ ⁄

The results of the above mentioned equations for both diesel engines are as follows;
Diesel Engine
Wärtsilä 6RTA96
Wärtsilä 9L46

Results SO2
1043 ppm SO2 or 18.65 g/kWh
1247 ppm SO2 or 20.36 g/kWh

Note: The sulfur oxides produced by the Bolnes diesel engine have not been calculated, since this engine is
selected for a field research, purely to determine the amount of nitrogen oxides when running on
Moderate Fuel Oil. This type of fuel oil does not contain any sulfur compounds.
See for the complete calculations and results of above mentioned formulas, appendix ll.

27

http://www.engineeringtoolbox.com/molecular-mass-air-d_679.html
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4.3.2
Diesel Engine ‘Bolnes’
As mentioned before, the amount of
, produced by a diesel engine cannot be theoretically
determined, since the production of nitrogen oxide depends on the combustion temperature and the
amount of burned fuel. In order to define these values (amount of
), a practical research was
conducted at the Rotterdam Mainport University, making use of the ‘Bolnes’ engine, which is an older
type engine.
Important:

The Bolnes two-stroke diesel engine runs on MDO (Marine Diesel Oil), making it
impossible to measure sulfur compounds, since the engine does not emit these
substances.

Procedure
In order to perform calculations on the Bolnes diesel engine, various variables need to be defined, in
relation to the emission of nitrogen compounds. These include; the air temperature, humidity and
pressure, measured by a portable weather station; the inlet air flow (flow measuring flange); the exhaust
gas temperature (temperature indicator) and the consumed fuel quantity.
To measure the hazardous substances in the exhaust gases, emitted by the diesel engine, a flue gas meter
(Kane 900plus) is used. It is able to measure nitrogen oxide compounds, and calculate the amount of
, as well for sulfur components. The instrument consists of a probe, which is positioned in the center
28
of the exhaust funnel, providing the gases to enter the ‘measuring cell’.
4.3.3
Results
During the test rounds multiple substances have been measured by means of the flue gas meter, including
oxygen levels, carbon oxide levels and carbon dioxide levels. However, the most important substances
during these experiment are nitrogen oxide and nitrogen dioxides. See below mentioned results.
To comply with the IMO regulations, it is essential to determine the emission of
[g/kWh]. To do so,
previous mentioned equations are used, see paragraph 4.3.1 Theoretical calculations, and Gay-Lussac's,
Boyles law (Ideal gas law, better known as the combined gas law. Note: refer to the conclusion, paragraph
4.3 and appendix II & III for more information concerning these calculations.
Bolnes diesel engine
Exhaust gas air flow
Fuel consumption
NO

28

80% MCR
0.25 kg/s
0.021 kg/s
1306 ppm
1372 ppm

70% MCR
0.17 kg/s
0.018 kg/s
1339 ppm
1410 ppm

http://www.kane.co.uk/online-catalogue/emissions-monitoring/kane900plus
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4.4
Conclusion
In order to determine the extent of the installation, i.e. the average Corona Power, the specific amount of energy
[J/l] needs to be known. This amount depends on a total of three factors, the exhaust gas emissions (flow rate), the
concentration of pollutants and the efficiency of the Corona (energy density).
The results of above mentioned theoretical calculations, regarding the Wärtsilä 6RTA96 and Wärtsilä 9L46, show
that these types of engines emit a significant amount of SO 2 when the fuel contains 3% sulfur, this is above the new
norm.
The Wärtsilä 6RTA96 emits 18.65 g/kWh SO2 into the atmosphere, this amount needs to be
reduced to 6 g/kWh SO2.
The four-stroke Wärtsilä 9L46 emits 20.36 g/kWh SO2 into the air, therefore it has to be reduced
by a value of 14.36 g/kWh.
These numbers show that both engines need to reduce their SO 2 emission by approximately 70% to comply with
the new IMO regulations.
The experiments with the’ Bolnes’ which was strictly used in a field research the determine the NOX production,
have shown that this diesel engine emits 4.185 g/kWh NOx This amount is not allowed according to the IMO
regulations. To have the Bolnes comply with these rules, the engine has to reduce the amount of NO by 15%. To
conduct a realistic, though theoretical scenario at Technical University Eindhoven, the experimental set up will
need to produce 1200 PPM SOx and 1300 PPM NOx. This way the Corona Reactor is faced with realistic densities of
the pollutants.
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5.
Research
The objective of this study is to determine whether Pulsed Corona Technology is capable of degrading pollutants,
i.e. nitrogen oxide (
) and sulfur oxide (
), contained in exhaust gases of diesel engines, in such a way that the
legislation is met. To do so, the specific energy for both substances (
and
), need to be determined, by
means of an experiment, conducted at the TU Eindhoven.
5.1
Experimental Setup
In order to apply the pulsed Corona treatment, a system, i.e. test arrangement is needed, which consists of a high
voltage power supply and a reactor, see also Chapter 3’ Corona Technology’. The results, i.e. concentration of the
substances, are obtained by using a single Infrared Spectrometer, which is installed after the pulsed Corona
Reactor. In the following illustration, figure 5, a schematic drawing of the test arrangement can be found.
5.1.1
-

-

-

-

29

30
31

32
33

Experimental Setup – Components
Gas supply
To simulate the flow of exhaust gases from an diesel engine, irrespective of the type, two gas
cylinders are provided with sulfur and nitrogen oxide (10.000 ppm, 1%). Both components are
main elements in the exhaust gases when running on Heavy Fuel Oil (HFO). Mixed with ambient
dry air it will provide an adequate, though theoretical representation. The concentration of sulfur
and nitrogen oxide during the research will be varied.
29
Pulsed Power Source (PPS)
The pulsed Corona, which is needed for the degradation of hazardous substances, is provided by
means of the Pulsed Power Source (PPS). It consists of three elements, which create a pulsed
peak voltage
up to 1000 pulses per second and a constant DC voltage of
approximately
, to enlarge the energy per pulse
By changing the frequency, the
total Corona Power can be varied to the required value.
Pulsed Corona Reactor
The degradation of sulfur oxide (
) and nitrogen oxide (
), takes place in the Corona
30
Reactor . It consists of a total of 16 stainless-steel cylinders and wires in parallel, suspended
31
between the upper and lower framework. Furthermore, in order to prevent unwanted electric
arcs or currents in the reactor, the frames are equipped with ceramic high voltage insulators. This
whole construction constitutes the ‘electrodes’, to which the electrical pulses are supplied.
32
FTIR (Fourier transform infrared spectroscopy)
Infrared technology which simultaneously collects data in a wide spectral range of combustion
gases or other target gases. This spectral data varies for each substance, and is based on the
characteristic infrared absorption of a molecule. These characteristics are determined by the
changes in vibrational and rotational status of the molecules.
The collected data will be shown in a spectrogram, on the horizontal axis the wavenumber and
vertical the level of absorbance. After processing the information it eventually results in the
concentration of elements present in the gases.
In order to avoid thermal noise during the experiment, which has a negative influence on the
instruments, thus the measurements, liquid nitrogen (-196°C) is used. This element cools the
33
infrared detector of the FTIR during the experiment. Thermal noise (infrared) is caused by

Oxidative degradation of toluene and limonene in air by pulsed Corona Technology – Hoeben et al
An industrial streamer Corona plasma system for gas cleaning – Winands et al
Description hybrid pulsed power source
For more information see chapter 2 ‘Corona Technology’
Dimensions: 1 m length; 160 mm internal diameter
“Oxidative degradation of toluene and limonene in air by pulsed Corona Technology – W.F.L.M Hoeben”
The theory behind FTIR analyses – Lars-Erik Åmand and Claes J. Tullin
MCT (Mercury-Cadmium-Telluride) infrared detector,
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thermal excitation of the charge carriers (electrons) and seriously disturbs the detector head in
determining the spectral data of the exhaust gases.
The FTIR that is used for the measurement contains a variable path length gas cell, which has a
total volume of 6 liters. To conceive an accurate reading on the interferometer, this volume
needs to be flushed at least 3 times.
This study focuses on the pollutants sulfur and nitrogen oxide, however, the FTIR is able to detect several other
substances. Such as water vapor (
), carbon dioxide (
) and ozone ( ). Each component has its own specific
34
35
wavenumber(s) [
], thus absorption regions between the 4000 and 400
.
Water vapor (
), approximately around 4000-3500
and 2000-1300
Carbon dioxide (
), approximately around 2400-2220
and 730-605
36
Ozone ( ), approximately around 1075-965
Nitrogen dioxide (
), approximately around 1550-1650
Nitrogen oxide (NO), approximately around 1800-1950
Sulfur dioxide (
), approximately around 1300-1400
Example of a spectrogram in the 4000 and
400
mid – IR area.

The vertical axis shows the concentration of a certain substance and the horizontal line shows the wavenumber.

Figure 5. Schematic drawing of the test arrangement at ambient temperatures (diagnostics and gas flow)

34
35
36

The wavenumber is defined as the number of wavelengths per unit distance, thus 1/λ [
mid – IR area (mid-infrared area).
Only applies when the gas is treated by Corona Power.

]
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5.2
Details
To provide an adequate representation of exhaust gases and concentration of pollutants a theoretical approach is
required. Therefore three common diesel engines have been selected, which will represent the ‘world fleet’. With
these facts and figures and the practical knowledge of diesel engines, calculations have provided the specific flow
of gases and the concentrations of
and
, when running on HFO. See paragraph 4.3 Conclusion.
The experiments will take place at varying concentrations of
and
. These figures are derived from
theoretical calculations, a part of the desk research. The following values are selected,
Diesel Engine
Wärtsilä 6RTA96
Wärtsilä 9L46
Bolnes
*

**

Concentration NOX in [ppm], [g/kWh]
1300 ppm NOX*, 10.89 g/kWh
1300 ppm NOX*, 9,73 g/kWh
1300 ppm NOX , 4.185 g/kWh

Concentration SO2 in [ppm] , [g/kWh]
1043 ppm SO2, 18.65 g/kWh
1274 ppm SO2, 20.36 g/kWh
Not applicable**

The amount of Nitrogen compounds cannot be calculated theoretically. Therefore, the assumption has
been made that the concentration [ppm], emitted by the ‘Bolnes’ is equal to the emission of the Wärtsilä
6RTA96 and Wärtsilä 9L46.
The sulfur content of the Bolnes cannot be calculated due to the fact that this engines runs on MDO which
does not contain sulfur. Note: the Bolnes diesel engine is strictly used to conduct field research.

To determine the required energy density ( ) for the degradation of sulfur and nitrogen compounds, five
measurements shall be carried out for each concentration, see above mentions table. Note: by boosting the pulsed
Corona power the energy density of the Corona is varied, and thus the degradation level of the substances.
Important notifications
Measurements will take place at the environmental circumstances (temperature and humidity) in the
laboratory. Generally these figures differ between 20 - 23 .
The experiments focus primarily on the degradation, i.e. removal of
and
. There will be no
research on other substances present in the ‘exhaust gases’ (ambient air). However, the emitted final
products will be included in the conclusion.
The calculations are purely theoretical, except for the ‘Bolnes Engine’. Assumptions have been made to
provide an adequate representation.
The measurements are restricted to the flow produced in the test arrangement, located at the TU/e. The
installation is restricted to the maximum output of synthetic air that can be fed through the reactor.
The after-treatment scrubber system is not integrated in this research, thus making it impossible to
determine the effect of this system
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5.3
Experiment hypotheses
37
Using the obtained knowledge from previous researches on this specific subject (i.e. Plasma Technology ) certain
expectations of the experiment can be devised. These include the degradation of the nitrogen and sulfur
compounds, the required Corona Power. Another expectation is that, besides the degraded compounds of
nitrogen and sulfur, additional substances will be present.
Expectations: - Nitrogen oxide (NO) will degrade to nitrogen dioxide, if influenced by Corona Power. The
required energy density is unknown, however the expectation is that this amount will be of a
high value.
- Besides the degradation of sulfur and nitrogen compounds, substances like ozone ( ) and
nitrogen dioxides (
will be created. How high these values will be is unknown, although it
will depend on the applied energy density.
- The target component in this experiment is synthetic air, mixed with the pre-determined
concentrations of nitrogen and sulfur. By the use of these gases it is expected that several final
products of the degradation reactions will not be formed, since synthetic air does not contain
humidity. This substance is needed to create certain radicals for the chemical reactions.
- In relations to nitrogen compounds, it is expected that the degradation of sulfur will require
more energy.
5.4
Procedure
In order to make the installation ready for use, several components have to be installed, connected and checked.
An arrangement is made in which the Corona treated gases are submitted trough the FTIR, and subsequently to
the flow indicator (FI), in which the flow of air is determined [l/min]. The flue gas meter (Kane 900plus) is
positioned between the infrared spectrometer and the flow indicator, to analyze the initial concentration (ppm) of
nitrogen and sulfur compounds, when the Corona Power is disabled. See figure 6.
The meter is positioned in this after the FTIR to determine a steady gas flow and concentration is leaving the has
cell thus a full flush cycle has been completed.
It has to be noted that a different Corona Reactor is used than described in paragraph 4.1 experimental setup.
Instead of a 16 cylinder reactor, a one - cylinder reactor is used. This is due to the arrangements of different
components at the TU/e. With the use of the smaller Corona Reactor it is easier and quicker to obtain a stable
reading of the concentration at a synthetic air flow. However, it cannot be stated whether a other reactor makes
an difference in the results.
Figure 6. Diagnostic arrangement of the
experimental set-up at the TU/e

For the research at a varying flow rate and concentration, a reference, regarding the spectral data (FTIR), is
required. Therefore, prior to the actual experiment a background- and baseline measurement need to be taken. In
both cases the Corona power is disabled.
Background

37

To withdraw any conclusion from the experiment, the measurements need to be
compared to a background. During this type of measurement, the Pulsed Corona Power
is disabled and the synthetic air flow is adjusted to a specific value in l/min. Afterwards
the gas cell (FTIR) is purged with synthetic air (nitrogen), at least three times. This air

Plasma Technology – Maritime University of Applied Sciences, Terry Jansen et al
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does not include infrared active molecules, i.e. water (
and carbon dioxide (
),
in contrast to ambient air. At the same time the flue gas meter (measures ppm) is
calibrated, thus creating a clean background. With this procedure no additional ‘noise’ is
formed, which would contribute to a negative influence on the measurements, thus the
results of this experiment.
Baseline measurement

In this particular measurement synthetic air and the selected concentration (ppm) of
nitrogen and/or sulfur compounds flow through the Corona Reactor and gas cell,
without the use of the Pulsed Corona Power. This results in a comparison of spectral
data, between the synthetic air, mixed with a specific concentration of nitrogen,
sulfur and the background gas (synthetic air).

Pulsed Corona

The treated gas, which is supplied to the Corona Reactor, consists of synthetic air
mixed with the sulfur and nitrogen, in a constant concentration. The pulsed
Corona Power is enabled and the frequency (Hz) is set on the desired value. The FTIR
will be flushed at least three times to obtain ‘clean spectral data’, which will be plotted
on the data sheet. In case the recording is successful the Corona Power will be enabled.

5.5
Experiment
In this paragraph the trial runs and the actual measurements, conducted at the TU/e, will be elaborated ,
concerning the degradation of sulfur and nitrogen compounds, by means of Corona Power.
5.5.1
Trial
In order to obtain some experience on the test arrangement and to ‘fine tune’ the diagnostic
equipment, several trial runs are conducted on different concentrations.
(1) Nitrogen Oxide

Results:

Note:

Synthetic air flow - 2SLM(liter per minute)
concentration – 1300 ppm
Corona Power - disabled

Two peaks were observed on the spectrogram, respectively NO and
. However, the
concentration of nitrogen oxide (NO), exceeded the ‘detecting level’ (absorbance) of the
gas cell (FTIR) due to the high concentration of NO which absorbed al the infrared light.
Therefore the decision was made to conduct the following trial at a lower concentration

(2) Nitrogen Oxide

Results:

Settings:

Settings:

Synthetic air flow – 2 SLM
concentration – 98 ppm
Corona Power – enabled
Frequency - 200 Hz
Energy density – 360 J/L
The created absorbance peaks of the substances, were within the boundaries of the
gas cell, making the further experiment possible. With the Corona Power enabled, the
spectrogram revealed that the NO (nitrogen oxide) level decreased to 0 ppm, and the
NO2 level increased to 98 ppm, accordingly. Conclusion, a full conversion.
As expected, another substance could be observed, ozone (O 3), this meant that the
Corona Reactor was overpowered, thus the frequency had to be decreased.
During the flushing of the system with synthetic oxygen, another problem occurred. The
gas flue meter was not able to detect any substances, no nitrogen oxide, nor nitrogen
dioxide. This phenomenon was caused by the influence of the ozone on the sensor,
disrupting the device for at least 45 minutes.
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(3) Nitrogen Oxide

Results:

Note:

Settings:

Synthetic air flow – 2 SLM
concentration – 98 ppm
Corona Power – enabled
Frequency - 100 Hz
Energy density – 136 J/L
The same results were observed at the spectrogram as in trial (2), i.e. full conversion.
However, with a lower ozone concentration. This is due to the fact that a lower energy
density was used to degrade the substances, although the energy density is still
excessive.
To counter the occurred problems, in relation to the flue gas meter, the test
arrangement was slightly altered to act on the present delays. A three way valve
was placed between the exhaust air hose and the flue gas meter. It had an open
connection to the ambient air, thus when the Corona Power was enabled, the indicator
could calibrate with the ambient air, instead of the target gases thus the meter could
not be influenced by ozone. Another limitation to the desired concentration (ppm) was
the needle valve, used to control the concentration of nitrogen oxide. Due to the highly
corrosive effects of this substance, the valve was damaged in such a way that a
replacement was necessary.

5.5.2
Experiments
The actual measurements on the degradation of sulfur and nitrogen compounds are divided into three
separated experiments; an individual measurement of nitrogen or sulfur, and a combination of both.
The following settings are selected,

(1) Nitrogen oxide

Setting:

Concentration – 304 ppm*
Synthetic air flow – 6SLM
Frequency, respectively 60,40,20 and 10 Hz
Corona Power - Enabled

(2) Sulfur oxide

Setting:

Concentration – 228 ppm*
Synthetic air flow – 6 SLM
Frequency, respectively 10,30,60 and 100 Hz
Corona Power - Enabled

(3) Nitrogen and sulfur oxides

Setting:

Concentration, respectively 380 and 246 ppm*
Synthetic air flow – 6SLM
Frequency, respectively 10, 20, 50 and 200 Hz.
Corona Power - Enabled

Note: the varying energy densities are created by decreasing or increasing the frequency (Hz)
*Maximum achievable concentration
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5.6
Results
In this section the results for each experiment, respectively nitrogen oxide, sulfur oxide and a combination of both,
are displayed with its subsequent conclusions.
5.6.1
Nitrogen oxide
The following main settings are used for nitrogen oxides, see also below mentioned table (figure 7) for
more specifications.
Measurement
NO.1 NO.2 NO.3 NO.4
Settings:
Synthetic air flow – 6 SLM
Frequency (Hz)
0
10
20
40
Concentration – 304 ppm
Energy per pulse ( )
0 0,203 0,202 0,208
Corona Power – enabled
Power (Watt)
0 2,03 4,04 8,32
Conversion (x)
0,00 0,34 0,52 0,72

NO.5
60
0,19
11,6
0,76

Figure 7. Specific settings Power Supply
Results:

On the spectrum datasheet, see Appendix IV, two peaks can be observed, although
three peaks were expected. The nitrogen oxide (NO) peak (1) decreased with an
increasing energy density. Thus, the nitrogen dioxide (NO2) peak (2) increased when
more energy density was supplied to the reactor. This resulted in a larger conversion of
NO to NO2.The third expected peak, ozone (O3), did not occur, since the substance was
fully absorbed by the nitrogen oxide, thus creating NO2.The increasing conversion can
be observed in figure 8.
Furthermore, as expected, HNO3 was not created, as synthetic air was used, which does
not contain water vapor. This results in the absence of the radical HO which is needed to
create this acid. See chapter 3 ’Corona Technology’.

Figure 8. Specific energy NO
Conversion:

As seen in the figure 8, a 72% conversion takes place at 115 J/L energy density. If
compared with the IMO tier III regulations, it could be concluded that this amount of
energy would be needed to comply with these rules.
Note: It has not been researched what the consequences are of a larger airflow with the
same Corona Reactor thus decreasing the residence time of a gas. This measurement
was done with a concetration of 304 ppm. It is an unknown factor what wil occur if the
concetration is liniar increased to 1300 ppm, the same concentration of an engine.
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5.6.2
Nitrogen oxide and Sulfur oxide
The following main settings are used for sulfur oxides and nitrogen oxides mixed, see also below
mentioned table (figure 9) for more specifications.
Settings:

Synthetic air flow – 6 SLM
Concentration – 361 NO ppm 246 SO ppm
Corona Power – enabled
Measurement
Frequency (Hz)
Energy per pulse (Ep)
Power (Watt)
Conversion NO (x)
Conversion SO (x)

NO+SO 1 NO+SO 2 NO+SO 3 NO+SO 4 NO+SO 5
0
10
20
50
200
0
0,2
0,209
0,189
0,104
0
2
4,18
9,45
20,8
0,00
0,22
0,37
0,55
0,54
0,00
0,05
0,06
0,07
0,10

Figure 9. Specific setting power supply
Results:

The spectrum datasheet (appendix V) shows 6 peaks of which 2 are unknown and 4
peaks represent the NO(1), NO2(2), SO2(3) and SO3(4). As with the experiment with only
NO in the reactor, the ozone is absorbed by NO/NO2 thus this peak cannot be observed.

Figure 10. Conversion graph SO & NO
Conversion:

As can be seen in the conversion graph (figure 10), SO is not/slightly decreased with an
increase of energy density. This is because of the absence of water vapor which is
needed to make the radical HO, however not available in synthetic air. NO on the other
hand, has decreased with the increase of power. To create a conversion of 70 % as
required to comply with the IMO rules, 160 J/L is required. It can be said that with more
harmful substances in the exhaust funnel, more energy is needed to clean the same
amount of gas.
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5.6.3
Sulfur oxides
The following main settings are used for sulfur oxides, see also below mentioned table (figure 11) for
more specifications.
Settings:

Synthetic air flow – 6 SLM
Concentration – 228 PPM SO
Corona Power – enabled

Measurement
SO 1 SO 2 SO 3 SO 4 SO 5
Frequency (Hz)
0
10
30
60 100
Energy per pulse (Ep)
0 0,202 0,205 0,195 0,15
Power (Watt)
0 2,02 6,15 11,7
15
Conversion (x)
0,00 0,07 0,05 0,03 0,05
Figure 11. Specific settings Power Supply

Results:

As could be seen in the SO2 & NO graph, SO was not decreased, therefore, the SO was
measured separately to determine what would happen in the absence of NO particles. 3
peaks could be observed of although 1 was expected (appendix VI). The first peak is
ozone (1), this shows that SO2 (2) does not react with ozone thus not converting to
H2SO3. Again it must be said that this is probably because of the absence of water vapor,
thus the radical HO. A third peak was created by the reactor NO2. This is created by the
Corona inside the reactor.
See chapter 3 ’Corona Technology’.
The third peak represented SO3. This is a product of the SO gas bottle.

Figure 12. Conversion graph SO
Conversion:

As seen in the the SO graph (figure 12), no conversion takes place at any energy density
level. This is assumed to be related with the absence of water vapor.

Page 30 of 59

5.6.4
Conclusion
Several conclusions can be made after the experiments at TU/e. These are the following;
NO can be converted to NO2 as required. However, because of the lack of water vapor, HNO3 part of the
next step required in the process cannot be created. To produce enough conversion of NO, 115 J/L
Corona is required at full load.
It was expected that the degradation of Sulfur compounds would require more Corona Power (J/L) then
Nitrogen oxides, however the results have shown that SO2 cannot be converted into the acid H2SO3 due to
the absence of water vapor, a component which is present in exhaust gases, but not in synthetic air.
Another expectation was that ozone would merge with the SO2 and create SO3, this was not met.
Regarding the gas flow, these measurements have been taken at a constant exhaust flow of 6 liters per
minute, which is not representative for actual diesel engines. Increasing the flow will most likely influence
the efficiency of the Corona Reactor. A research on residence time of exhaust gases in the Corona Reactor
has not yet been undertaken making this information not available to this research. These cases will be
mentioned in the recommendations.
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6.
Components and integration
Before the Corona system can be built and integrated in to the exhaust funnel, it is necessary to know which
components are essential for the reactor to run and how a standard exhaust funnel is composed.
An exhaust funnel consists of an integrated Exhaust Gas Boiler (EGB) which is designed for waste heat recovery, after
this component the gases will normally exit the funnel.
6.1
Components
To build the Corona Reactor, several different major parts need to be constructed. These parts are a pulse charger,
DC charger, spark gap, automation system and a scrubber. All these systems have their own required components
known as subparts, which are explained below.
6.1.1
Power supply
In order to generate the energy required by the Corona Reactor, a power supply is needed. This
component consists of a diesel- or shaft generator, transformer, rectifier, pulse and DC capacitor charger.
The generator provides power to the transformer which converts it to the required voltage and amperage
by the spark gap.
6.1.2
Spark gap (plasma switch) & Spark gap flushing
The spark gap creates pulses of 60 kV that are required to induce the Corona discharge inside the reactor. It
consists of two separate conducting electrodes between which the pulses “spark”.
The spark gap can create up to 1000 pulses per second (1-1000 Hz), depending on the required
energy density. These pulses can have a negative influence on their surroundings, they can create an
electromagnetic interference and health hazards. For example the pulses can interfere with electronic
devices like radios or pacemakers. The high pulsed circuit has to be shielded to avoid the interference with
the surroundings.
With each spark created, small metal parts will vaporize of the electrodes, this is due to the high
temperature and the high repetition rate. A coolant is necessary to keep the spark gap at an acceptable
temperature of 70 C⁰ and flush these particles.
The coolant used is a nitrogen gas, which constantly circulates in a closed system like a refrigerator cooling
system. The flushing system is pressurized to three bar and held constant, however, the flow can be varied
to meet the spark gap’s cooling demands.
6.1.3
Automation system:
The Corona automation system consists of the following components to autonomously control the energy
density inside the Corona Reactor:
- Programmable logic controller (PLC)
- Transmitters, for measurements
- Possibility of integration into power management system
The PLC system receives flow, ppm and engine load values which will be translated into a 4-20 mA signal.
The PLC will calculate the correct output signal. This output signal will be send to the Spark Gap. The Spark
Gap will then adjust to the right frequency. It will also be possible to integrate this system into the vessels
power management system. This will be an advantage for the engineers to monitor the process in the ECR.
6.1.4
Scrubber
The scrubber is an after-treatment system to flush the produced acids with seawater.
After treatment in the Corona Reactor, the exhaust gases will contain acids (HNO3, H2SO4 etc.) and fine dust
particles which will be removed by the scrubber. Optimal contact between gases and the scrubbing liquid is
required for an efficient process. The efficiency also depends on factors as pressure and temperature.
Seawater, the scrubbing agent that is used in this system, is in a great abundance on sea going vessels. The
contaminated water will be collected, treated and discharged into sea. The concern of contaminating of the
sea can be solved by using a sulfur reservoir, however, due to the high concentration of sulphates in the
38 39
ocean it probably doesn’t affect the ocean , . Since the scrubber is not implemented in this experimental
40
setup, there are no test results. Note: The scrubber system is outside the project boundaries.

38
39
40

http://cleantech.cnss.no/air-pollutant-tech/sox/scrubber/
Seawater Scrubbing Technology
Paragraph 4.2 Details
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6.2
Integration
The Corona Reactor can be integrated in the following way:
From the exhaust manifold (1) the exhaust gases pass through the turbocharger (2) and into the EGB(3) where after
it will pass a by-pass valve(4). This valve has 2 outlets, 1 to the Corona and scrubber system, and 1 which by-passes
these systems.
6.2.1 Corona
Exhaust gases will pass through the Corona Reactor (5), where, depending on the required amount of
energy, the gases are treated before entering the seawater scrubber (7). See figure 13
6.2.2 By-pass
The exhaust pipe is a conventional pipe, going from the engine room all the way to the top of the ship. The
by-pass is installed to be able to perform soot blowing operations in order to clean soot from the EGB and
turbo. The scrubber is built in such a way that seawater can be drained without the risk of back flow of sea
water into the system. See figure 13

Figure 13. Integrated funnel design
The EGB is placed first to use as much waste heat recovery as possible. The Corona Reactor cools down the exhaust
gases, this would result in a lower temperature through the EGB and thus decreasing the efficiency if this would be
placed after the treatment plant.
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Depending on the materials used to build the Corona Reactor it might be more beneficial if the exhaust gases that
pass through are cooled down. It is more costly to build a Corona Reactor which can withstand higher temperatures
than lower temperatures. The costs of material will be higher if the reactor has to withstand high temperatures.
Temperatures after leaving the turbine are around 270 to 300 degrees Celsius and 200 degrees Celsius after leaving
the EGB. This is for two and four stroke diesel engine.
Another obstacle that arises is the amount of water that is used in the scrubber. The water has to be drained and
under no circumstances may go back in the exhaust funnel. This will cause low temperature corrosion (LTC) and will
deteriorate the piping. In order to overcome this problem the funnel needs to contain of some kind of siphon trap,
to prevent water going back into the several systems like the reactor, EGB and turbocharger.
To integrate the Corona Reactor into newly built ships would be cheaper and easier than retrofitting into an old
ship. This is because the design of the ships funnel can be adjusted for the reactor and other features. It is possible
to implement the reactor in existing ships but this most likely is more expensive because of the sophisticated
design.

6.3

Maintenance
6.3.1 Reactor
The Corona Reactor is still in its test phase, therefore the exact maintenance that is required on the
reactor when built into a vessel is not known at this point.
It is expected that the Corona Reactor itself does not require a huge amount of maintenance, although
the electric wiring, in which the pulsed plasma is created and comes into contact with the flow of exhaust
gases, does suffer wear. On average, they will have to be replaced on a yearly basis. The (fine) dust,
carbons and soot that are emitted by the engine will be, over time, collected by the surfaces of the Corona
Reactor. This has to be cleaned from time to time. It is unclear at what intervals this has to be done.
6.3.2
Spark gap
Most maintenance will have to be done on the components in the spark gap. Because of the high intensity
of the sparks between the electrodes the temperature can rise up to two to three thousand degrees
Celsius locally. This is only for a small time period. However, parts of the electrodes (copper) are vaporized
(and flushed away by nitrogen). This means that the electrodes will 'burn out' and need to be replaced
eventually.
The filters in which these vaporized anodic metal parts are collected need to be cleaned periodically. This
period depends on the amount of sparks. It is unknown how many sparks can be made using one pair of
electrodes.
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7.
Automation
In this chapter the following subject will be elaborated, the automation of the Corona Technology, regarding the
concentration of nitrogen- and sulfur oxides.
7.1
Automation system
The automation system consists of several components, which are necessary to control the emissions.
The PLC receives three signals, the flow and ppm (1) of nitrogen and sulfur compounds in the exhaust gases at the
end of the funnel and the load (2) from the diesel engine. This is realized by the use of sensors and transmitters.
The PLC will calculate the right value, by use of the information provided via the transmitters and comparing them
with the set-point, to adjust the frequency of the pulses in the spark gap. The set-point will be under the maximum
emission output. The PLC also receives the temperature of the nitrogen, necessary for the cooling of the spark gap.
This coolant has a maximum temperature of 70 . Therefore, the flow will be adjusted during the process by an
adjustable valve. For this process an illustration is provided, see figure 14 integrated automation system

Figure 14. Integrated automation system
In the illustration, two colored lines can be observed, respectively green and red. The green line indicates the input
from sensors and is submitted to the PLC via a transmitter. The red lines represent the output of the PLC.
In the process schedule two red lines are drawn, this shows two processes that are controlled by the PLC. These
processes are translated in two separate block diagrams. The first diagram is for controlling the Corona Reactor
and the second diagram is for controlling the nitrogen temperature.
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Corona Reactor Control:

Figure 15. Spark gap Block diagram
The transmitter receives a flow and ppm value from the sensors which are installed after the scrubber. After the
scrubber the exhaust gases will exit the funnel, this value has to comply with the legislations, for this reason
measurements are at the end of the processes in the funnel. In this automated system a load transmitter will
transmit a signal to the PLC as well. Flow, ppm and kW are needed to calculate the g/kWh emission. With this
information the PLC will calculate the new acceptable value to decrease or increase the frequency of the sparks. If
the value is higher than the set point (SP) the output will send a signal to the spark gap. The spark gap will react on
the output signal and adjust its frequency to make the reactor more powerful. See Figure 15. Spark gap Block
diagram.
The maximum emission values are in found in paragraph 4.4 Conclusion

Nitrogen Temperature Control:

Figure 16 Cooling block diagram
The temperature will rise when more sparks are made by the spark gap. The maximum temperature of the
nitrogen inside the spark gap is 70 degrees Celsius. To control this temperature, the flow is adjustable. A higher
flow rate means more cooling and a lower flow rate means less cooling. The temperature of the nitrogen is
measured and sent to the PLC. The PLC controls a valve, when this valve is 100% open there will be a maximum
flow of nitrogen, 0% close and there will be no flow of nitrogen. See figure 16. for the cooling block diagram.
To provide the safety of this system, it is advised to use an Air To Close (ATC) valve. In case the system creates
large flow, the only thing that could go wrong is that the spark gap gets cooled down. This is a scenario that is
more sound then when this system will overheat.
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8.
Costs
For the shipping companies it is important to know what the prices of a Corona Reactor will be, when initially
purchased. These figures depend on the several components, which are implemented in the system.
As long as low sulfur fuel oil is more expensive than its high sulfur counterpart an investment pay out time can be
calculated. For this the purchase costs, maintenance costs and bunker prices are needed.
8.1
Purchase Costs
The purchase cost for a 30 kW Corona Reactor is estimated at around 107.000 EUR. This includes all the main
41
components for the reactor itself , excluding the scrubber and installation costs. The purchase of the scrubber is
outside the boundaries of this project and since both high sulfur and low sulfur fuel oils require a scrubber it can
be considered obsolete.
The amount of Corona Reactors which need to be purchased depend on the required power, which in turn
depends on the flow of exhaust gases and concentration that needs to be threated. At the moment it is not
possible to create a Corona Reactor that is built for more than 30 kW. Therefore it has to be built from multiple
parallel units in order to treat the amount of exhaust gases with the same concentration.
Components

Part

Corona Reactor
Capacitor Charger (pulse)
Power electronics
Transformer
Rectifier
Controller
Case
Capacitor Charger (DC)
Power electronics
Transformer
Rectifier
Controller
Case
Plasma Switch
Plasma Switch flushing
Compressor
Vessel
Heat Exchanger
Piping
Filters
Liquid Cooler
Plasma Switch Trigger Circuit
Transmission Line Transformer
DC Bias Circuit
Corona Control Unit
PLC + Sensors
Sensors
Sensors + actuators
TOTAL COST €

41

Price €

Total Price €
30,000.00
15,000.00

5,000.00
7,000.00
1,500.00
500.00
1,000.00
15,000.00
5,000.00
7,000.00
1,500.00
500.00
1,000.00

Table 1. Purchase Costs
This table is obtained from the ’Corona
Final Version 2012 06 19’’ TU/e prices
obtained from TUE
The price is € 107.000, for an installation
of 30 kW. This means that a 300 kW (10 x
30 kW) installation would cost € 107.000
x 10 = € 1.070.000,-

7,000.000
10,500.00
2,000.00
1,500.00
1,500.00
500.00
1,000.00
4,000.00
1,500.00
10,000.00
2,000.00
2,000.00
14,000.00
4,000.00
10,000.00
107,000.00

See Table I for costs of parts based on a 30 kW system
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8.2
Scrubber
The purchase of the scrubber is outside the boundaries of this project and since both HFO high sulfur and HFO low
sulfur fuel oils require a scrubber it can be considered obsolete for the comparison between the two types of fuel.
Included is a table that shows the indicative Scrubber costs, based on a ships' type, size and power, as estimated
by Worldbunkering.com. See figure 17 Scrubber costs.

Figure 17. Scrubber costs

42

8.3
Maintenance costs
It is estimated that the maintenance of the Corona Reactor is calculated at 8,250 EUR annually. This is based on a
30 kW Corona Reactor. Safety equipment and cleaning equipment is 3,250 EUR and maintenance of machinery
43
itself around 5,000 EUR. This is, however, calculated for the land based trial Corona Reactor. It is expected that
when it is constantly in use these costs will be higher.
8.4
Bunker Prices
In order to correctly calculate the yearly fuel costs, a comparison needs to be made between the prices of high
sulfur fuel oil (HSFO), which has an sulfur content of around 2,5 - 4,5 % and those of low sulfur fuel oil (LSFO) can
range from anything between 1% and 0.1% sulfur content.
The fuel prices are fluctuating every day and each port has its own bunker prices. This makes it difficult to presume
one price for a ton of low sulfur fuel. The fuel price( $/MT) is an average of different ports of the latest prices to
create a fair price. See figure 18 and 19
LSFO is more expensive than HFO, depending on the port/contract. Various sources show that this difference can
44,45,46,47
vary from anywhere from 5 to 30 percent.

42
43
44
45
46
47

http://www.worldbunkering.com/articles/environment/0014-the-case-for-scrubbers.html
PDF Corona Technology TU/e
http://www.lr.org/documents/175156-low-sulfur-fuel-oil-changeover-calculator.aspx
http://www.bp.com/extendedsectiongenericarticle.do?categoryId=9041229&contentId=7075080
http://www.bunkerworld.com/prices/
http://www.mandieselturbo.com/files/news/filesof15012/5510-0075-00ppr_low.pdf
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8.4.1 Prices Low Sulfur Fuel Oil
Averages prices in $/MT (2012)
North America:
682,50 $/MT
North Europe:
619,50 $/MT
South Europa:
671,50 $/MT
Total average:
657,83 $/MT
There is no data of the LSFO prices in Africa, Asia and Oceania, Latin America and the Middle East. This
means that there are no bunker procedures in these areas. This can be seen as a disadvantage of low
sulfur fuels.
8.4.2 Prices High Sulfur Fuel Oil
The average price of HSFO is given in dollar per barrel ($/barrel).
Average prices in $/MT (2012)
Rotterdam:
96,00 $/barrel
US Gulf Coast: 74,00 $/barrel
Total average: 85,00 $/barrel
In order to convert the price from $/barrel to $/MT a little conversion needs to be made.
1 barrel equals 0,15899 MT
Barrel
MT
1
0,15899
48
(1/0,15899) x 85 = 534,60 dollar per MT

USD $
85,00

Figure 18 and 19 show the trend of the product prices for Gasoline, Gas oil and Heavy fuel oil in
Rotterdam and US Gulf as they changed over the years. In the vertical axis the price in USD is shown.

Figure 18. Rotterdam prices

48

Figure 19. US Gulf prices

http://www.bp.com/extendedsectiongenericarticle.do?categoryId=9041229&contentId=7075080
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8.5
Initial investment pay out time (POT)
In this investment table a calculation can be seen what the initial investment pay out time is when using the
Corona Reactor in combination with high sulfur fuel oil (HSFO) instead of only using the low sulfur fuel oil (LSFO).
The initial purchase costs of the scrubber have not been taken into this calculation due to the fact that the
scrubber is required for both fuel types.
Because the Corona Project is still in its initial trials, the maintenance costs cannot be determined. It is unknown
what the maintenance costs will be when operating the reactor 300 days per year.
The maintenance costs that are mentioned in table 20 are based on one 30 kW reactor in the TU/e and does not
represent the full installation on a ship.

Fuel Type

% Sulphur

High Sulphur Fuel Oil
Low Sulphur Fuel Oil

> 1% Sulphur
< 1% Sulphur

Engine type

Wartsila 6RTA96

Mass fuel [kg/second]
Mass fuel [ton/day]
Avarage sailing days per year
Mass fuell [ton/year]

Price in USD per MT
$
$

534,60
657,83

Wartsila 9L46

1,9 kg/s
164,16 ton/day

0,46 kg/s
39,744 ton/day

300 days

300 days

49248 ton/year

11923 ton/year

High Sulphur Fuel Oil
Low Sulphur Fuel Oil

$
$

26.327.980,80 USD/year
32.396.811,84 USD/year

$
$

6.374.142,72 USD/year
7.843.438,66 USD/year

You save

$

6.068.831,04 USD/year

$

1.469.295,94 USD/year

Required Energy
Efficiency
Required Energy Corona Reactor

13,42901 MW
92 %
14,60 MW

2,72 MW
92 %
2,96 MW

Price per 30 kW

$

141.881,96 USD

$

141.881,96 USD

Total purchase costs

$

69.033.849,99 USD

$

13.975.373,06 USD

Invest POT

11,38 years

9,51 years

The price per 30 kW is €. 107.000,- This is converted to US dollars.
The extra MWs that are required for the Corona Reactor require more fuel.
The required power for the Corona Reactor is based on nitrogen compounds only. In case more substances are
present in the exhaust gases the required Corona power will increase, thus the total costs. Table 20
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Table 20, shows the fuel usage in kilograms per second of 2 types of engines. This is converted to ton per year.
Based on that amount of fuel usage it is possible to calculate the annual fuel costs when sailing with high sulfur
and low sulfur fuels.
When sailing on high sulfur fuels it would save you $ 6.068.831,04 USD each year with the Wärtsilä 6RTA96 engine
and $ 1.469.295,94 USD each year with smaller the Wärtsilä 9L46.
The required energy for the Corona Reactor is taken from the calculated required energy to threat the exhaust
gasses. The efficiency of around 92% increases the required energy.
The price per 30 kW is € 107.000,- EUR. This price is converted with an exchange rate of 1 EUR = 1.33 USD.
The required energy is calculated to threat the flow of exhaust gasses at 100% MCR for those engines. Due to the
an efficiency of around 92% the actual required amount of energy for the Corona Reactor is higher.
The total purchase costs are calculated by dividing the total amount of required energy (Watt) with a single reactor
given energy (30.000 Watt) and then multiply that with the going USD rate.
The Investment pay out time is the total purchase cost divided by the amount of USD you would save when sailing
in HSFO instead of LSFO.
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8.6
Depletion of cylinder lubrication oil
In order to successfully run engines with a very low sulfur content and viscosity, some precautions in regards with
the lubrication oil need to be taken.
Base number (BN)
A lubricant's BN measures it is given potential to neutralize the acidic products that are formed during combustion.
These products are caused by sulfur in the fuel oil.
Engines that run continuously on a heavy fuel oil with high sulfur content generally use 70 BN lubrication oil
products whilst engines operating on low sulfur fuels use 40 BN oil.
So oil consumption is a very important factor when selecting the appropriate BN levels of a lubricant. Lube oil in
low-consuming engines depletes faster when less BN is topped-up during operation. Considering that low sulfur
49
fuels require low BN lubrication oil, the oil must be topped up more when using LSFO's.

50

Figure 21 effective lubrication
Other disadvantages with the use of low-sulfur fuels:
 Engines may require conversions to efficiently burn the fuel. Test results of combustion and ignition
properties measured with low sulfur fuels may indicate that this LSFO would have a negative effect on the
performance of engines.


51

Lower lubricity of the fuel must be compensated. Engine lubricants include several additives to prevent
engine corroding. A reduction in fuel sulfur may result in more un-reacted additives in the oil. This can
lead to additional deposits to form on the engine components. For example on piston rings, which would
cause cylinder wear in the engine.



49
50
51
52
53

52

Tanks must be cleaned more frequently. BP Marine found out that the use of LSFO give a rise in
complaints of blocked filters and excessive sludge build up. It is suspected that most of these incidents are
53
due to fuel incompatibility.

http://www.chevronmarineproducts.com/docs/InfoBulletin04_BaseNumber_v1111.pdf
http://www.bp.com/sectiongenericarticle.do?categoryId=9030728&contentId=7056848
http://www.mandieselturbo.com/files/news/filesof15012/5510-0075-00ppr_low.pdf
http://www.stowerscat.com/pdf.asp?id=130
http://www.mandieselturbo.com/files/news/filesof15012/5510-0075-00ppr_low.pdf
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9.
Regulation
The Corona System, which utilizes high voltage, could be a emission control system. This chapter emphasizes the
aspects, which play a vital role, in the application of this technology on-board vessels regarding the regulation.
Emissions regulations onboard vessels are extremely important for the maritime sector. Worldwide regulations
make all vessels obliged to comply with the same standards. Maritime activities have a significant impact on the
environment and human health, primarily due to the emission of exhaust gases. For this reason, emissions
standards have been adopted, which focus on reducing pollutants contained in exhaust gases. The Maritime
industry needs to reduce its emission of NOx and SOx to comply with the IMO regulations. In order to meet these
requirements, certain rules have been established. This chapter will elaborate on this subject.

9.1
Air Pollution
MARPOL is an International Convention for the Prevention of Pollution from Ships, which is concerned with
preventing marine pollution from ships. MARPOL was developed by the International Maritime Organization
(IMO). Therefore MARPOL is seen as the most important international agreement covering all types of ship
pollution. The International Maritime Organization (IMO) is an agency of the United Nations which was formed to
promote maritime safety. IMO ship pollution rules are contained in the “International Convention on the
Prevention of Pollution from Ships”, also known as MARPOL 73/78. Annex VI of MARPOL addresses air pollution
54
from ocean-going ships . The international air pollution requirements of Annex VI have established limits on
nitrogen oxides (NOx) and SOx emissions. These require the use of fuel with lower sulfur content in order to
protect humans health and the environment by reducing NOx and SOx pollution.
MARPOL Annex VI applies to all ships, fixed and floating drilling rigs and other platforms. The certification
requirements depend on size of the vessel and time of periodical survey. Ships of 400 gross tons and above
engaged in international voyages involving countries that have ratified the conventions, or ships flying the flag of
those countries are required to have an International Air Pollution Prevention Certificate (IAPP Certificate). This
certificate has to be present onboard at delivery of a constructed vessel (keel laid). For ships constructed before
th
this date, the IAPP certificate has to be on board at the first scheduled dry-docking after May 19 2005, although
th
not later than May 19 2008. The IAPP certificate will be issued following an initial survey carried out by the Flag
Administration or by a recognized organization (e.g. Det Norske Veritas) on behalf of the Flag Administration,
55
confirming compliance with MARPOL Annex VI .
MARPOL Annex VI sets limits on NOx and SOx emissions from ship exhaust, and prohibits deliberate emissions of
ozone depleting substances. Two sets of emission and fuel quality requirement zones are defined by Annex VI: (1)
global requirement zones, and (2) more stringent requirements applicable to ships in Emission Control Areas (ECA).
Additionally MARPOL defines certain sea areas as "special areas".
The Emission Control Area is an area which requires the adoption of special mandatory measures for emissions
from the ship. This in order to prevent and reduce the air pollution from SOx, NOx and particle matter (PM) or all
three types of emissions combined.

54
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http://www.dieselnet.com/standards/inter/imo.php
http://www.dft.gov.uk/mca/ly3-4.pdf
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Special Emission control areas under MARPOL are as follows:
Baltic Sea
North Sea
North American ECA, including most of US and Canadian coast
US Caribbean ECA, including Puerto Rico and the US Virgin Islands

Figure 22. In the colored field, the Emission Control Area's can be seen
Emissions of SOx are addressed in regulation 14 of Annex VI, which restricts sulfur content at 4.50%, and less in
SOx Emission Control Areas (SECAs). In the sulfur Emission Control Areas (SECAS) the sulfur content of the fuel oil
57
used on board ships may not exceed 1.50%. Annex VI contains provisions, which allows Sulfur Emission Control
Areas (SECAS) to be established with more stringent controls on sulfur emissions.
In order to reduce the Sox emissions. Alternatively ships may fit an exhaust gas cleaning system or use any other
technological method to set limits on SOx emissions. This is exactly what we are aiming at with plasma technology.
The first global limit on sulfur in marine fuels was set at 4.5 % in 2000. Under the revised Annex this limit was
lowered to 3.50 % in 2012, and it will be further restricted to 0.50 % in 2020 (subject to a review in 2018). As an
alternative to use low-sulfur fuels, ships are allowed to use exhaust gas cleaning systems (e.g. Plasma) or use other
methods to limit their sulfur emissions (e.g. use alternative fuels such as gas).
The regulation for the maximum sulfur content of fuel will be set in the Emission Control Areas (SECAS) at 0.1% in
58
2020.
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http://www.atobviaconline.com/helpFiles/WebService/index.html?seca_and_eca_areas.htm
http://www.imo.org/ourwork/environment/pollutionprevention/airpollution/documents/ghgstudyfinal.pdf

Final report project 2 Plasma technologies
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9.2
NOx Emission Standards
Regulation 13 of revised Annex VI concerns NOx emissions from marine diesel engines shall apply to each marine
diesel engine with a power output of more than 130 kW installed on a ship. Each marine diesel engine with a
power output of more than 130 kW which underwent a major conversion on or after 1 January 2000.
Also each marine diesel engine with a power output of more than 5000 kW and a per cylinder displacement at or
above 90 L which is installed on a ship constructed on or after 1 January 1990 but prior to 1 January 2000.
59

The revised Annex VI provides for progressive reductions in NOx emissions from marine diesel engines. The new
limits represent a reduction of approximately 20% over the previous Annex VI limit (Tier I) and applies to all ships
constructed on or after 1 January 2011 (Tier II limits). For marine diesel engines installed on ships
constructed on or after 1 January 2016 operating in a NOx SECA, a further reduction of around 80% will be applied
(Tier III limits). Outside a designated SECA, the Tier II limits are applied. The NOx emission limits are set for diesel
engines, depending on the engine maximum operating speed (n, rpm). The global limits are set on Tier II
regulations. Tier III is a standard applied only in NOx Emission Control Areas. This three tier approach is set out
60
below:
Tier I
Tier I is for a marine diesel engines installed on a ship constructed on or after 1 January 2000 and prior to 1 January
2011, the allowable NOx emissions are:
17.0 g/kWh when n is less than 130 rpm.
45.0 n(-0.2) g/kWh when n is 130 rpm or more but less than 2000 rpm.
9.8 g/kWh when n is 2,000 rpm or more.
Tier II
Tier II is for a marine diesel engines installed on a ship constructed on or after 1 January 2011, the allowable NOx
emissions are:
14.4 g/kWh when n is less than 130 rpm
44.0 n (-0.23) g/kWh when n is 130 rpm or more but less than 2,000 rpm.
7.7 g/kWh when n is 2,000 rpm or more.
Tier III
Tier III is for a marine diesel engines installed on a ship constructed on or after 1 January 2016 to 2021, the
allowable NOx emissions while operating in NOx-ECAs are:
3.4 g/kWh when n is less than 130 rpm.
9.0 n (-0.2) g/kWh when n is 130 rpm or more but less than 2,000 rpm
2.0 g/kWh when n is 2,000 rpm or more Tier I, II and III are displayed schematic below in table
23:
A committee of the International Maritime Organization (IMO) successfully voted to postpone the rectification of
the MARPOL Annex VI Tier III NOx emissions limits for ship engines from 2016 to 2021. Tier III is a standard that is
applied only in NOx Emission Control Areas which was adopted in 2008.
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9.3
Sulfur Content of Fuel
Annex VI regulations includes restrictions on sulfur content of fuel oil as a measure to control SOx emissions in SOx
Emission Control Areas. (see table 24 MARPOL Annex VI Fuel Sulfur Limits)
Table 24. MARPOL Annex VI Fuel Sulfur Limits
Sulfur Limit in Fuel (% m/m
2000

SOx SECA
1,50%

2010,07

1,00%

Date

Global
4,50%
3,50%

2012
0,10%
2015
2020a

0,50%

a - alternative date is 2025, to be decided by a review in 2018
According to the IMO, it is allowed to reduce the emissions of ships by any means possible, as long as it does not
pollute in any other way.
9.4
Trials and use of new abatement Technologies
In article 4c (MARPOL Annex VI) "trials for ship emission reduction and control technology research”, a new set of
conditions for trial and use of emission reducing technologies is mentioned as an alternative to low sulfur fuel.
New rules must be designed for the use of Corona technology onboard of ships. The owner of a ship may apply for a
permit by writing to the Government. To be permitted to use emission reductive technologies for trial purposes the
61
following is complied. :
-

-

-

At least 6 months before an intended trial begins the owner of a newly built ship needs to notify the
following authorities:
(i)
The European Commission
(ii)
The Port authorities
For marine diesel engines with a per cylinder displacement up to 30 liters, the duration of the sea trial
may not exceed 18 months. For a permit for a marine diesel engines with a per cylinder displacement at
or above 30 liters, the duration of the ship trial shall not exceed 5 years. This shall require a progressive
review by the permitting administration at each intermediate survey.
All vessels involved shall install tamper-proof equipment for the continuous monitoring of funnel gas
emissions and use it throughout the trial period.
There are proper waste management systems in place for any waste generated by the reducing
techniques throughout the trial period.
There is an assessment of impact on the marine environment, particularly ecosystems in enclosed ports,
harbours and estuaries throughout the trial period.
Full results are provided to the Commission, and are openly published, within 6 months after the end of
the trials.

During these trials the use of low sulfur marine fuels is required, thus the use of heavy fuel oil is not allowed. The
license may be revoked in case one does not comply with the requirements set by the government. Likewise, the
license might be withdrawn if the program is not likely to produce effective results in the reduction and control of
exhaust gas emissions. The government will decide if the trial period needs to be extended in order to fulfill the
new technologies research. However, in case the permit needs to be renewed, the additional time given cannot
exceed five years.
61
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9.5
High voltage regulation
In order to create plasma a very high electrical voltage is required. The high voltage is applied to the Corona
Reactor in the form of pulses up to 60.000 volts. The energy is enough to create an electrical discharge in the
62
electrode configuration.
63

At voltages higher than 1000 V AC and 1500 V DC, nen-norm 3840 must be adopted. NEN 3840 indicates the
requirements for safe maintenance and work conditions near electrical installations. These requirements apply to
procedures for business, labor and maintenance.
64
The classes of voltage on board of vessel are as follows :
Voltage below 1 KV AC is considered low voltage.
High voltage is any voltage above 1 KV.
65
Typical High voltage systems are 3,3 KV, 6.6 KV and 11.3 KV.
9.5.1
Training
A high voltage electrical shock is a significant danger to any person carrying out electrical work. Therefore
an educational training is required when working on a high voltage system. The High voltage system
training is part of the Standards of Training Certification and Watch keeping convention (STCW).
Following the 2010 Manila amendments, engineering staff have the responsibility for operating and
maintaining electrical power plants above 1,000 volts.
The access to high voltage switchboards and equipment must be strictly controlled by using a risk
assessment and a permit to work on these systems onboard of ships. Isolation procedures have to involve
both a safety key system as earthing down procedures.
To identify a high voltage system, a risk assessment must be completed by the Chief Engineer or Chief.
The company safety management system (SMS) should include a permit to work on these systems for
electrical equipment under 1,000V. The High Voltage Isolation Regulations are based on the following key
concepts: All potentially hazardous energy sources are to be isolated before commencing work.
9.5.2
Use of Signs for High Voltage
High voltage areas invisible hazards that people are unaware of unless properly notified with high voltage
signs. These areas namely can be dangerous and can result in severe injury. This is why high voltage safety
signs are of crucial importance in high voltage areas. The nen 3864 states that danger high voltage signs
must be displayed at all entrances.
9.5.3
The ICE60092 Norm
For the requirements of the high voltage system, the iec60092 and the nen 3840 need to be used. These
are a series of International Standards intended to ensure safety in the design, selection, installation,
maintenance and use of electrical equipment for generation, storage, distribution and utilization of
electrical energy for all purposes in seagoing ships. Working on high voltage is dangerous but as long as it
is well insulated, and the crew is trained properly, this system can be implemented successfully.
9.5.4 Cables and Isolation
Cables for ship and marine technology are exposed to varying, in some cases extreme, conditions. While
in theory the cables will last a lifetime, in day-to-day operation they can be destroyed by malfunction or
outside influences. That is why High voltage cables must be constructed in accordance with the law of IEC
60092. The materials for use as conductor insulation shall be selected from one of those listed in IEC
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60092-351. Types of insulating compounds are thermoplastic, elastomeric or thermoset. The operating
temperature of the selected insulating material shall be at least 10 degrees higher in temperature than
the maximum ambient air temperature likely to exist. All cables or insulated wiring have to meet the
66
requirements for flame spread as given in: IEC 60332-1-2 and the IEC 60332-3-22.
9.6
Ozone regulation
When the Corona Reactor is in operation, it inevitably creates ozone [O₃]. MARPOL chapter 3 (requirements for
control of emissions) appoints provisions for the mandatory control and management of ozone depleting
67
substances on ships. Any deliberate emission of Ozone-depleting substance is prohibited .
68
The known ozone depleting substances are :
Chlorofluorocarbons (CFCs);
Halon;
Carbon tetrachloride, Methyl chloroform;
Hydrobromofluorocarbons (HBFCs);
Hydrochlorofluorocarbons (HCFCs) (R22, R141b);
Methyl Bromide;
Bromochloromethane (BCM).
Most of the above substances are not allowed to be used/created on board of vessels. An installation that
contains Hydro chlorofluorocarbon (HCFC's) is permitted on board of vessels until 2020. These will be prohibited
after 01 January 2020. As from 01 July 2010 all vessels have to compose a list and record book of the ozone
depleting substances. In this record book entries of the Ozone Depleting Substances should be recorded in terms
of mass and name of the substance.
Ozone is not an ozone depleting substance and therefore, as long as it does not affect the ozone layer itself, it is
allowed to emit this substance stated by MARPOL annex 6 Regulations for the Prevention of Air Pollution from
Ships and the 'Inspectie Leefomgeving en Transport'.
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10.
Conclusion and Recommendations
10.1 Conclusion
The objective of this study was to determine whether Pulsed Corona Technology, a potential emission control
system, is capable of the degradation of pollutants, i.e. nitrogen oxide (
) and sulfur oxide (
), contained in
exhaust gases of diesel engines, in such a way that the legislation is met.
Therefore several sub- questions were formulated to provide an answer to the main question: “How is ‘Corona
Technology’ applicable and profitable onboard vessels to reduce the emission of nitrogen (
)-and sulfur oxide
(
)”. These sub questions were:
What is the amount of specific energy used by the Corona Technology to reduce the
concentration of harmful substances?
What are the required components of the Corona Reactor and how can these be
integrated in the exhaust funnel?
How can ‘Corona Technology’ be automated in relation to the concentration of SOX and NOX?
What are the costs concerning the construction and the maintenance of the Corona Reactor.
How does the Corona Technology compete with low sulfur fuels?
What is the legislation concerning the construction of the Corona Reactor on board vessels?
Specific amount of Energy
In order to determine the extent of the installation, i.e. the average Corona Power, which is necessary for the
degradation of nitrogen and sulfur compounds, the specific amount of energy [J/l] had to be determined. This
amount depends on a total of three factors, the exhaust gas emissions (flow rate), the concentration of pollutants
and the efficiency of the Corona (energy density).
The new IMO TIER III regulations state that newly built diesel engines are prohibited to emit more than 3.4 g/kWh
of nitrogen oxides inside emission control areas and 14.4 g/kWh outside these designated areas. At the same time,
the regulations state that the emissions of sulfur oxide have to be reduced to 6 g/kWh.
In order to comply with above mentioned regulations, a degradation of approximately 70% for SOX and NOX is
required, according the calculations. In case of the Bolnes engine, the concentration of nitrogen oxide has to be
reduced by at least 15%. Thus, if the Pulsed Corona is not able to meet these requirements, it might be concluded
that this system is not suitable an emission control system.
The results derived from the conducted experiments, at the TU/e test facility, indicate that the degradation of
nitrogen oxides, i.e. conversion, at 63%, take place at the specific energy density of 93 J/L. By processing this value,
the required energy density for the reduction of 70% nitrogen oxide was determined at 115 J/L. However, this
amount was derived by purely the degradation of nitrogen oxide, no other substances were present in the target
gases. The energy density of 115 J/L results in a required power of 13.4 MW for the Wärtsilä 6RTA96 diesel engine,
and 2.7MW for the Wärtsilä 9L46.
In the case of sulfur oxides, no conversion has been observed during the experiments. Not even at the highest
energy density level, i.e. 150 J/L, of the test arrangement. This is assumed due to the fact that target gas, a mixture
of synthetic air and a specific concentration of sulfur oxides, does not contain water vapor or moisture to create
the radical OH. This substance is necessary for the conversion of sulfur dioxides (SO2) to H2SO3, an acid, by means
of chemical reactions. However, one has to conclude that the possibility might exist that the conversion will not
take place, even though the OH radicals are present.
Components and Automation
When a Corona Reactor is implemented on board, the process should be automated to ensure that regulations are
not exceeded. To create the sparks, which are necessary to form corona discharges, a spark gap is required. This
element creates pulses of 60 kV that are required to induce the Corona discharge inside the reactor. It consists of
two separate conducting electrodes between which the pulses “spark”. With each spark created, small metal parts
will vaporize of the electrodes, this is due to the high temperature and the high repetition rate. To control the
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repetition rate, a programmable logic controller (PLC) is required. The PLC will receive it’s signals by means of
transmitters which measure the concentration (g/kWh) of nitrogen and sulfur oxides, present in exhaust gases, and
the given load of the Main Engine (kW).
To yield the required power for the Corona Reactor, two options are available. An extra power source can be
installed onboard the ship, which will result in a higher fuel consumption and a higher emission rate. Another
option is to use the ships main engines shaft generator. By producing power with this device, power is derived
from an engine already in use, thus not increasing the fuel consumption and emission but decreasing the vessels
speed. Furthermore, it is unknown at this moment, if it is possible to build a Corona Reactor that supports 13.4
MW for example a Wärtsilä 6RTA96. During the trial run, the required power for the Corona Reactor is based on
nitrogen compounds only. In case more substances are present in the exhaust gases the required Corona power
will increase, thus the total costs. All derived current data is based on the 30 kW reactor. This amount is
insufficient for the use on board for main engines.
Costs
It is important to know how sailing on HSFO with a Corona Reactor competes with sailing on LSFO. According to
our calculations the investment payback time lays between 9 and 12 years. However, this only includes the
purchase costs of the Corona Reactor (107.000€ ) and does not include the installation on board, scrubber system,
maintenance during service. Retrofitting existing ships is possible, however, due to possible high installation costs
and reengineering of the existing exhaust gas funnel it is not recommended.
Regulations
With the implementation of such a system on board, certain regulations need to be met, concerning the
introduction of new technologies and additional factors. In this case the production of ozone and the use of high
voltage.
By the use of pulsed corona, reactive oxygen compounds are produced, like ozone (O3). This substance does not
affect the ozone layer itself and is therefore allowed to be emitted into the atmosphere, according to MARPOL
annex VI. Furthermore, ozone is degraded under influence of ultraviolet light. However, it still remains a powerful
oxidant and in large concentrations considered to be a human health hazard.
Regarding the usage of high voltage, required for the Pulsed Corona, no regulations are specified in the maritime
sector. The existing legislation is known as the ICE60092 international standard which is limited to 11.6kV. This
standard indicates that the installation must be designed in such a way that the generated high voltages does not
interfere with other electrical installations. Moreover, it is mandatory that crew need to be trained to work safely
on high voltage systems. It has to be stated that no specific regulations are present for such a technology.
In order to run trials with this system implemented onboard a vessel, requirements stated by the IMO must be
met. It states, among other things, that during test runs LSFO must be used. When the requirements described are
met, the government may issue a permit to install the system onboard a vessel. This does mean that the
government needs be kept up-to-date on the progress made. When the research program is not likely to produce
effective results in the reduction and control of exhaust gases, the permit might be withdrawn.
By examining the results of the sub questions, an answer to main question is provided.
Pulsed Corona Technology has proven to be a possible emission control system for the maritime sector. Research
has shown that Corona is capable of degrading nitrogen oxides sufficiently whilst working standalone onboard a
vessel. Although it is a big and expensive solution to reduce nitrogen oxides, Corona technology in the maritime
sector is still in its infancy, more research needs to be conducted into this subject which might result in cost and
size reduction by increasing its efficiency. The ones that will decide whether or not this technology is cost effective
or not, are the shipping companies which will determine if their eco-image outweighs the costs of such a system.
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10.2
Recommendations
During this research, certain subjects and questions arose on which this project could not elaborate. This chapter
discusses these subjects in short- and long term span. These are recommended to TU/e for their further research
into this subject in the maritime sector.
On the short term, certain researches can be conducted parallel to each other. The main question that arose
during the test phase was what kind of an effect the duration time of exhaust treatment has on the conversion
rate and energy density. This particular research was conducted with a gas flow of 6 litres per minute where a
diesel engine produces significantly more gas flow. New researched might result in answers whether or not a
higher gas flow results in a higher energy density per litre exhaust air.
Another problem that occurred during the research was the size of the Corona Reactor and its required
components. This report has shown that on a large diesel engine with a significant high gas flow more than 300
reactors of 30kW need to be placed parallel. This would result in a high construction cost and requires a lot of
space. Research needs to be done whether more power per reactor can be created, thus decreasing the amount of
reactors, and if these reactors can placed in series, thus decreasing the space used.
The absence of water vapour has proven to be a limiting factor during the test phase at TU/e. The lack of this
substance made it impossible to convert NO2 into HNO3 and SO2 into H2SO3. Further research has to be done to
show that this particular reaction will take place and at which energy density level.
Until now, experiments have only been done with synthetic air (21% oxygen, 78.9%nitrogen). This does not give a
realistic base line since it does not contain the substances regular exhaust gases do. Therefore, the specific energy
(ΔE) is likely to differ with an increase of “dirty” substances in the exhaust gases. To give a realistic frame for the
Corona Reactor, real engines should be used to measure the conversions of substances.
For the long-term, a Corona Reactor could be integrated on a smaller inland vessel to make trials. Since these
vessels create less exhaust gases and require smaller installations. During these trials, the reliability of the Corona
Reactor can be tested as its efficiency. Further research can be done during these field tests on its maintenance
sensitivity and whether this system would be functional on vessels inland and sea going vessels. It might be
imaginable that this system would only be sufficient and effective on land based structures.
Regarding the maritime legislation, new specific regulations in the maritime sector need to be adopted, when this
system is to be used as an emission control system. A possible guideline to this legislation could be the NEN 3840,
which is compulsory for high voltages on land.
An economical and technical comparison needs to be made with a selective catalytic reduction system, as this is
the main competitor of Corona technology in reducing NOX and SOX.
A last recommendation to TU/e and RMU is that a partnership could be realized between the two corporations.
RMU has the knowledge needed concerning the maritime sector, where TU/e has the knowledge needed regarding
Plasma technology.
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Appendix I
The specific amount of energy is determined at 63% conversion, thus x = 0.63.
Proof:
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Appendix II

Wärtsilä theoretical calculations

Fuel consumption per day
Engine type

Wärtsilä 6RTA96

Wärtsilä 9L46

Calculation
Mass fuel/
second
Mass fuel/
hour
Mass fuel/
day

Total Air usage
Engine type
Calculation

Wärtsilä 6RTA96

Wärtsilä 9L46

Wärtsilä 6RTA96

Wärtsilä 9L46

Mass air/ second
Mass air/ hour

Total exhaust air
Engine type
Calculation
Mass exhaust air/ second
Mass exhaust air/ hour

Mass exhaust air/ day
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Total exhaust air m

3

Engine type

Wärtsilä 6RTA96

Wärtsilä 9L46
̇

Calculation

Cubic meters exhaust air/ second
Cubic meters exhaust air/ hour

Cubic meters exhaust air/ day

Total amount Sulpher oxides
Engine type

Wärtsilä 6RTA96

Wärtsilä 9L46

Wärtsilä 6RTA96

Wärtsilä 9L46

Wärtsilä 6RTA96

Wärtsilä 9L46

Calculation
Sulfur kg/s
Sulpher per kg fuel

Molecular mass SOx
Engine type

Calculation
Mol SOX per second

Parts per million air
Engine type
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Calculation
Mol air per second

Parts per million air
Engine type

Wärtsilä 6RTA96

Wärtsilä 9L46

Wärtsilä 6RTA96

Wärtsilä 9L46

Wärtsilä 6RTA96

Wärtsilä 9L46

Calculation
Mol air per second

Parts per million SO2
Engine type

Calculation
Mol air per second

g/kWh SO2
Engine type

⁄

Calculation
Mol air per second
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Appendix III

Bolnes

Grams NO per cubic meter
Engine type

Bolnes

Calculation
Grams NO per m

3

Volume adjustment V2
Engine type

Bolnes

Calculation
Volume V2

Exhaust flow Bolnes
Engine type

Bolnes

̇
̇

Calculation
Mass per cubic meter exhaust flow

Grams NO per second
Engine type

Bolnes
̇

̇

Calculation
Grams NO per second

Grams NO per kWh
Engine type

Bolnes

Calculation
Grams per kilowatt hour NO
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Appendix IV

Datasheet Nitrogen oxides

Appendix V

Datasheet Nitrogen oxides & Sulfur oxides
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Appendix VI

Datasheet Sulfur oxides
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