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FOREWORD

This document is a study report for BSR InnoShip, the Baltic Sea co-operation
establishment for reducing ship and port emissions using knowledge and
innovation-based competitiveness.

BSR InnoShip addresses the common challenge of countries on the Baltic Sea and
key maritime stakeholders to cooperate in minimising ship-based air pollution,
while aiming to optimise the competitiveness of the maritime industry. The
project will promote an innovative transnational approach to harmonising the
various needs and interests of the maritime sector and to ensuring a level playing
field for more sustainable and economically viable management of the Baltic Sea’s
resources. The project will provide the knowledge and best practices that policy-
and decision-makers need to develop and implement national and transnational
policies, strategies and concrete measures to implement international low-
emission requirements. Practical models and tools will be elaborated to estimate
the economic implications of the required emission reductions and encourage
voluntary measures and economic incentives for low-emission solutions locally,
nationally and in the Baltic Sea area as a whole.

Kymenlaakso University of Applied Sciences contributes to BSR InnoShip by
offering high-level competence in marine emission measurement activities. The
emission measurement laboratory of Kymenlaakso University of Applied Sciences
was established in1992. The laboratory has taken part in several significant
international projects and has completed measurements on over one hundred
vessels. The emission measurement laboratory of Kymenlaakso University of
Applied Sciences is accredited by FINAS according to the SFS-EN ISO/IEC
17025:2005 standard.

BSRSZL
InnoShip



ABSTRACT

This report summarises the nitrogen oxides (NO,) emission abatement studies
conducted at Kymenlaakso University of Applied Sciences for the BSR InnoShip
project. Some of the results have already been published in Clean shipping currents
vol 1, number 7. (ISSN 2242-9794).

The results presented here are based on the on-board NO, measurement campaign
involving nine ships between 2011 and 2013. The NO_emission levels of various
engine types with three different types of NO,_ emission abatement technologies
were studied. The measurements were taken on board during the normal operation
of the vessels.

The report briefly describes the technologies being studied and presents
calculations and comparison of the NO_ emission abatement levels achieved.
The cost of purchasing and operating abatement equipment is calculated. The
abatement level is projected against the costs of the technology in each case. The
conclusion combines the final results in a simple figure of euros per ton of NO_
emissions avoided for each vessel and technology studied.

The purpose of this document is to serve as an informative report. As such, any
recommendations or grading of the abatement technologies are outside the scope
of this report.
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Symbols and abbreviations

g

BSR
CAC
Capex
CASS
CcO
CO2
DWI
ECA
FINAS
HAM
ie.
IMO
MARPOL
ME
NH3
NO
NOx
(@)
SAM
SCR
SO2
STID
TBO

Gram

Kilogram

Kilowatt

Kilowatt hour

Metre

Cubic metre

Parts per million

Second

Degree celsius

Per cent

Euro

Baltic Sea Region

Charge Air Cooler

Capital Expenditure
Combustion Air Saturation System
Carbon monoxide

Carbon dioxide

Direct Water Injection
Emission Control Area
Finnish Accreditation Service
Humid Air Motor

that is

International Maritime Organization
Marine Pollution

Main Engine

Ammonia

Nitrogen monoxide
Nitrogen oxides

Oxygen

Scavenge Air Moistening
Selective Catalytic Reduction
Sulphur dioxide

Steam Injected Diesel Engine

Time Between Overhaul
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1 INTRODUCTION

This report presents three case studies of common NO_ abatement technologies.
The purpose of the study was to measure and compare the cost-efficiency of
the selected technologies. This report aims to provide information on real-life
situations and it relies heavily on the results of actual measurements. The economy
aspects of the selected cases are established by considering each vessel individually.
Conclusions are therefore mainly bound to the case vessels; however, some of the
information can be generalised.

The case studies are based on measurement periods aboard ships and interviews
with technical staff and management personnel involved in the ships daily
operations. Relevant information was also provided by technology suppliers. The
measurements were made according to the ISO 8178-2 standard and Annex VI to
MARPOL 73/78 (IMO NO_ code) or equivalent standards. This report presents
various measurement results and observations related to the subject. The complete
measurement reports are available on request.

Several publications and literary resources were consulted to find reliable base
values for the calculation of the cost-effectiveness of the abatement technologies.
Furthermore, brochures and product data sheets from the engine manufacturers
provided necessary information. Experts from the engine industry, equipment
manufacturers and shipping companies were consulted. In most of the cases, exact
price information from manufacturers of the technologies could not be disclosed
for business reasons.



2 OVERVIEW OF THE THREE ABATEMENT
TECHNOLOGIES STUDIED

The three emission abatement technologies studied here are among the most
common abatement technologies. The technologies were selected for this
study because they were considered to provide high abatement efficiency. The
technologies are briefly presented below. A more detailed presentation can be
found in the corresponding chapter later in this document.

Selective catalytic reaction

The SCR process uses a chemical reaction and a catalytic reactor to
reduce NO_. The chemical agent (urea) is introduced to exhaust gas
and the mixture is channelled to the reaction chamber. The reaction is
accelerated with a catalytic material and the result is water and nitrogen
gas. The technology is widely used both in land-based power plants and
marine applications for NO_reduction.

Humidification of charge air

The charge air humidification method is based on lowering the
combustion temperature by introducing water to the combustion
process. The water is in vaporised form and it is mixed to the charge air.
In the context of this report the humidification technology is referred
to as HAM. This is an abbreviation of Humid Air Motor, which is the
commercial brand of marine engine manufacturer MAN Diesel. This
technology has a limited number of reference installations.

Injecting water into the combustion process

The water injection method uses liquid water, which is injected as a
spray to the combustion chamber. The manufacturer of the study subject
system is Wairtsild. Wirtsilda has renamed the technology brand to
Wetpac, but the former abbreviation, DWI, was chosen for this report.
This technology has dozens of reference installations.

The two water-based technologies, HAM and DWI, operate on the principle
of preventing NO_ formation, whereas the SCR technology operates as an after
treatment of the exhaust gas.



3 SELECTIVE CATALYTIC REACTION (SCR)

There are two common catalytic methods for reducing NOx. These are selective
(SCR) and non-selective catalytic reaction (NSCR). The non-selective catalytic
reaction process includes several other reactants beside NOx. The SCR system
addresses only NOx compounds through the selective reaction. The marine
applications are SCR systems.

3.1 Operating principle of the selective catalytic reaction

Selective catalytic reaction is essentially a chemical reduction reaction between
ammonia and nitrogen oxides accelerated with a catalyst. The catalyst reactor,
or the catalyst bed, is usually vanadium-titanium or a platinum-based alloy and
zeolite. SCR converts NO_into nitrogen and water.

In a typical SCR system, the reduction agent (s solution of urea and pure water) is
sprayed into the exhaust gas. The mixture passes through a reaction chamber, and
a reaction takes place in the presence of a catalyst at high temperature. Ammonia
forms from urea. Urea is used instead of ammonia because it is easier to handle
and store. The complete reaction is as follows:

CO(NH,),+2NO + 50, 2 N, +2C0, + 2 H,

The reaction produces non-toxic gaseous components, nitrogen, water vapour and
carbon dioxide.

The sulphur content of the fuel affects the catalyst reaction. A high sulphur content
in fuel can reduce the efficiency of the SCR system significantly. A sulphur content
below one per cent is considered harmless in this regard.

The catalytic system is mechanically quite simple. It consists of a urea tank,
pipelines, nozzles, fluid pumps, an air compressor, a reactor casing, cleaning
devices (soot blowing) and a control unit. A schematic diagram of a generic
installation is presented in Figure 1.
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Figure 1. Schematic diagram of a SCR system.

The disadvantage of the SCR is the requirement of installation space. The system
occupies quite a lot of space, and retrofitting a SCR system is not always possible
due the lack of the room for the reactor case. Some manufacturers offer systems
where the reactor case can replace the silencer.

The dimensioning of the reactor depends on the engine and the volume of the
exhaust gas flow. Typical dimensions of a SCR reactor case are 4 x 2 x 2 metres for
a 7 000 kW engine. The weight of a single reactor of this size is approximately 6
tons. One reactor is needed for each engine. For example, reactors for a ship with
four engines require a total of 64 cubic meters of installation space (total of four
reactors not including the pipelines and other auxiliary equipment). Reactors can
be cased individually or combined, depending on the configuration of the exhaust
gas channel layout.

The SCR system does not affect the power of the engine. There is no need to
modify the engine (internally or externally) or replace engine components to apply
a SCR system.



3.2 Reduction level references in literature

The reduction level of NO_can be very high. Reduction levels of over 90 per
cent are reported and some manufacturers claim even higher percentages. The
reaction requires temperatures of 300 to 500 °C, and this is the main limitation in
the operation of a SCR system. The combustion gas does not always reach high
enough temperatures, especially when the system is running under reduced load.

The reduction level depends on several variables and environmental conditions:
= The catalytic reactor wears with time, affecting the efficiency of the reaction.

» Varying concentrations and temperatures of exhaust gas affect abatement
efficiency.

= ‘Ammonia slip’ - the amount of the ammonia in the exhaust gas after the
reaction - is also one of the factors in evaluating the abatement system. The
excess of ammonia results in toxic and corrosive exhaust gas and higher
consumptions of expensive reagents.

The control unit of the SCR system has some internal latency for changes in
environmental conditions, and this can reduce the overall efficiency of the SCR
system, especially in variable load manoeuvring.

3.3 Measurements aboard the case study vessel

The measured vessel is a passenger ferry (ROPAX) operating on a short route
with frequent port visits. The planned vessel run time was 365 days in the year of
measurement.

The vessel has main engines of type Wartsild 16V32LN with a nominal power of
6560 kW. The engines are turbo-charged 4-stroke diesel engines, non-reversible
with charge air cooler and direct fuel injection. Two of the four main engines
were measured. The total number of operating hours of the measured engines was
roughly 30 000 each.

The measurement situation reflected a typical running situation. The typical
engine load at sea was 85 per cent. Typically, two of the four engines were running
depending on the weather conditions. However, it was not unusual for the vessel
to run using three or four engines. Port maneuvering periods were quite short.
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4 OVERVIEW OF THE COST OF USING SCR

4.1 Purchase price

Commissioning a SCR system includes system design and installation. Available
pricing information indicates a fairly uniform pricing level between different
manufacturers. The case study vessel has a SCR system installed as new.

Retrofit system pricing was also discussed, although this information has no direct
link to the case study vessel. Retrofitting the system can be difficult and it can even
require the exhaust gas channel structures to be rebuilt. The retrofit purchase price
was estimated to be 25 — 35 per cent higher due to the greater amount of design
work necessary. The available space within the ship and the need for disassembling
the ship structures sets the price spread (which can be very wide) for installation
expenses. The cost of dockyard days and lost operating revenue can also vary. This
can result in a very high installation cost for a retrofitted system. These factors
must be calculated for each individual ship.

Both new fit and retrofitted SCR systems are tailor-made and designed according
to the engine specifications of the ship.

4.2 System installation costs

The general cost of installing a SCR unit is very difficult to estimate, even in coarse
figures. SCR unit installation and installation-related ship construction work
includes work input from several contractors.

The shipping company did not have any available information on the installation
cost. The supplier of the system for the case study vessel was also unable to
calculate the installation cost figures in exact numbers, due to the involvement of
multiple contractors. The best available information was a general estimate that
the installation and dockyard costs are roughly the same as the purchase price.
Accordingly, the installation price is obtained by multiplying the purchase price
by a factor of two. This figure is naturally rather indeterminate, but it is based on
and supported by an experienced system supplier. A similar rule of thumb was also
used by another system supplier.

The system installation cost, calculated with the assumptions specified above, is
€ 360 000.



4.3 SCR system lifespan and renewal

The lifespan of a catalytic reactor depends on the equipment usage. A rough
estimate of the lifespan is 10 to 15 years. In this report the lifespan is set at 12 years.

4.4 Summary of the capital costs

Total purchase and installation price estimates for the case study vessel were
€ 720 000. Annualised costs with a 12 year lifespan are € 60 000 (excluding
tinancing costs).

4.5 Operating costs

Operating and maintaining the SCR system gives rise to costs that are minor in
comparison with the overall cost. The system supplier and the vessel’s technical
personnel provided the cost estimates below, and only general cost ranges were
discussed.

4.6 Personnel costs, operating and maintenance

The SCR system’s mechanical parts require maintenance, in the same way as any
other machinery. Everyday maintenance can be carried out by normal ship crew
and no specialist work is required. Routine cleaning and inspection does not
significantly add to costs. A comprehensive inspection is performed along with the
manufacturer at defined intervals. The cost of inspection is not public information.
For the purpose of this report, the operating and maintenance costs are estimated
to be € 5000 per year.

The SCR system is controlled by an automatic unit and does not require personnel
to operate it. The control cabinet is located in the control room of the vessel.
Control system malfunctions are rare.

4.7 Replacement parts

The system wears over time and some parts must be replaced. The urea nozzles
are particularly prone to wearing. Nozzles are quite expensive and therefore the
shipping company has started a service program for nozzle maintenance in order
to extend the nozzle lifetime. Nozzle costs are approximately € 5000 per year.

Catalyst elements wear down and they must be replaced when the catalytic

efficiency decreases. The elements can be replaced individually. The cost of
replacement elements is between five and ten thousand euros per year. The case
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study vessel is quite new and catalyst elements have performed well so far, but it
is obvious that replacements are needed more frequently as the system gets older.
Annualised costs for element replacement during over the SCR system’s lifespan
are estimated to be € 8000.

Replacing other parts (pumps, etc.) does not significantly add to annual costs.
However, occasional breakages can cause unscheduled costs. For the purposes of
these calculations, these costs are estimated at € 2000 per year.

4.8 Consumables

The SCR system uses water and urea. A high-concentration urea solution is diluted
with fresh water and the final solution is approximately 40 per cent urea. Urea and
water are bunkered in port.

The bunker price of high-concentration urea is about € 300 per ton. Urea is diluted
with fresh water, which also has a certain cost. However, this cost is insignificant
compared to the cost of urea and, therefore, the price of fresh water was omitted
from our calculations. Fluctuations in the price of urea tend to roughly follow the
price of fossil fuels.

Data in the measured ships’ consumption records was examined and a period of
eight days was sampled to calculate the average urea and fuel consumption. Source
information and a summary of the results are presented in Appendix 10.

Based on the fuel energy content analysis and engine-specific fuel consumption,
the urea consumption was 17.5 g/kWh (see Appendix 10., table A10-2). The
reference value, obtained from literature and the SCR system supplier, states that
the urea consumption is normally in the range of 15-20 g/kWh. The calculated
value is therefore well inside the range.

Urea consumption for one year based on the values above is 1500 m* (1670 tons)
and the cost is € 500 000.

For comparison purposes, the urea consumption was calculated against the oil
consumption and the urea/oil ratio was 7 per cent (70 litres of urea per cubic metre
of oil).

4.9 Total cost and conclusion

The total cost calculation is based on the abovementioned figures, which are
believed to be accurate. A summary is given in Table 1. Estimates are made using
the best available background information. Nevertheless, this type of calculation
includes some uncertainties by default.



Table 1. Total cost of operating SCR.

Annual cost

System design, purchase and installation expenses € 60 000
Operating costs €20 000
Consumables €500 000
Total €580 000

Total with + 10 % uncertainty

€520 000 — € 640 000

This calculation reveals that the most significant cost of operating a SCR system is

the consumables, effectively urea.
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> NO, EMISSION ABATEMENT ACHIEVED WITH SCR

The NO, emission abatement achieved with SCR system is derived from two
separate measurement runs. These measurement runs were carried out in 2011
and 2012. The measurement run in 2012 is considered as the main source of the
abatement calculation data for this document and the 2011 measurement results
were used for reference purposes.

5.1 Measurement results and review

A summary of the measurement results is presented in Table 2. An excerpt from
the measurement report is presented in Appendix 1.

Table 2. NO, reduction levels with SCR.

Average The figures adjacent are
o C 035 o/KWh calculated by averaging two

NO, before SCR 10.35 g/kW measurement results. The
calculation is presented in

NO _after SCR 2.65 g/kWh Appendix 1.

NO, reduction 7.7 g/kWh

Uncertainty £ 10 % 6.9 — 8.5 g/kWh

Reduction percentage 74 %

These measurement results strongly indicate that the reduction level is lower than
expected.

Reduction reference values from a previous measurement run by the same vessel
are significantly higher. The reason for the difference is suggested to be the
performance fluctuation of the SCR system. This situation indicates the integral
uncertainty and complexity of both the general methodology of the long-term
abatement calculations and assessment of abatement technology.

20



5.2 Amount of NO_reduction

The summary calculation of NO, reduction is shown in Table 3.

Table 3. Mass of NO, reduced.

Annual main engine energy usage 95 000 MWh
Reduction amount 7.7 kg / MWh
Abatement in one year 730 tons
Uncertainty = 10 % 660 — 800 tons

Calculated from the average load rate of the vessel, the total energy generated by
four main engines in one year amounts to 95 000 MWh. Energy consumption
calculations are presented in Appendix 5.

Using this figure and the reduction level from Table 3., the NOx abatement for one
year is 720 tons (uncertainty 70 tons).
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6 COST CALCULATION OF NO, ABATEMENT
ACHIEVED WITH SCR SYSTEM

The calculation of costs and emission abatement levels is summarised in Table 4.

Table 4. Price calculation per avoided ton.

Average annual cost of running SCR € 520 000 — € 640 000
Abated NOx emissions 660 — 800 tons

Price per abated ton € 800

Uncertainty = 15 % € 660 — € 900
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7/ SUMMARY OF SCR SYSTEM STUDY

The measured vessel was equipped with four Wartsild 16V32LN main engines. The
typical engine load at sea is 85 per cent with two engines running simultaneously.
The overall average engine load including sea run and port manoeuvring is 72 per
cent. The vessel operates continuously all year under different ambient conditions.

The measured vessel has a newly installed SCR system. The SCR system has been
measured several times, and the level of measured abatement varies considerably.
The measured values indicate that the reduction values given by the manufacturer
can be achieved under optimal conditions. During normal operation, optimal
performance cannot always be achieved, resulting in inconsistent abatement level.
This can be considered to be characteristic of SCR in marine operations.

The cost calculation gives an estimate of the cost of operating a new installation
of SCR equipment. The overall annual cost is around € 600 000. The cost of the
reduced NO _ is in the neighbourhood of € 800 per ton.

The cost of urea accounts for a large proportion of the total cost. Because of this,
the market price of urea plays a significant role in the economy of a SCR system.

23



8 DIRECT WATER INJECTION (DWI)

One of the water-based methods of abating NO_emissions is direct water injection
(DWI). DWTI uses water to lower the temperature during combustion. As the name
indicates, water is introduced to the process by direct injection into the cylinders
of the engine.

The case study ship has DWI technology from Wartsila installed. It operates with
water injection preceding fuel injection through a combined nozzle with two
needles. With the help of the control unit, the injection timing and duration is
constantly controlled to find the optimal injection parameters.

A further advantage to note is the reduced heat loss through the cylinder walls.
This can be achieved due to the overall lower temperature in the cylinder, as well
as the decreased duration of gas mixture in the combustion chamber.

The DWI system does not require chemical agents or bunkered consumables.

8.1 Operating principle of the water injection system

The burning process is cooled by injection of water directly into the cylinders of
the engine. The cooler burning temperature prevents the formation of thermic
NO_. There are several different injection approaches: injection through separate
injectors, one for fuel and one for water; through separate nozzles in one injector;
or stratified injection.

The type of DWI injection used in the case study vessel is called tandem or

combined nozzle. This system is marketed by Wartsild under the name ‘tandem
nozzle. A descriptive picture of the construction is shown in Figure 2.
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Figure 2. Construction of a tandem nozzle

The name implies the method, because the supply of water and fuel occur separately,
with two needles and through separate nozzles, but within a single injector body.
Consequently it is possible to inject both liquids close to each other, which ensures
a homogenous mixture in the cylinder. Beyond that, this construction requires
less space to be installed and each injector has its own computer-controlled unit
to optimise the injection parameters. It is possible to change the amount of water
added according to the conditions of the engine. For example, during start-up
or while operating under low loads, water injection can be reduced or shut off
completely.

Injection types are differentiated by the nozzles used and also by the water pressure
used. Stratified water injection does not need high water pressure, while injection
using twin nozzles requires a pressure of 200 to 400 bars, depending on the type
of engine. This system is assembled with a high-pressure water pump module.
Additionally a low-pressure pump has to be installed before the high-pressure
pump, providing a constant 3.5 bars of pressure to guarantee stable water flow
between them.

One advantage of the combined nozzle is that higher rates of NO,_ reduction
(compared to completely separate nozzles) can be achieved with no influence on
engine operation. The engine can operate with water injection on or off due to
the separate feed pipes. For marine engines, reliable and failsafe operation is very
important, owing to the fact that the entire ship will not manoeuvrable if the fuel
supply collapses and the engine stops. In the event of an error in the DWI system,
such as a leakage or clogging of the nozzles or pipes, the combined nozzle has a
flow fuse as a safety device that stops the water flow.
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To achieve a NOx reduction of 50 — 60 per cent, a water to fuel ratio (W/F ratio)
of 40 - 70 per cent is necessary. If more water is fed into the combustion chamber
it is possible to reduce NOx emissions further, but this also involves a reduction in
engine efficiency.

The operation of a DWI system includes considerations of fuel consumption, the
power of the engine and the amount and composition of emissions in the exhaust
gas. To reach a balance between these different attributes the key parameters
need to be considered carefully. These encompass injection timing, including the
duration of water injection and the direction of water spray.

8.2 Water production

As a further requirement, the installed DWI system needs fresh water. This means
drinking water or even distilled water is required to prevent damage to the engine.
Other types of water may cause the engine to clog due to impurities. An advantage
for cruise ships is the possibility to use drainage water from showers, which can be
used after preparation. The water injected into the cylinder must be free of solids,
so it needs to be filtered. Furthermore, if a water treatment system is installed,
seawater can be used. After filtration the water needs to be desalinated to prevent
hot corrosion. If there are too many salts, such as sodium, they may come into
contact with the sulphur in the fuel, or other substances such as vanadium, form a
layer on the surface of the cylinder and pit the cylinder at high temperatures.

Regardless of the effort required to filter and desalinate the water, it is beneficial
that wastewater or seawater can be used. Otherwise, huge tanks would be necessary
for the storage of fresh water on the vessel. These additional tanks would mean
extra weight and loss of space. The case study ship had a water treatment system
installed, which is capable of producing high quality fresh water from seawater.

Water consumption is related to fuel consumption, and this relation can be shown
as the water/fuel ratio (W/F ratio). The W/F ration of the case study ship was
calculated at 0.64. This ratio represents a situation in which 0.64 m3 of water is
consumed per cubic metre of fuel consumption. The typical range of water to fuel
is0.4 - 0.7.

8.3 Special features of the system

The case study ships personnel suspected that the water injection nozzles were
malfunctioning. This suspicion proved well founded when the measurement
results were analysed. The NO,_ emissions were at the same level with three or four
nozzles operating. This finding may indicate a broken nozzle, which lowers the
efficiency of NO_abatement. The emission levels measured with a malfunctioning
system have been used in this report, as the purpose of the case study is to reflect
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the actual situation instead of the optimal conditions. See Appendix 8. for graphs
of the situation described above.

8.4 Reduction level references

Wirtsild has reported a 50-per-cent NO_ reduction level with DWI. A reference
value of 60 per cent has been reported from measurements of a DWI-equipped
ship conducted in 2011 by Kymenlaakso University of Applied Sciences.
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9 OVERVIEW OF THE COSTS OF USING WATER
INJECTION

The following price information is gathered from several literary sources. The
engine manufacturer and the shipping company were also consulted.

9.1 Purchase costs

The purchase and installation costs include the costs of equipment and installation
work. The equipment includes a humidifier, a catch tank and a heat exchanger for
preheating the water. Further components include pumps, filters, pipes and valves,
as well as the control and monitoring system. The advantage of the system is that
the most expensive components, such as the humidifier, the heat exchanger, the
catch tank and the circulation pump, must be bought only once. It is not necessary
to install these devices for each engine. To enable comparability, the lifespan of the
three options is assumed to be 25 years.

Based on various sources, a purchase cost of € 40 per kW was used for the
calculations in this case study. Greatly varying values are to be found, even
from the manufacturer of the DWI system, Wartsild. Statements often begin at
€10 - € 15 per kW and range up to € 40 — € 60 per kW.

Additional DWI components, such as a low-pressure pump (3.5 bar) and a high-
pressure pump (200 — 400 bar), also need to be installed. As mentioned earlier,
further parts include injection valves and a flow fuse. Both have to be built into
each cylinder, along with cables, pipelines and the control unit for each cylinder.
The total cost is approximately € 300 000 and the installation has a lifespan of 25
years. This includes the purchase costs of the water treatment system.

The injector required has a relatively short lifespan of four years. This is due to

the exposed position of the injectors in the cylinder, where it has to endure high
pressures and temperatures. An injector price of € 66 000 was used for this study.
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The cost figures are presented and annualised in Tables 5. and 6.

Table 5. Purchase costs of DWI equipment (one engine).

General equipment, life span 25 years € 300 000

Injectors, life span 4 years €66 000

Table 6. Annualised costs of DWI equipment (not including capital costs).

General equipment, life span 25 years €12 000 per annum
Injectors, life span 4 years €16 500 per annum
Total € 28 500 per annum

9.2 System installation costs

System installation costs are confidential by agreements between shipping
companies and equipment manufacturers. At the time of this study, the DWI
equipment manufacturer, Wartsild, did not offer retrofit installations.

9.3 Operating and maintenance costs

The operating costs of this system include the costs of fresh water. The case
study ship had freshwater production on board. The water treatment system is
powered by energy generated by the ship. Due to this, the ship has increased fuel
consumption. The ship’s staff estimate the cost of this to be € 2000 annually.

A further factor that needs to be considered is maintenance. Even if it is possible
to reduce the expenses for maintenance due to less thermal stress, there is some
effort necessary for trouble-free operation. This generates extra workload for the
ship’s personnel. The cost of the extra annual workload is approximated at € 2000.
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The operating costs are collected in Tables 7. and 8.

Table 7. Annual operating costs.

Fuel for water generation €2 000 per annum
Maintenance work €2 000 per annum
Total €4 000 per annum

9.4 Total cost and conclusion

The annual cost of the DWI system installed is presented in table 8. The cost
structure presented above reveals that a single item - the injectors — constitutes
half of the costs.

Table 8. Total cost of operating DWI.

Annual cost
Equipment € 28 500
Operating and maintenance €4 000
Total €32 500
Total with + 10 % uncertainty €29 000 — € 35 500

The calculation above is for one engine. The case study ship has two main engines,
and the total annual cost of the DWT is € 65 000.
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10 NO, EMISSION ABATEMENT ACHIEVED WITH
WATER INJECTION

The case study ship is equipped with common rail fuel injection system. The
common rail system produces lower NO_ emissions by default compared with
conventional fuel injection. The absolute NO_emission level measured in the case
study ship can be considered as a result of the combination of common rail and
DWI. However, the DWI effect is separated for the purpose of this calculation.

The NO_ emission levels measured in the case study vessel may be affected by
an equipment failure, as discussed in paragraph 8.3. However, the abatement
level reached is within the levels reported in relevant literature. Comparison with
other measurements conducted by Kymenlaakso University of Applied Sciences
indicates that the NO_abatement level in the case study ship is in the normal range.

10.1 Measurements aboard the case study vessel

The measurements were conducted during the normal route of the measured
ship. The studied vessel was a cargo ship equipped with two main Wirtsilda 6L46F
engines, which are 4-stroke, medium-speed diesel engines, each with a power
output of 7,500 kW. For fuel injection, they are equipped with a common rail
injection system. Both main engines are equipped with DWI. The DWI system
was a new installation.

A typical sea run situation saw the engines under 80 per cent load. Harbour stops
for loading and unloading normally took a couple of days. The main engines’
running hours were around 24 000 each.

10.2 Measurement results and review

The measured NO_levels are presented in Table 9. The measurement was taken
using various settings for the DWT system. The emission level with the setting for
full operation of the DWI system was chosen to represent the emission level. An
excerpt from the measurement report is presented in Appendix 2.
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Table 9. NO, reduction levels with DWI.

NO, without DWI 9.3 g/kWh

NO,_ with DWI 6.3 g/kWh

NO,_ reduction amount 3 g/kWh
Uncertainty £ 10 % 2.7-3.3 g/kWh
Reduction percentage 32%

10.3 Amount of NOx reduction

Table 10. presents the calculation of the annual amount of abated NO_emissions.
The energy consumption calculations are presented in Appendix 5.

Table 10. Mass of NO, reduced with DWI.

Annual main engine energy usage 51 300 MWh
Reduction amount 2.5 g/kWh
Abatement in one year 128 tons
Uncertainty = 10 % 115 — 141 tons
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11 COST CALCULATION OF NO, ABATEMENT
ACHIEVED WITH DWI

Table 11. presents the calculations of the price per abated ton of NO_. The average
annual cost is calculated for two main engines.

Table 11. Cost calculation per avoided ton with DWI.

Average annual cost of DWI €65 000
NO_ emissions abated 128 tons
Price per abated ton €508
Uncertainty = 15 % €430 — €580
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12 SUMMARY OF THE DWI SYSTEM STUDY

The measured vessel was equipped with two Wiartsild 6L46F engines with common
rail fuel injection. The typical engine load at sea is 80 per cent. The vessel operates
continuously year-round with different ambient conditions.

The measured vessel has a direct water injection system installed as new. The DWI
system reduces NOx emissions by approximately 130 tons per year. The cost of
operating the DWTI system is around € 500 per ton of abated emissions, which can
be considered rather high. This may be the result of combining common rail and
DWT technologies, which both have a positive effect on NOx emission reduction.
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13 HUMID AIR MOTOR (HAM)

The Humid Air Motor is another wet method for decreasing NOx formation
during the combustion process. In contrast to DWI, water is injected along with
the combustion air. This is realised by saturating the combustion air before it enters
the combustion chamber. The following sections explain the HAM technology in
detail, from a definition and product names via the structure and process through
to the reduction potential, advantages and disadvantages.

The number of HAM installations is limited, as is the amount of public information
available.. This case study investigates the HAM installation on board Viking
Mariella, which has acted as a public reference used by MAN.

13.1 Terms and definitions

The technology was invented by Swedish company Munters Euroform GmbH. In
technical literature it can also be found under the term ‘charge, inlet or intake
air humidification’ Furthermore, other companies carry the technology under
their own specific brand names. For Finnish company Wiartsild, it is known as
WetPac and Steam Injected Diesel Engines (STID) and, from co-operation with
Marioff Oy, it is known as a Combustion Air Saturation System (CASS). German
company MAN in turn uses the common term, HAM, for systems that are suitable
for 4-stroke engines and Scavenge Air Moistening (SAM) for systems that work on
2-stroke engines.

13.2 The structure of the HAM system

The main principle is to humidify the charge air of the engine to avoid high peak
temperatures. To humidify the compressed inlet air that comes from the exhaust
turbocharger, a humidifier is needed. Further components are a catch tank, a bleed-
off system and a heat exchanger. The basic structure can be seen in the schematic
drawing in Figure 3.
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Compresser

Combustion air

Figure 3. The basic working principle of the HAM system by MAN.

The turbocharger of the HAM system works like an ordinary turbocharger. The
principle is that, with the help of the exhaust gases from the engine, a turbine is
operated. This turbine is situated with a compressor on the same shaft. Due to the
rotation generated by the turbine, the compressor can compress fresh air for the
engine. The known advantages of a turbocharger, such as the availability of more
oxygen for combustion, also apply to the HAM system.

The core component in the system is the humidifier, also known as a HAM unit.
To mitigate harmful environmental effects, the material used to construct the
humidifier must meet some requirements. Therefore, materials such as acid-proof
steel and reinforced plastics are used to prevent corrosion. The HAM system turns
off around 15 minutes before the main engines are stopped to dry the system and
prevent corrosion in the engine.

The humidifier is constructed as a cylindrical vessel with three stages of surface-
enlarging elements. The dimensions are based on the engine size. On board
the study ship, it has a diameter of 1.3 metres and a length of 4 metres. When
designing the length, it is important to bear in mind the evaporation time. For the
width, a key factor is avoiding high flow velocities. Low flow velocities are required
to guarantee the separation of water droplets inside the humidifier, whereas high
flow velocities make it possible for water droplets to enter into the cylinders. The
humidifier on M/S Mariella weights around three tons. To prevent condensation
of the water droplets between the humidifier and the engine, the pipes are isolated.
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The next component is the bleed-off system for controlling the salt and mineral
concentration in the circular flow. The bleed-off system consists of valves for
draining water back into the sea and conductivity sensors to detect the salt content
of the water. The amount of drained water varies between 1 and 25 per cent of all
of the circulating water.

13.3 Process in the HAM system

Firstly, water is pumped into the catch tank. This can be seawater or grey water.
Grey water is minor contaminated wastewater from sources such as showers and
laundry systems.

Figure 4. The flow chart diagram of a HAM system.

The drain water produced by the humidifier as an excess residue is also collected
in the catch tank. The case study ship requires about 60 tons of water for a journey
of approximately 250 nautical miles (463 km). Before the seawater reaches the
catch tank it has to pass filters that separate algae and other raw contaminants. An
additive can also be fed into the water to prevent the build-up of lime scale and
other deposits.

After passing through a heat exchanger, marked in Figure 4. in red, the water is
then pumped into the humidifier. This heat exchanger uses the heat of the exhaust
gases or the engines’ cooling water. The reason for using a heat exchanger is to
preheat the seawater to achieve a higher NO_ reduction level. Without preheating,
NO_ emissions of 4.5 g/kWh can be expected, but this can be reduced to below
3.5 g/kWh with heated water, according to information from MAN. Therefore, the
water is preheated to a temperature of about 80 °C.
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In the humidifier, the water is sprayed into the hot airflow. According to Pounder’s
marine diesel engines and gas turbines (2009), a temperature of 200 °C in
the humidifier and an airflow velocity of 75 m/s can be assumed. Small water
particles, the size of a few micrometres, precipitate the immediate evaporation and
best possible mixing with the air. The result of the process is saturated air with a
moisture content of 60 g per kg of dry air in the case of CASS. Grams or kilograms
of water per kilogram of dry air is the standard unit of measurement of water
contained. This figure is indicated in the literature with the letter X and can be
found under the term ‘water load’ The state of maximum saturated air is reached
if the air contains its maximum amount of water at the specific temperature and
pressure. It corresponds to a relative humidity of 100 per cent. If the saturation
exceeds 100 per cent, the excess water will condense into water droplets.

The relative humidity of the charge air leaving the humidifier is about 98 per cent.
As a general rule, air can contain more moisture the higher the air temperature
is. Therefore, air that is heated through compression is quite applicable. This
reaction is represented in Figure 5., which shows that the addition of heat is more
beneficial than using the air in an adiabatic state. It can be also seen that a charge
air temperature of about 70 °C is required to attain this highly saturated state.
Normally the charge air is at a temperature between 40 and 50 °C. Possible sources
of heat for preheating the charge air are engine coolant and exhaust gases, which
can be led into the charge air.
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Figure 5. NO, emissions with and without additional heating of the charge air.
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During humidification, two main reactions can be determined. There is an increase
in the specific heat capacity of the air-and-water mixture. This enables the charge
air to contain more heat. At the same time, water replaces the oxygen in the air,
leading to lower peak temperatures in the combustion chamber.

The amount of water that can feasibly be injected depends mainly on the pressure
and temperature of the charge air. This means that a higher air temperature has a
favourable effect on humidification, while higher pressure has the opposite effect.
As the pressure increases, the intake air can contain smaller amounts of water,
hindering the process.

Cooling the hot compressed charge air using water has the added benefit of almost
obviating the need for a charge air cooler (CAC). Without a humidification system,
the CAC would regulate (i.e., decrease) the temperature of the compressed charge
air. The humidification system therefore replaces the CAC. In the interest of safety
a CAC can be installed on a bypass loop in case the HAM system fails.

It is essential to cool the charge air because higher temperatures cause the density
of the air to decrease. Consequently the air will contain less oxygen and the engine
will have lower power and a greater thermal load. However, the water will evaporate
in the humidifier with the help of surface-enlarging elements.

The humidifier on board M/S Mariella is made up of three surface-enlarging
elements, so it has three injection stages in which preheated water is sprayed
into the air flow. Seawater is distilled using an evaporation process. This prevents
harmful substances such as salt or other pollutants in the seawater from passing
into the cylinders of the engine.

Another device that protects the engine is the high-performance mist catcher, as
named by MAN. This is situated at the end of the humidifier and, as its name
suggests, it separates the water droplets from the saturated charge air. As the
humidification system operates with higher excess water, the water that does
not evaporate is led back into the catch tank. Generally, it is considered that the
amount of injected water is three times the fuel consumption. So the water-to-fuel
ratio is 3. This generalisation was confirmed by the field experience on-board,
where a water-to-fuel ratio of 2.5 was determined. This represents the amount of
water that is effectively injected into the cylinders. It does not equate to the total
amount of water used. To guarantee a continuously low salt and mineral content
in the circuit, a ‘bleed-off” system is used. Furthermore, a safety drain into the sea
is available, so the water can be bled off at any time. According to Lovblad and
Fridell, 95 per cent of the water is reused in the cycle and 5 per cent is bled off.

An important adjustment that must be considered when installing a HAM system
is the adaption of the turbocharger. Using a humidification system causes the
temperature of the exhaust gases to decrease. This in contrast leads to an increase
in density, enabling the air to absorb more water vapour. Consequently, the
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turbocharger has a higher intake and must be adjusted to handle the additional
mass. For this reason, it is necessary to raise the speed.

13.4 Reduction potential

Manufacturers make differing estimates of the amount of NO_emissions that can
be saved. Normally a reduction rate of 70 — 80 per cent is assumed. According to
Wirtsild, an abatement of 50 per cent, to approximately 7 g/kWh, is achievable
with its humidification system, ‘WetPac. MAN indicates a reduction rate of 65 per
cent if the charge air is preheated and 40 per cent if it is not.

On the Norwegian fishing vessel Kvannoy, which also uses the HAM system,
NO_ emissions have been reduced by 61.3 per cent. The vessel's NO_emissions
were 9.3 g/kWh before the installation and 3.6 g/kWh after it. MAN invented the
SAM system for two-stroke engines. According to MAN’s own information, it can
reduce NO_emissions by 30 — 40 per cent.

13.5 Pros and cons

The previous chapter showed that the HAM system is a convenient and efficient
method for reducing NO_emissions. This is a summary of the advantages and
disadvantages of this technology:

The HAM system distinguishes itself positively by the fact that it can be operated
with simple seawater. Consequently, the operating costs are far smaller compared
with other NO, reduction methods that need fresh or distilled water, water with
specific additives, or substances like urea. Furthermore, the HAM system is
relatively light and compact, being 15 to 30 tons lighter than SCR. No storage tanks
are required for fresh water, nor are additives needed. The only requirement is the
physical proximity of the system to the engine, to avoid heat loss and to prevent the
saturated air from condensing.

Moreover, the HAM system can be installed vertically or horizontally and, due
to the fact that it replaces the CAC, it can be integrated as part of the engine.
A further benefit is the greatly reduced consumption of lubricating oil. This is
caused by much cleaner piston crowns. In general, the engine cleaner is and it is
not necessary to clean the turbocharger. Also, TBO increases to 12 to 15 per cent,
which reduces maintenance costs. Another advantage of the system is the reduced
thermal load, which can extend the lifetime of engine components.

Furthermore, no significant increase in fuel oil consumption could be discerned,
either on M/S Kvannoy or on M/S Mariella. In fact, M/S Mariella reported a
decrease in fuel consumption of about five per cent. Also, there are no requirements
for low-sulphur fuels.
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14 OVERVIEW OF COSTS OF USING CHARGE AIR
HUMIDIFICATION

The following information is gathered from several literary sources. The case study
ship is a well-known reference for HAM systems, and most the cost information
presented here is publicly available.

The HAM system in the case study does not require chemical agents or bunkered
consumables.

14.1 Purchase and installation

The assumed capital costs include the costs of equipment and installation. The
equipment includes a humidifier, a catch tank and a heat exchanger for preheating
the water. Further components include pumps, filters, pipes and valves, as well as
a control and monitoring system.

For newly built ships, a purchase cost of € 2 530 000 can be assumed. If the capital
expenditure is stated per kilowatt, the average would be € 110 per kW, according to
C. Hugi. If the system is retrofitted, capital expenditure will increase. Fortunately,
it is possible to install the system while the engines are in daily operation, but
such an installation necessitates in-depth planning. This is mirrored in the higher
capital costs compared to the costs of a system on a newly built ship.

The capital costs for a retrofitted system are € 2 760 000, which results in an average
of € 120 per kW. The cost of the retrofitted system on the case study ship was
€ 500 000 for each engine. Consequently, the total cost was € 2 000 000 to install
the system on all four main engines. For each installed kilowatt of engine power,
the capital costs were about € 87. The first installation was carried out while the
ship was in daily use and the three following installations were carried out during
its usual dry dock time.

14.2 Charge air humidification system lifespan and renewal

The advantage of the HAM system is that the most expensive components, such as
the humidifier, the heat exchanger, the catch tank and the circulation pump, must
only be installed once. It is not necessary to install these devices for each engine.
To enable comparison, the lifespan of the three options is assumed to be 15 years.
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14.3 Summary of the equipment costs

The equipment cost is annualised in Table 12. These costs are for a system installed
in one session.

Table 12. The equipment cost of HAM system.

Purchase price €2 000 000

Annualised, 15 years’ lifespan € 133 000 per annum

14.4 Operating and maintenance costs

Operating and maintenance costs were calculated. According to the values from
the case study ship, an expenditure of € 4000 per engine was assumed. As a result,
it was calculated that the annual cost would be € 16 000 per ship. This is due to the
ability of the HAM system to use seawater and grey water, which would otherwise
be drained off. This figure is presented in Table 13.

Table 13. Operating and maintenance cost of HAM system.

Operating and maintenance €16 000 per annum

14.5 Water considerations

The HAM system can use seawater or grey water, so water does not create a
noteworthy cost. The marginal cost of water is included in the operating and
maintenance cost.
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14.6 Total cost and conclusion

Table 14. summarises the costs of HAM.

Table 14. Total cost of operating HAM.

Annual cost

System design, purchase and installation expenses | € 133 000
Operating costs €16 000
Total €149 000

Total with + 10 % uncertainty

€135 000 — € 164 000

The cost structure is clearly weighted by system purchase costs. This case study
relies on publicly available reference material for the life span of the system. The
case study system will reach the end of its expected life span within the next two
years. The continuation of the system — whether rebuilt or renovated - will provide

new information in the future.
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15 NO, EMISSION ABATEMENT LEVEL ACHIEVED
WITH CHARGE AIR HUMIDIFICATION

The NO_emission level of the case study ship was measured with the HAM system
operating normally. The NO,_ emission level for the same engine type without
the HAM system was calculated from three different engines with total of five
measurements taken separately. The calculation for the reference level of NO_ is
presented in Appendix 6.

15.1 Measurements aboard the case study vessel

The measurements were taken during the ship’s normal activity. The studied ship
was a ROPAX ship operating as cruise ship with daily harbour stops and waiting
time for passengers. The ship has four main engines of type Pielstick 12PC2.6 with
a nominal power of 5750 kW.

A typical sea run situation saw the engines operating at 75 — 80 per cent load. The
main engines run for between 113 000 and 133 000 hours.

15.2 Measurement results and review

The measured NO_ levels are presented in Table 15. Measurements were taken for
each of the four engines. The NO_emission presented here is an average of the four
measurements. The averaging details are presented in Appendix 3.
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Table 15. NO, reduction levels with HAM.

Average The figures adjacent are
calculated by averaging several
NO without HAM 16.7 ¢/kWh measurement results. The
! calculation is presented in
Appendix 3.
NO_ after HAM 5.9 ¢/kWh

NO_ reduction amount | 10.8 g/kWh

Uncertainty £10 % 9.7 -11.8 g/kWh

Reduction percentage 65 %

15.3 Amount of NO_reduction

The total mass of abated NO_is calculated in Table 16. The total annual energy
consumption is calculated in Appendix 5.

Table 16. Mass of NO, reduced with HAM.

Annual main engine energy usage 46 000 MWh
Reduction amount 10.6 g/kWh
Abatement in one year 528 tons
Uncertainty = 10 % 476 — 581 tons

45



16 COST CALCULATION OF NO, ABATEMENT
ACHIEVED WITH CHARGE AIR HUMIDIFICATION

Table 17. presents the calculations of the price per abated ton of NO ..

Table 17. Price calculation per abated ton with HAM.

Average annual cost of running HAM € 149 000

Abated NO_emissions 528 tons
Price per abated ton €280
Uncertainty £ 15 % €240 — € 325

46



17 SUMMARY OF THE HAM SYSTEM STUDY

The measured vessel was equipped with four Pielstick 12PC2.6 main engines with
a nominal power of 5750 kW. The ship operates as a cruise vessel with daily port
stops of several hours. The vessel operates continuously all year under different
ambient conditions. The typical engine load at sea is 75 — 80 per cent.

The measured vessel has had a HAM charge air humidification system retrofitted.
The system reduces NO_emissions by approximately 530 tons per year.

The cost of the NO_abatement achieved is around € 280 per ton.
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18 COMPARISON OF THE ABSOLUTE NO, EMISSION

LEVELS

The case study abatement systems can be compared with absolute NO_emission
levels. This comparison is useful for reference purposes. However, a full analysis is
beyond the scope of this report. This information is presented below in Table 18.

with no conclusions attached.

Table 18. NO, emission comparison.

Abatement technology

Reported average NO_
emission of case study
ships

Selective catalytic reaction (SCR) 2.7 g/kWh
Direct water injection (DWT) 6.3 g/kWh
Humid air motor (HAM) 5.9 g/kWh
Target NO_ level according to Marpol Annex VI. | 2.2 —2.4 g¢/kWh
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19 COMPARISON OF THE COST CALCULATION OF
THE STUDIED TECHNOLOGIES

The case study ships and abatement technologies differ in many ways. The price
components are different depending on whether the system includes consumable
chemicals or wearing parts. The main cost component of SCR technology is the
price of the chemical reagent (urea) used in the process. The price of urea is
subject to change and therefore the cost of the system can vary over time. The
water-based technologies are also different in terms of their cost compositions.
The DWI technology needs a periodic part refit when injector parts wear out.
HAM technology has no such special parts or consumables liable to expensive
replacement; instead, the drawback of HAM is the highest initial cost.

The case study results of price per abated ton of NO _are presented in Table 19. The
comparison figures from a literature review are presented in Table 20.

Table 19. Summary of the case study results

Abatement technology Cost per ton of NO_ abated
Selective catalytic reaction (SCR) € 800
Direct water injection (DWI) €510
Humid air motor (HAM) €280
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Table 20. Literature references. The cost per ton of NO, abated, calculated as averages from
the source information.

ENTEC Sj6fartsverket
Selective catalytic reaction (SCR) €400 €630
Ditect water injection (DWT) € 345 €380
Humid air motor (HAM) €250 €250

The one distinguishable detail of Table 19. is the figure related to the DWI
technology. It seems high compared to the literature references listed in Table 20.
This can be explained by the engine used on the measured ship. The measured
ship has a relatively new engine with common rail technology. The common rail
technology improves the properties of the fuel injection process and results in
lower NO_emissions by default.

The previous measurements taken by Kymenlaakso University of Applied Sciences
confirm the benefit of the common rail system. The same engine type as in the
DWTI case study produces significantly higher NO_emissions without common
rail.

However, the comparison presented here is limited only to a cost analysis of the
NO_ abatement equipment. The result is valid with the given remarks, and the
benefit of combining DWI with common rail technology will be the subject of
further studies.
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20 SUMMARY AND CONCLUSIONS

This paper presented a report of three case studies of three different NO_emission
reduction technologies. The emission information was gathered from actual on-
board measurements. The measurements were made during the normal operation
of the ships.

The costs of emission abatement systems on the case study vessels were
investigated. The emission reduction level was set against the cost of the system
and a comparable NO_reduction price was calculated for each system. The NO_
reduction prices of each of the case study subjects were compared.

The comparison reveals essential differences in the price of the abated NO_
emissions. The cost structure of the abatement technologies also proved to be
different in each of the cases.

The purpose of this report is to provide first-hand information from the actual

operation environments of the abatement systems described. The results reported
here are not analysed further in this regard.
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APPENDIX 1. Summary of SCR measurement report

Table A1-1. Average results of NO,_measurements before and after catalytic converter, main
engine 1.

Subject Toad I(i;)" NO_ NO,_

% mg/(n)m? /kWh

(7o) (ppm) (mg/(n)m”) g )
ME1 after SCR 75 229 460 +7% |2.15 +10 %
ME1 before SCR | 75 1104 2216 +7% 10.38 +10 %

Table A1-2. Average results of NO, measurements before and after catalytic converter, main
engine 2.

Subject Load ?rgf)x NO_ NO,

Y mg/(n)m? /kWh

(Vo) (ppm) (mg/(n)m”) g )
ME2 after SCR 75 317 637 +7% 3.16 +10 %
ME2 before SCR | 75 1034 2079 +7% | 10.29 +10%

Table A1-3. Average results of O, measurement

. Load O, dry O, dry
2 2
Subject (%) (%) uncertainty
ME1 75 12.1 11.9-123
ME2 75 12.6 12.4-12.8
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Table A1-4. Average results of CO measurement

. CO dry CO cO
0
Subject Load (%) (ppm) (mg/ ()m) (2/kWh)
ME1 75 167 204 7% |1.13  [£10%
ME2 75 164 201 7% (117 |£10%

Table A1-5. Average results of exhaust gas temperature and exhaust gas flow rate

Subiect Load Temp Temp uncertainty Flow rate
u

! (7o) O O (m*()/s)
ME1 75 300 2 7.1
ME2 75 305 +2 7.4
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APPENDIX 2. Summary of DWI measurement report

Table A2-1. Average results of NO,_measurements with and without water injection, main

engine 2.
Subiect Load NO_dry | NO, NO_
] (%) (ppm) (mg/ (n)m’) (g/kWh)
MEZ2 after DWI | 81 640 1291 +7% | 6.31 +10 %
ME2 before
4+ 70 + 0
DWI 81 940 1897 +7% 927 | £10%

Table A2-2. Average results of NO,_measurements without water injection, main engine 1.

Subiect Load NO_ dry NO, NO,
’ 06 | (epm) | (mg/(mm’) (/kWh)
ME1 no DWI 77 890 1796 +7% | 878 | £10%
Table A2-3. Average results of O, measurement
. Load O, dry O, dry (%)
2 2
Subject (%) (%) uncertainty
MET no DWI 77 13.8 13.6 - 14.0
ME2 before
DWI 81 13.8 13.6 - 14.0
ME2 after DWI | 81 13.8 13.6 - 14.0
Table A2—-4. Average results of CO measurement
Subiect Load CO dry CcO CO
] (7o) (ppm) (mg/(n)m?) (g/kWh)
ME1 no DWI 77 52 64 +7% 1033 | +£10%
ME2 before
+ 0 + V)
DI 81 60 51 +7% 1039 | +£10%
ME2 after DWI | 81 60 51 +7% 1039 | £10%
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APPENDIX 3. Summary of HAM measurement report

Table A3-1. Average results of NO, measurements after HAM, main engines 1, 2, 3, 4.

Subfect Load [NO_dry | NO. NO.
’ ¢ | (epm) | (mg/(mm) (g/kWh)
ME1 80 483 980 +7% 5.93 +10 %
ME2 73 380 767 +7% |3.76 +10 %
ME3 70 901 1822 7% 9.55 *+10 %
ME4 80 417 844 +7% | 4.36 +10 %
Table A3-2. Average results of O, measurement
. Load | O,dry O, dry (%)
Subject (%) (%) uncertainty
ME1 80 15.2 15.0-154
ME2 73 13.6 13.4-13.8
ME3 70 14.1 13.9-14.3
ME4 80 14.0 13.8 - 14.2
Table A3-3. Average results of CO measurement
Subiect Load CO dry CcO CcO
] (7o) (ppm) (mg/ (n)m’) (g/kWh)
+10
ME1 80 151 186 +7% |1.26 Y
0
+10
ME2 73 114 140 +7% |0.75 Y
0
+10
ME3 70 91 112 +7% |0.64 Y
0
+10
ME4 80 107 132 +7% 10.74 Y
0
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APPENDIX 4. Measurement arrangements in the case study vessels (1/2)

Measurement
arrangement
in NOx - measurement

Sample line

0000 — s

Engine Exhaust pipe

Figure A-4-1. Measurement setup for DWI and HAM measurement.

Maasurement —
arrangement Sample line Z

in 3R - measurement Hariba PG 250

Catalytic
cenverter

—/
Sample line 1
0000 s

Engine Exhaust pipe
Wart=ild 16Y32ZLN

Figure A-4-2. Measurement setup for SCR measurement.
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APPENDIX 4. Measurement arrangements in the case study vessels (2/2)

Measurement results were collected by the data logger every 30 seconds during
the measurement period. The readings were also written down on measurement
forms every 15 minutes. The measurement configuration is illustrated in Figure
A-4-1.

The measurement arrangement for the SCR system required two simultaneous
measurements. The exhaust gas was sampled in the exhaust gas pipe and after the
SCR system. The positions of the measurement equipment are illustrated in Figure
A-4-2. All the equipment and analysers are approved for emission determination
according to the ISO 8178-2 standard and Annex VI to MARPOL 73/78 (IMO
NO, code) or standards equivalent to these.

Measurements were taken by engineer Mikko Nykdnen and technician Marko
Piispa from Kymenlaakso University of Applied Sciences. The measurement dates
were 8 - 10 May 2012, 17 - 19 October 2012 and 7 - 9 March 2013. Equipment and
methods are listed in Tables A4-1. and A4-2.

Table A4—1. Methods and principles.

Component Principle

NO. Chemiluminescence Non-diluted
O, Paramagnetic detection Non-diluted
SO, IR Non-diluted

Table A4-2. Equipment list.

Component | Equipment Range Calibration gas
SO, HORIBA PG 250 | 0 — 3000 ppm 0/ 89 ppm
0 —2500 ppm

HORIBA PG 250
NO_ Sick GME 66 0—10000 ppm |0/ 200 ppm / 900 ppm
CcO HORIBA PG 250 | 0 — 5000 ppm 0 / 400 ppm
CO, HORIBA PG 250 | 0—20 % 0/10%
0, HORIBA PG 250 |0 —25% 0/20.9%
Flow MIKOR TT570SV
Temperature | FLUKE thermo 0—1000 °C
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APPENDIX 5. Total energy consumption calculations (1/3)
Engine load calculation of the DWI case study vessel

The case study vessel had been operating for 1760 days since completion, up to the
measurement date. The vessel has two main engines with running hours of 24 740
and 23 778. (Sources: Ship engine logs, GL online). The main engines are Wartsila

6L46F with a nominal power of 7500 kW.

The following calculation gives the annual run time of the engines:

24670 h + 23778 h _ 10062 h
1760 d - a

365 ¢

a

The calculation gives the total engine run time. At this point an assumption of
the engine load distribution between sea running and manoeuvring is made. For
the purposes of this calculation, 80 % of the ship’s running hours are assumed to
be with engines at 80 % load and the remainder at 10 % load. These load values
represent the sea run and harbour manoeuvring situations.

0.8+x80% + 0.2 *10% = 68.0 %

This assumption is consistent with the vessel’s logs. However, the logs were available
only for a short period of time.

Combining the total run time and average load results gives a value for work
performed:

h h
68% * 10062 — = 6842 —
a a

h
68425 * 7500 kW = 51.3 GWh

The calculation gives a total annual energy consumption of 51.3 GWh. This figure
represents the total amount of work performed during one year.
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APPENDIX 5. Total energy consumption calculations (2/3)
Engine load calculation of the HAM case study vessel

The case study vessel had been operating for 10 220 days since completion, up to
the measurement date. The vessel has four main engines with running hours of
132 887, 115 236, 113 092 and 128 248. (Sources: Ship engine logs, DNV online).
The main engines are Pielstick 12PC2.6 with a nominal power of 5750 kW.

The following calculation gives the annual run time of the engines:

132887 h + 115236 h + 113092 h + 128248 h

10220 d

365 d
a

h
=17481 —
a

The calculation gives the total engine run time. At this point an assumption of
the engine load distribution between sea running and manoeuvring is made. For
the purposes of this calculation, half of the ship’s running hours are assumed to
be with engines at 80 % load and the other half at 10 % load. These load values
represent the sea run and harbour manoeuvring situation.

0.5%80% + 0.5*10% = 45.5%

This assumption is consistent with the vessel’s logs. A typical sea run situation sees
two or three main engines running at 75 % load.

Combining the total run time and average load gives a value for work performed:

h h
45.5% * 17471 — = 7954 —
a a
h
79455 * 5750 kW = 45.7 GWh

The calculation gives a total annual energy consumption of 45.7 GWh. This figure
represents the total amount of work performed during one year. The ship operates
as a cruise vessel with daily port stops of several hours.
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APPENDIX 5. Total energy consumption calculations (3/3)
Engine load calculation of the SCR case study vessel

The vessel has four main engines of type Wartsild 16V32LN with a nominal power
of 6560 kW.

The ship’s logs were examined for an eight-day period. The ship’s personnel were
consulted and the ship’s performance for eight days was found to be accurately
representative of its normal operation.

The main engine operation time during the eight-day period was 439 hours. The
total number of running hours for a one-year period is calculated as follows:

439 hours

h
= 2 —
8 days * 365 days 0030 =

The calculation gives the total engine run time. The engine load was monitored
during the measurement and the ship’s logs were examined. The average load was
found to be 72.1 %. This figure is relatively high. However, the vessel runs
continuously for 21 hours per day with only short harbour visits. The schedule is
tight and it is typical that three or four engines are operating during sea runs.
Harbour manoeuvring is sometimes carried out with one engine.

h h
72.1% * 20 030 — = 14441 —
a a
h
144415 * 6560 kW = 94.7 GWh

The calculation gives a total annual energy consumption of 94.7 GWh. This figure
represents the total amount of work performed during one year.
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APPENDIX 6. HAM measurement calculations and averaging

(1/2)

The following tables, numbered A6-1. and A6-2. Present the NO_ emission
values of Pielstick 12PC2.6 2VE-400 engines without any abatement technology.
Measurements were conducted by Kymenlaakso University of Applied Sciences’
emission measurement laboratory. Results are calculated from a total of five
measurements of three engines on board two ships.

Table A6-1. Reference engine in ship A. Measurement year: 2012.

Engine (nr) Load | NO_dry | NO_ NO_
(o) | (PPm) (mg/(n)m’) (g/kWh)
ME A3 (570) 78 1537 3096 +7% | 16.49 +10 %
ME A3 (570) 74 1560 3143 +7% | 16.54 +10%
ME A3 (570) 73 1706 3434 +7% | 17.49 +10 %
Table A6-2. Reference engines in ship B. Measurement year: 2011.
Engine (nr) Load | NO_dry | NO_ NO_
(o) | (ppm) (mg/ (n)m’) (8/kWh)
ME B1
+79 . +10°9
(15313) 74 1237 2493 +7% | 16.09 10 %
ME B3
+ 0 —+ 0
(15619) 74 1302 2623 +7% | 16.69 +10 %

The average NO_ emissions calculated from these results are as follows:

16.09+16.69+16.49+16.54+17.49

5
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APPENDIX 6. HAM measurement calculations and averaging (2/2)

The table number A6-3. presents the NO_emission values of Pielstick 12PC2.6
2VE-400 engines with HAM installed.

Table A6-3. Measurement results with HAM installed.

Engine (nr) ?;ﬁd i? NO_ NO,

0) (ppm) (mg/ (n)m’) (g/kWh)
ME1 80 483 980 | £7% | 5.93 +10 %
ME2 73 380 767 | £7% | 376 +10 %
ME3 70 901 1822 | £7% | 955 +10 %
ME4 80 417 844 | £7% | 436 +10 %

The ME3 result seems inconsistent with the results of the other engines. Also, the
CO measurement and the temperature level from the measurement report suggest
that the value may contain error. Therefore, the highest and lowest measurements
were excluded from the calculation of the average, giving the following:

5.93+4.36
= 515~52[g/kWh] £ 10 %
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APPENDIX 7. Literature references 1/17)

Direct water injection

Wirtsild has tested a system on a Silja Line passenger ship, M/S Silja Symphony;,
with a water-to-fuel ratio of approximately 40 %, resulting in a reduction in NO_
emissions of approximately 50 %. Wartsild has completed its engine testing for
direct water injection using fuels with a sulphur content of less than 3 %.

Further research is required to assess this system’s performance and additional
maintenance costs if high-sulphur fuel is used. Table A7-1. shows the cost
effectiveness of removing NO_ based on the results obtained from M/S Silja
Symphony.

Table A7-1. Cost effectiveness of DWI.

Abatement Ship Emission Small Medium- Large
type type vessel sized vessel | vessel

i . 25.2 .
.D.lrec.t water New NO $ 371.31 $ 325.23 $311.68
injection x per ton per ton per ton

A humidification, or humid air motor, system has been tested on one ship, the M/S
Mariella, with positive results. However, as stated, the initial investment cost for
installing such a system has prevented large-scale adoption on OGVs. Table A7-2.
shows the cost effectiveness of NO_removal for the test performed aboard M/S
Mariella.

Table A7-2. Cost effectiveness of HAM.

Abatement | Ship Emission | Small Medium- Large
type type vessel sized vessel | vessel
Humid air New NO. $242.12 $207.79 $178.88
motors * per ton per ton per ton
Humid air Retrofit | NO. $276.45 $254.77 $ 237.60
motors * per ton per ton per ton
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APPENDIX 7. Literature references (217)

Direct Water Injection (DWT)

Installation:

= When installed on new ships, the cost is estimated at € 345 — € 411 per ton of
NO_ abatement.

= The cost of retrofitting is relatively high, due to the expected need of new
cylinder heads, which represent around a quarter of the cost of a new engine
(around € 50 per kW)

Operation:

= High water quality is necessary, 90 g/kWh (45 % water injection rate). Entec
calculated with a distilled water cost estimated at € 15 per m®. In many cases,
drinking water is used at a lower cost.

Life span:

= The life span of a DWI system is estimated at around 4 years. The rest of the
equipment is estimated to have a life span of 25 years.

Humid Air Motor (HAM )

Installation:

= When installed on new ships, the cost is estimated at € 198 — € 268 per ton
of NO,_ abated. As a retrofit, the system costs € 263 - € 306 per ton of NO_
abated

= Costs are € 90 — € 130 per kW for newly built engines and € 110 - € 130 per
kW for retrofit.

Operation:

= The maintenance cost is € 4000 per year fora 5.7 MW engine, or approximately
€0.15 per MWh.

Life span:

» The life span if durable — non-corrosive or galvanised — material is used is 25
years.
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APPENDIX 7. Literature references (317)

Selective Catalytic Reduction (SCR)

Installation:

= For new ships using MD, the cost is estimated at € 313 - € 413 per ton of
NO_abated. For new ship using high-sulphur residual oil ( > 1.5 % S), the
estimated cost is € 526 — € 740 per ton of NO_abated.

= Costs are € 40 - € 60 per kW for newly built engines and € 60 - € 100 per kW
for retrofit.

Operation:

= Urea solution: € 170 per ton or € 2.6 per MWh. There are indications that
a lower urea price of € 120 — € 140 per ton may be possible due to several
competing companies delivering urea. Transporting urea may form a
considerable part of the cost.

= The equipment must be maintained. Entec estimated cleaning requirements
to cost € 8000 per ship per year. The need for maintenance depends on the
fuel used. An estimate of the operating cost for one ship (excluding financing)
is € 10 000 per year.

Life span:

= The catalyst is estimated to require a rebuild every 20 000 hours of operation
when using residual oil.
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APPENDIX 7. Literature references (417)
Based on Entec 2005. Total costs of the DWI system.
Table A7-3. Costs of DWI.
Small Medium-sized Large
vessel vessel vessel
New build
Cost of injectors (€) 29 581 58 969 119 633
Equipment lifespan (years) 4 4 4
Annualised costs (€/year) 8149 16 245 32958
Equipment lifespan (years) 25 25 25
Annualised costs (€/year) 6795 13 545 27 480
Total Capex (€) 135732 270 578 548 933
Capex per kW installed (€/kW) 38 24 19
Total annualised costs (€) 14 944 29791 60 438
O&M costs (€/year) 33190 108 560 271 000
Opex per MWh (€/MWh) 2.11 211 2.11
éo/t;i:;)mual costs —newbuild | g5 138 351 331438
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APPENDIX 7. Literature references (5/7)
Based on Entec 2005. Total costs of the HAM system.
Table A7-4. Costs of HAM.
Small Medium-sized | Large
vessel vessel vessel
New build
New build capex (€) 462 800 1292 400 2 744 000
Equipment lifespan (years) 15 15 15
Annualised costs (€/year) 41 625 116 240 246 798
Capex per kW installed (€/kW) 131 113 95
Retrofit capex (€) 462 800 1392 400 3244 000
Equipment lifespan (years) 12.5 12.5 12.5
Annualised costs (€/year) 47769 143 720 334 837
Capex per kW installed (€/kW) 131 121 113
O&M costs (€/year) 2 360 7 660 19 120
Opex pet MWh (€/MWh) 0.15 0.15 0.15
Total annual costs — new build 43 985 123 900 265 918
(€/year)
Total annual costs — retrofit (€/ 50 129 151 380 353 957

year)
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APPENDIX 7. Literature references (6/7)

Based on Entec 2005. The cost effectiveness of NO_abatement systems.

Table A7-5.Cost effectiveness per ton of NO, emission abated.

. Medium-
Measure Ship Emission Small sized Large
type vessel vessel
vessel

€/ €/

ton) (€/1on) ton)
Basic IEM (2-stroke New NO 1 9 9
slow speed only) x
Basic IEM (2-stroke
slow speed only), Retrofit | NO_ 12 9 9
young engines
Basic IEM (2-stroke
slow speed only), older | Retrofit | NO_ 60 24 15
engines
Advanced IEM New NO_ 98 33 19
Direct water injection New NO_ 411 360 345
Humid air motors New NO_ 268 230 198
Humid air motors Retrofit | NO_ 306 282 263
SCR outside SO, ECA | New NO,_ 740 563 526
SCR outside SO, ECA | Retrofit | NO_ 809 612 571
SCR inside SO, ECA New NO,_ 543 424 398
SCR inside SO, ECA Retrofit | NO_ 613 473 443
SCR, Ships using MD New NO, 413 332 313
SCR, Ships using MD Retrofit | NO_ 483 381 358
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APPENDIX 7. Literature references 717)

Table A7-6. Cost of NO, abatement € per ton of NO, abated. (Based on ENTEC 2005).

Vessel size/type Small Medium Large
DWI new 411 360 345
HAM new 268 230 198
HAM retrofit 306 282 263

Table A7-7. SCR inside SO, ECA, € per ton NO, abated.

Vessel size/type Small Medium Large
SCR New 543 424 398
SCR Retrofit 613 473 443
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APPENDIX 8. The emission levels of DWI systems with different numbers
of nozzles operating

Figures A-8-1. and A-8-2. show measured NO_levels presented as a function of
the number of nozzles in operation.
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Figure A-8-1. The NO, emission graph.
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Figure A-8-2. The NO, abatement graph.

The measured NO_emission levels may indicate a malfunction in nozzle number
four. As is clear from the graphs, the fourth nozzle has no effect.
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APPENDIX 9. Sample from the measurement log
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APPENDIX 10. Consumption log and calculations (1/3)

Data originating from the emission report, sea trial report, engine test reports
and bunker certificates. Abatement is calculated in Table 2. within the document.
Consumption values are from the log of the case study vessel. Sources and
calculations are listed below table A10-2.

Table A10-1. Excerpt from the vessel's consumables log.

Main engine operating Total oil consumption Toral uréa
hours o consumption
m3
1 2 3 4
Day 1 20 19 2 11 52.81 3.8
Day 2 20 19 2 13 53.94 3.6
Day 3 21 20 2 13 53.86 3.6
Day 4 20 19 2 13 55.97 3.8
Day 5 21 21 4 10 53.05 4.6
Day 6 20 20 4 10 53.55 5.7
Day 7 15 18 10 14 55.25 34
Day 8 20 19 9 8 54.59 4.2
Subtotal | 158 | 157 38 96
Total 439 433 33
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APPENDIX 10. Consumption log and calculations

Table A10-2. Calculated and sampled values.

(2/3)

Variable Value Note
Energy content 41.17MJ / kg 1
Fuel density 980.7 kg / m’ 1
Fuel sulphur content 0.44 % 1
Engine running time during sampled 8 days 439 hours 2
Fuel consumption, 8-day sample petiod 433 m’ 2
Fuel consumption in kilograms, 8-day sample 2
period 423 840 kg

Utrea consumption, 8-day sample period 33 m’ 2
Running hours, 8-day sample period 439 h 2
Running hours, 365 days 20 030 h 3
Specific fuel oil consumption 205.6 ¢ / kWh 4
Sampled average load 72.1 % 5
Wirtsild 16V32LN nominal power 6560 kW 6
Sampled average power 4730 kW 7
Energy consumption, 365 days 95 000 MWh 8
Average NO _reduction 7.7 ¢/ kWh 9
Total urea consumption, 365 days 1500 m? 10
Average urea consumption 17.5 ¢ / kWh 11
Average urea consumption in hour 0.172 m’ 12
Total reduction, one year 732 tons 13
Total cost, 365 days 580 000 € 14
Average cost for 1 ton reduction 800 € 15
Average Urea / NO_ratio 44 % 16
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APPENDIX 10. Consumption log and calculations

10.

11.

12.

13.

14.

15.

16.

Source: Bunker certificate, fuel analysis report.
Source: Vessel onboard log.

Calculation: Running hours.
439 hours

* 365 days = 20 030 hours
8 days 4
Source: Manufacturer test report.

Taken and calculated from notes taken onboard during the measurement run.
Calculated from 246 samples. The average load during engine run is 72.077 % =~ 72.1 %.

Source: manufacturer installation sheet.

Calculation: Main engine average power.
72.1% * 6560 kW = 4730 kW

Calculation: Energy consumption in one year.

h MWh
200305 * 4730 kW ~ 95 OOOT

Source: Emission report, summary in Appendix 1.

Calculation: Bunkered urea volume.
3

33 1 .365d 1500 m?
* =~
8 days avs mn
Calculation: Urea consumption per kilowatt-hour.
m3 kg
w2000175 k_g 5175L
95 000 000 % kw kWh

Density of 40 % urea/water solution is 1110 %

Calculation: Urea consumption in one hour.

33m? 0.172 m3
hours ~ ' “hour

8days * 24 day

Calculation: NO, reduction amount in one year.
kg

0.0077 W

* 95000000 kWh =~ 731500 kg =~ 732 tons

Values form Table 1.

Calculation: Cost of one ton of reduced NO,.

k€
580 <

a4 _.go
7325008 ton

732 000°
Calculation: Ratio of reduced NO, mass / urea mass. w3 ... kg
1500 T*lllom—3
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