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ABSTRACT

Diesel engines manufactured today demonstrate impressive gains in engine fuel economy and reliability over engines produced a decade ago. Better turbocharging and fuel injection have resulted in much higher thermal efficiencies, but this increase in thermal efficiency has resulted in higher firing pressures and temperatures – and an attendant rise in NOX emissions. This paper discusses various technologies that are available for retrofit on existing engine installations and for new engines. Chosen technologies have been compared in terms of their quantitative efficiency. 
INTRODUCTION 
A diesel engine is a type of internal-combustion engine in which atomized oil fuel is sprayed into the cylinder and ignited by the heat generated by compression. Diesel engines are efficient with low carbon di-oxide, carbon monoxide and hydrocarbon emissions. However the emissions are high in nitrogen oxides. Additionally marine engines use residual bunker fuels which contain sulphur, asphaltenes and ash. Due to these components in the fuel, exhaust emissions contain oxides of sulphur and particulate matter which are formed during the combustion process. 

Typical concentrations of exhaust emissions are as follows:   

Oxygen: abt. 13% ,                                                                            Oxides of Sulphur (SOX): abt. 600 ppm

Nitrogen: abt. 76% ,                                                                          Carbon Monoxide (CO): abt. 60 ppm

Carbon di Oxide (CO2): abt. 5% ,                                                     Hydrocarbons (HC): abt. 180 ppm

Water vapor: abt. 5% ,                                                                      Particulate matter (PM): abt. 120 mg/Nm3
Oxides of Nitrogen (NOX): abt. 1500 ppm.

Fuel is injected at high pressure (through fuel injectors which atomize the fuel) into the combustion chamber towards the end of the compression stroke. The fuel ignites, thereby increasing the pressure in the combustion chamber and pushes the piston downward on the power stroke. When the fuel ignites, the flame front travels rapidly into the combustion space and uses the compressed air to sustain the ignition. Temperatures at the envelope of the flame can exceed 1300 degrees C, although the mean bulk temperatures in the combustion chamber are much lower. At these localized high temperatures molecular nitrogen in the combustion air is oxidized and nitrogen oxides (NOX) are formed in the combustion chamber. Oxidation of molecular nitrogen in the combustion air comprises of about 90% of all NOX, the other 10% is the result of oxidation of the organic nitrogen present in the residual fuel oil. Prevention or reduction in NOx formation in the combustion chamber essentially involves lowering the localized peak temperatures. Post treatment of the exhaust gas after the NOX formation in the combustion chamber involves reducing the NOX in the presence of a catalyst. 

With the advent of the International Maritime Organization’s (IMO) MARPOL 73/78 Annex VI agreement to control atmospheric emissions from marine vessels, new marine NOX emissions limits were proposed for the international shipping industry. Conference of Parties to the International Convention for the Prevention of Pollution from Ships (MARPOL), adopted by the Protocol of 1997 Annex VI to MARPOL 73/78 Convention – Regulations for the Prevention of Air Pollution from Ships, which entered into force on the 19 May 2005.

MARPOL Annex VI sets limits on sulphur oxide and nitrogen oxide emissions from ship exhausts, prohibits deliberate emissions of ozone depleting substances and regulates emission of volatile organic compounds (VOCS). The annex includes a global cap of 4.5% m/m on the sulphur content of fuel oil and calls on IMO to monitor the worldwide average sulphur content in fuels. 

The IMO NOX limits apply to all new ships (or major retrofits) built after January 1, 2000, with engines rated greater than 130 kW. In anticipation of this, all marine engine makers have made internal modifications to their designs so that all new engines meet the proposed limits. 

Existing ships needing retrofits will have to consider how to control NOX  emissions to meet the proposed standards [2]. It is generally believed that more stringent international NOX limits may occur in the long term. Also, in some world regions, such as the Baltic Sea, innovative voluntary financial NOX control measures are being set that seek greater reductions. For any of these reasons, higher reductions in NOX emissions from marine engines will then likely require some sort of additional control technology.

Methods for NOX reduction are categorized as follows [3]:

1. Pretreatment or conditioning of the fuel and/or the combustion air,

2. Engine tuning or operational mode,

3. Hardware design such as modifications and enhancements to the combustion chamber components, fuel system components, engine control system, etc.,

4. Conditioning the exhaust gas after the combustion process

The first 2 methods can be adopted for existing installations with little or no limitations. The hardware design is entirely for new engines and most manufacturers are conducting extensive research with the intention of making the engines more eco-friendly without sacrificing fuel economy.

Conditioning the exhaust gas after the combustion for NOX reduction entails installation of a Selective Catalytic Reactor (SCR) unit. Due to size and the prohibitive costs of such an installation, this option is generally considered for new buildings.

1. PRETREATMENT OR CONDITIONING OF THE FUEL AND/OR THE COMBUSTION AIR

1.1. Fuel Pretreatment

Addition of water to the fuel to create a stable and homogeneous emulsion has been successfully employed in many shore side diesel engine power plants. When this emulsified fuel is injected into the combustion chamber, NOX reduction is achieved due to the following reasons:

· The injection time of the emulsified fuel is greater than with fuel for the same load on the engine. Due to this the flame temperatures are lower and thus lower NOX formation.

· The water that is present within the plume of the injected spray creates secondary micro explosions thereby atomizing the injected fuel thoroughly. This relates to a better and a more complete combustion of the fuel and in turn reduces the peak flame temperatures.

Some installations have successfully tested up to 50% water without any significant operational difficulties. In general 25-30% of water is sustainable throughout the load range of the engine and returns a 25-30% reduction in NOX emissions.

An additional benefit of a homogenizer for residual fuels is that in the process of homogenization, the asphaltenes in the fuel, which can vary widely in size and can be as large as 70-100 microns in size, are broken down to about 3-5 microns. This relates to better combustion and thus lessening the amount of deposits in the combustion chamber. Aside from the NOX reduction benefits derived from a homogenized fuel emulsion, there is a marked decrease in particulate matter emissions largely due to the fact that the combustion process is more complete.

1.2. Combustion Air Pretreatment

Injecting water directly into the combustion air stream is another method of lowering the peak temperatures of combustion. There are several ways of injecting water depending on the engine type. On 4 stroke trunk piston engines, water can be injected through a spray nozzle in the intake manifold. As with the fuel/water emulsion the NOX reduction attainable is around 25-30%. However, on 2 stroke engines (all large marine propulsion engines), there is a risk of engine damage if the injected water washes away the cylinder lube oil film which may lead to excessive wear and/or seizure.

2. ENGINE TUNING OR OPERATIONAL MODE

2.1. Engine Timing

In the case of compression ignition (diesel) engines and on spark ignition (gasoline) engines, timing of the fuel ignition is set a few crank degrees before the top dead center. In diesel engines this means that the beginning of fuel injection is started before the top dead center on the power stroke. The advance angle before the top dead center is the pre-ignition angle and is mainly a function of the fuel type and the speed of rotation.

Engine manufacturers optimize this pre-ignition angle for fuel economy and reliability of the engine components. Retarding the injection timing can lead to lower peak temperatures in the combustion chamber and thus lower NOX emissions. In some engines this timing can be adjusted in service while in others this adjustment is a major undertaking. The NOX reduction potential is limited (about 2-3%) and the trade-off is fuel economy. While this may not be a permanent means for NOX reduction, it may be employed while the vessels are trading in environmentally sensitive areas near the coast.

2.2. Operational Mode

With the advent of electronically controlled engines where the fuel injector is controlled by electronic means, fuel injection rate shaping is possible. This shaping rate can be optimized for fuel economy or low NOX emissions and selecting between the two modes of operation is a control panel function and is done in service.

3.
HARDWARE DESIGN MODIFICATIONS AND ENHANCEMENTS

Over the last several years with the aid of advanced analytical tools such as computational fluid dynamics, engine manufacturers have conducted extensive research into the combustion process. Optimizing engine inlet valve, exhaust valve and fuel injection timing, injection pressure, injection pattern, lowering excess air ratio, lowering scavenge temperature, modifying the combustion chamber geometry have all led to lower emissions. It is estimated that these measures will reduce NOX from the current levels by 20%. Further decrease in NOX will require conditioning the fuel and/or the combustion air.

3.1. Direct water injection

As an alternative to fuel/water emulsion, direct water injection into the combustion chamber offers certain advantages, the most significant being that large quantities of water can be added at low load operation without disturbing the combustion process thus ensuring reliability during maneuvering. Another advantage is that separate injection timing can be applied to the fuel injection and water injection to optimize NOX reduction.

Operating Principle 

Direct water injection (DWI) technology can reduce NOX emissions from marine engines by 40 to 60%, through the injection of a high-pressurized fine water mist into the combustion chamber [2]. Reductions in PM (smoke) emissions also occur. Water injection occurs separately from (and just prior to) fuel injection in the combustion cycle, cooling the cylinder and reducing NOX formation. DWI systems are currently a proprietary technology of Wärtsilä, one of the largest marine engine makers in the world. DWI technology uses clean water injected independently into the marine engine combustion chamber close to the injected fuel to reduce NOX formation. The system employs a uniquely designed combined fuel-water injection valve and nozzle mounted on each cylinder of the engine. Each nozzle has two separate needles for fuel and water, which are controlled separately. The water to fuel ratio usually ranges from 40 to 70% and this can reduce NOX emissions by up to about 50 to 60%. Therefore, on mediumspeed engines using IFO or HFO, DWI produces NOX emissions levels typically in the range of 5 to 7 g/kWh [3]. Like any other of the water-fuel technologies, DWI reduces NOX by lowering the initial temperature of the fuel combustion. In the injection sequence, water injection occurs before the fuel injection, resulting in a cooler combustion chamber prior to fuel combustion. The system is designed to operate at high water injection pressures (21 MPa to 50 MPa depending on the engine) to properly atomize the water stream after injection. The water injection stops before the fuel injection, so that the fuel ignition and combustion process is not compromised. The NOX reduction effect increases in a roughly linear relationship with increasing water-fuel ratios.

Equipment

Wärtsilä is the only known marine engine maker offering this technology for NOX control on its new Vasa 32, W32, and W46 engines. These Wärtsilä engines feature specially-designed cylinder heads, which incorporate the combined fuel-water nozzles of the DWI system. The cylinder head castings are quite thick and use a special stainless steel alloy for high strength and rigidity. The pistons and piston tops are also designed with high strength alloys to withstand the physical erosive force of the water injection. The DWI system consists of two central water pump modules (low-pressure and high-pressure), a control unit, a set of combined fuel-water injection nozzles (one for each cylinder) and associated piping and wiring (see Fig. 1).

Water must be supplied to the low-pressure pump module from the ship’s freshwater system or from dedicated water tankage. The low-pressure pump is used to boost water pressure to 0,35 MPa and ensures stable water flow rates to the high-pressure pumps. Filters are installed prior to the low-pressure pump to ensure that the freshwater is free of particulate. The high-pressure pump boosts pressure as high as 50 MPa and feeds all the combined fuel-water injectors. Both pumps are contained in modules consisting of motor, pump, piping, and electrical controls.

[image: image1.emf]
Fig. 1.
 Direct Water Injection Schematic Diagram

The combined fuel-water injectors are cylindrical in shape and fitted into holes drilled into the cylinder head. The nozzles have two separate needles at the bottom that are controlled separately. Water injection is activated by an attached solenoid valve. A water flow fuse is a small safety device installed prior to each injector. It acts to shut off water flow to the engine if the water needles in the injector get stuck, or in the event of excessive water flow or water leakage. The water system is independent of the fuel system, and if water shutoff is necessary, engine operation will not be affected. The injectors experience wear at the high operating pressures and must be replaced after about 6,000 operating hours (once a year).

Water injection timing and duration are controlled electronically by the central control unit, which receives its input from the engine output. NOX reduction can be optimized for different operating conditions, using a computer and is efficient above 40% load.

3.2. Continuous Water Injection to Charge Air 
Continuous water injection (CWI) to the charge air is a relatively simple method of reducing NOX by up to 30% and PM emissions by about 25%, without engine modifications [3]. A fine, freshwater mist is injected directly into the hot compressed air of the turbocharger outlet. CWI achieved a 22% reduction in NOX and an average reduction in specific fuel consumption of 1%, which resulted in a net saving of approximately $143 per tonne of NOX reduced. CWI is not recommended at water-fuel ratios above 25% due to expected fuel consumption penalties.

NOX emissions reductions follow a negative exponential pattern with increasing water-fuel ratios. In Figure 2 the NOX reductions are represented by the ratio of the controlled NOX formation rate constant (K) to the uncontrolled NOX formation rate constant (Ko).
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Fig. 2. Theoretical NOX Reductions from Water Injection [3]
The greatest NOX reductions occur at the lowest water-fuel ratios (slope of line is high) and reductions diminish at higher ratios (slope is lower). At low water-fuel ratios (below about 25%), the presence of the water acts to improve the combustion kinetics, which results in a slight decrease in specific fuel consumption.

However, above 25% water-fuel ratio, the water content starts to interfere with the combustion process and specific fuel consumption increases. Figure 3 shows that the optimum specific fuel consumption is theoretically achieved at a water-fuel ratio of approximately 10%, and that fuel penalties start occurring above 25%.
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Fig. 3. Fuel Consumption Effect of Water Injection [3]

System description

The CWI system consists of a water filtration and softener system, water pump, multiple fine-spray injectors, a process control system and a low-voltage power supply (see Fig. 4). The system is designed to operate at engine load levels above about 25-30% of MCR. Water is injected as a fine spray mist into the charge air manifolds directly after the turbocharger compressor on each engine at a pressure of 0,52MPa. 
[image: image4.emf]
Fig. 4. Continuous Water Injection System Schematic Diagram 

The flow is controlled by solenoid valves on the water supply lines and is activated once certain threshold boost air temperature and boost air pressure levels are attained. The ship’s freshwater system is assumed to be used as a source of water. A 24 V water pump with a dedicated power unit is used to boost the water pressure from about 0,41 MPa (standard pressure) to about 0,59 MPa. It is designed with an internal recirculation loop. The water filtration system is designed to demineralize water and remove foreign PM. It consists first of a softener cartridge on the suction side of the pump, followed by a particulate filter cartridge on the pump discharge. These cartridges must be changed monthly for good operation. Assuming a 20% water-fuel ratio is used at standard operating conditions, the freshwater system should have the capacity to handle approximately 25 additional tones of water for a 2½ day, one-way trip.

3.3. Fuel-Water Emulsions 

Fuel-water emulsion (FWE) systems can reduce NOX formation in marine diesel engines by 30 to 60% by intimately mixing water into the fuel oil. The resulting dispersion of microfine water droplets in fuel is injected normally into the engine cylinders. The systems have only recently been commercialized as an option on new MAN B&W marine engines and are rarely used in retrofits. A significant benefit of FWE systems is a drastic reduction of PM emissions (smoke) and lower engine soot deposition [3]. 

[image: image5.emf]
Fig. 5. Fuel-water Emulsion System Schematic Diagram 

Fuel and water flow separately through a dosing control unit and enter the homogenizer. The homogenizer unit first creates a fine emulsion by shearing the fuel and water with an electrically-driven mechanical mixer, the only moving component of the system. The most common homogenizers currently employ electronic transducers to impart ultrasonic energy to the FWE to create microfine emulsions, which have a high degree of stability. Ultrasonic cavitation reduces water droplet size by almost an order of magnitude. A water-content meter installed before the engine injection controls the flows of water into the dosing unit.

3.4. Humid Air Motor

Most marine diesel engines are turbocharged engines that utilize the energy in the exhaust gas to operate a turbocharger. The air outlet from the turbocharger air compressor requires to be cooled before being led to the engine as combustion air. This cooling is traditionally done by water cooled air coolers. The water emulsified fuel or direct water injection, requires large quantities of fresh water – a precious resource on board vessels. This system employs sea water as the cooling and humidification medium. Various configurations have been developed for 4-stroke as well as 2-stroke engines. Essentially the humidification and lower scavenge air temperatures reduce the peak flame temperatures within the combustion space and thus reduce NOX formation. It should be noted that this system can be utilized in conjunction with water fuel emulsion or direct water injection for even greater NOX reduction [2].

The Humid Air Motor (HAM) system is a recent technology that uses combustion air almost entirely saturated with water vapour (humid air) in a marine diesel engine [3]. The charge air is humidified by water vapour produced in a humidification vessel by evaporating freshwater or seawater directly into the charge air using the heat from the engine or its exhaust gases. The system was developed by Munters AB of Sweden and is only available commercially on new Pielstick engines. NOX emissions reductions of 60 to 80% have been achieved in demonstration tests [5, 6, 7].

Operating Principle

The HAM system is based on the same general principle of the other technologies that add water to the combustion chamber: the presence of water reduces NOX formation in the cylinder. The key difference is that the water is completely evaporated into the combustion air and mixed thoroughly prior to getting to the cylinders. After contacting with water in the humidification vessel, the relative humidity of the combustion air is close to 100% saturation.

The presence of water vapour acts to change the thermodynamic properties of the combustion air. The evaporation of water from liquid to vapour is an energy-consuming process that reduces the temperature of the compressed air. The HAM system can be used to replace the turbocharger intercooler. It is capable of reducing typical charge air temperatures to 70°C versus 50°C for conventional intercoolers [8]. The saturated humid air has almost twice the heat capacity of dry air. This allows more of the initial heat generated in the compression cycle to be absorbed, reducing NOX formation. The presence of water vapour also dilutes the combustion air. Since the concentration of oxygen in the cylinder is reduced, there is lower excess oxygen and a reduced tendency for NOX formation. Another advantage of using water vapour is that it is mixed completely in the saturated air, producing no local “hot spots” in the cylinder. This contributes to a uniform combustion process.

System Description

The key components of the HAM system are a humidification vessel, a heat exchanger and a recirculating water system, as shown in Figure 6.

[image: image6.emf]
Fig. 6. Humid Air Motor System Schematic Diagram

Hot compressed air from the turbocharger outlet is directly contacted with hot water at its boiling point in the humidification vessel. Through water evaporation, the air is saturated at close to 100% relative humidity and is then charged directly to the engine air manifold for combustion. This long, narrow pressure vessel, also known as a humidification tower or “HAM unit”, is the largest component of the system at up to 4 m in length and 1 to 2 m in diameter for large engines. It can be installed horizontally or vertically, depending on available space around the engines. A separate catch tank is included with the vessel to receive water drained periodically from the system. In vertically oriented vessels, the catch tank is integrated with the vessel but in horizontal installations, the catch tank is installed separately below the vessel for natural drainage.

The water is heated in a heat exchanger that extracts heat from either the engine jacket cooling water system or an exhaust pan (economizer). The engine cooling system is used as the heat source more often in smaller engines, while the exhaust gas economizer is typically used in larger engines. A charge pump recirculates the water in a continuous loop through the vessel and the heat exchanger. Only a small portion of the hot water is evaporated upon contact with the charge air. The water vapour rate ranges from about 1.5 to 3.0 times the specific fuel consumption, depending on the desired humidity level and NOX reduction. In order to ensure a good evaporation, only 5 to 10% of the total circulating water volume is evaporated in the vessel. The circulation system is self-regulating through its control system, so that variations of charge air temperature and pressure due to engine load changes are accommodated.

Freshwater or seawater can be used for water makeup, since the evaporated water is free of minerals. The system has been tested successfully in water with up to 30% salt content. The vessel is equipped with an automatic bleed-off system (controlled by a conductivity sensor) to maintain acceptable mineral levels in the circulating water. A portion of the water is drained off from the vessel to a catch tank periodically to purge minerals from the system. In some regions with high water hardness, such as the Baltic Sea, an inexpensive water treatment additive may be required to control calcium and magnesium deposition.

3.5.
Exhaust gas recirculation 

When a small percentage of exhaust gas is introduced into the combustion air, the oxygen purity of the combustion air is reduced leading to lower NOX emissions. This system is widely employed on smaller car and truck engines, but there are challenges in the marine environment. Primarily marine diesels operate on residual fuel that contains sulfur. Products of combustion therefore contain corrosive gases that require to be taken into account while designing an EGR system. Furthermore for marine diesels being turbocharged engines, the scavenge pressure is higher than the exhaust pressure. This requires an additional exhaust blower. Various arrangements have been tested for recirculation, including internal recirculation in 2-stroke engines by timing adjustment, hot and cold exhaust recirculation from the high and low pressure side of exhaust gas turbocharger. This system is an effective means of NOX reduction. With a 20% EGR NOX reduction is in the order of 50% with very little fuel consumption penalty. However, there are many engineering challenges to overcome before this system can be a reliable system for marine diesel engines [2].

Exhaust gas recirculation (EGR) technology uses engine exhaust gases that have been cooled after the turbocharger [3]. This reduces the combustion temperature and increases the mass flow rate and pressure to reduce NOX formation. Despite exhaust gas cleaning, PM emissions are usually increased with the use of this technology. The technology is viable for on-road diesel engines using very low sulphur fuel, but is currently not considered applicable in the marine engine market, due to significant fouling and corrosion issues.

Description

In an EGR system, exhaust gases from the engine pass through the turbocharger, releasing energy to compress the incoming combustion air. The temperature and pressure of the gases are reduced considerably. A portion of the exhaust gases is recirculated back and is added to the compressed air before the cylinder. Particulate filters are used to remove entrained solids prior to mixture with the combustion air. The exhaust slipstream flow is carefully controlled to adjust for engine load changes. The lower temperature of the exhaust gases contributes to a cooler combustion. The increased mass flow increases the combustion pressure and dilutes the oxygen content. All these effects contribute to lower NOX formation. 

System Performance

When EGR was tested on marine engines, NOX reduction performance was actually quite good, achieving levels close to 50% reduction. However, PM emissions and opacity levels increased substantially, despite gas cleaning. The net effects of the increased PM, opacity and the associated fouling, corrosion and surface wear more than offset the NOX reduction benefits. EGR has been dismissed as a potential technology by all major marine engine makers.

Operating Issues

The recirculated gas creates fouling of the cylinder and components, and contributes to accelerated corrosion. These effects drastically increase the surface wear of important engine components such as cylinder liners and piston rings. The operating life of engines is reduced and reliability is affected very quickly. The MAN B&W experience with testing EGR technology on marine engines has been characterized as “disastrous.” In recent bench test studies, MAN B&W tested EGR technology on two different types of engines using two fuels. A six-cylinder engine 40/54 engine was tested using gas oil considered to be relatively “clean” of sulphur. After only a 20-hour operating period, fouling and component wear were evident and the test was discontinued. Similar tests were carried out on two one-cylinder engines using a blended HFO with much higher sulphur content. In these tests, despite the installation of filters and water scrubbers to clean the recirculated exhaust gas, massive fouling and corrosion was observed, also after 20 hours of operation. Significant component wear was observed in both tests on piston rings, cylinder liners and valve heads after only a short time. In the tests using HFO on the one-cylinder engine, valve surfaces were reduced by 50% over a 50-hour running period. In addition, corrosion was observed on the turbocharger compressor wheels and the surfaces of the charge air coolers.

The PM deposition and fouling problem also contributes to the contamination of the lubricating oil, which accelerates the engine wear. 

The presence of sulphur in the fuel is a major problem with EGR. The exhaust gas contains SO2, which can further oxidize to the trioxide, and form sulphuric acid in the presence of water. This tends to occur at lower temperatures that are seen after the turbocharger and especially when mixing with the relatively cool charge air. A MAN B&W marine engine specialist claims that some Japanese technical papers published several years ago attributed the wear problems from EGR mainly to corrosion from the presence of sulphuric acid in the blow-by gas.

The other contributing factor is the quality of the fuel. PM formation is enhanced with heavier fuel oils, due to the incomplete combustion of high molecular weight hydrocarbons (e.g. asphaltenes) and the presence of inorganics, including heavy metals. 

Fine particulates (PM2.5) are also formed in diesel combustion due to the reaction of SO2 with nitrogen compounds to form inorganic sulphates and nitrates. Filtration and scrubbing systems are somewhat effective in removing larger PM, but most of the fine particulate behave like a gas and cannot be easily removed from the system.

Most of the major marine engine manufacturers have tested EGR in bench scale tests with smaller engines. In addition to MAN B&W mentioned above, Wärtsilä and Pielstick are known to have tested and dismissed EGR.

4. Conditioning the exhaust gas after the combustion process

4.1. Selective Catalytic Reduction
An SCR (Selective Catalytic Reduction) unit is an effective means of conditioning the exhaust gas after the combustion process for reducing NOX already formed in the combustion process.

The process essentially involves injecting ammonia in the exhaust stream and in the presence of a catalyst the NOX reacts with the ammonia and forms water vapor and nitrogen. Due to the hazardous properties of ammonia, urea solution is generally used to provide the required ammonia [2].

Selective catalytic reduction (SCR) is the only technology of the six studied that controls NOX emissions in the exhaust gas after they have been generated [3]. SCR is capable of reducing NOX emissions by up to 99% by reacting NOX  with ammonia (from a urea solution) over a catalyst in the hot exhaust gases of marine engines. Inert nitrogen and water are produced in the reaction. HC and CO are also reduced significantly, but PM and SOX are uncontrolled. The technology is supplied by three major vendors worldwide and at the end of 2000, there were over 60 installations, most of which were in the Baltic Sea. 

4.2. Operating Principle

SCR is a technology in which NO and NO2 emissions in the hot exhaust gas are reacted (reduced) with an amine-based compound over a vanadium-based catalyst and converted to inert nitrogen (N2) gas and water vapour (H2O). The term “selective” is used since the amine-based reactant selectively reduces only NO and NO2. Nonselective catalytic reduction (NSCR) processes typically use methane as the reducing agent and can also reduce CO2 and nitrous oxide (N2O) emissions. The use of SCR technology has no effect on the operation of the engine, since the reactions occur after the combustion process. The technology is used in many different fuel combustion applications, including electric power generation (fossil-fuel, combined cycle, co-generation), incineration, industrial boilers and process heaters, and various transport modes (passenger vehicles, trucks, locomotives, and marine vessels). 

In land-based SCR applications, ammonia (NH3) is usually selected as the amine-based reactant, but for marine systems, a 35-40% solution of urea [CO(NH2)2] in de-ionized water is typically used for safe handling and toxic risk reasons. Once the urea solution is vapourized in the hot exhaust gases, it immediately decays to ammonia and CO2 and the following two reduction reactions convert the NOX to nitrogen and water:

4NO + 4NH3 + O2 ----------> 4N2 + 6H2O

6NO2 + 8NH3 ----------> 7N2 + 12H2O

The NOX reduction rate can easily be varied to meet different air pollution regulations by adjusting the urea injection rate between 0 and 100%. A trace amount of ammonia is produced as a by-product of the urea decomposition. This can cause undesirable odour and present a safety hazard. A complete SCR system usually includes an oxidation catalyst after the SCR catalyst to control HC, CO and the trace ammonia emissions from the system. There are no waste products involved with the combined SCR and oxidation process. The system does not control PM, since filters would put an undesired back pressure on the exhaust system. SO2 emissions are not controlled and may be oxidized to the trioxide form (SO3).

4.3. Equipment

A urea-based SCR system consists of the following components:

• catalytic converter unit (including two catalysts and dust blowing system);

• urea injector and static mixer elements;

• control/metering and injection system for urea solution;

• urea service pump;

• urea tankage;

• NOX analyzer after SCR for feedback control; and

• additional process instrumentation and piping.

The SCR and oxidation catalyst layers consist of ceramic monoliths/blocks packed side by side in multiple layers inside the converter casing. The SCR catalyst is always located upstream from the oxidization catalyst. The different layers of catalyst material are placed on elastically mounted shelves within the converter. The catalyst blocks usually have narrow square or honeycomb channels. The SCR catalyst is typically composed of a porous titanium oxide and fibre matrix on which vanadium oxide is coated. The open area is typically >65% thus providing an extremely large contact surface. The catalysts are selected to suppress ammonia slip to below 10 ppm across the engine load range. A 40% urea solution (specific weight: 1.112 kg/L at 20°C) is typically used in marine SCR systems. Urea is a solid commodity chemical principally used as fertilizer. It can be prepared into a 40% solution easily by most chemical distributors. Although the solution has a distinct odour, it is safe to handle, non-toxic and will not decompose to ammonia at ambient temperatures. A free-standing urea tank with vent and filling system is required. 

Urea is somewhat corrosive on copper alloys, so storage tank protection should be used. The recommended material is steel coated with a protective epoxy coating, stainless steel or plastic. The urea solution consumption is generally within 6 to 10% (by volume) of the fuel consumption, depending mainly on the desired NOX reduction versus uncontrolled levels.

The urea solution must vapourize and dissociate to ammonia before the SCR catalyst. For proper injection, vaporization and mixing of the urea solution, an injection and mixing section is arranged after the turbocharger, but at least 2 m upstream of the SCR converter.

The section includes an exhaust flow dresser (to make exhaust flow linear), a fitting for the urea injector and downstream static mixer elements. Urea is supplied by the service pump system via a control valve to the multiple injector system. The injection of urea into the exhaust duct is augmented by pressurized injection air, supplied by a compressor system, in order to atomize the urea solution and to purge the injector from urea solution after injection shut off. Downstream from the injection section, static mixers are fitted into the exhaust piping to produce a homogenous gas flow before the SCR converter unit.
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Fig. 7. Selective Catalytic Reduction Schematic Diagram

The control/metering unit regulates the urea injection flow to suit the different engine load conditions according to a pre-set injection curve. It receives load and rpm signals from the engine, or a NOX signal from the optional NOX analyzer. The NOX analyzer instrumentation is used for trend adjustments of the injection curve.

A blowing system is necessary in catalytic converters to prevent the buildup of fine PM. Calcium sulphate (a fine, white gypsum powder) can be formed in the engine exhaust from trace amounts of calcium present in the fuel and lubricating oils and sulphur in the fuel. This can occur in any marine diesel engine, with or without SCR systems. Calcium sulphate will deposit on the front of the catalysts, blocking the pores and reducing activity. An automated dust-blowing system uses short, regular bursts of compressed air from fixed lances mounted inside the converter to remove fine particulate buildup. Dust blowing duration and intervals are adjustable via the control panel.

5. A few examples 

Exhaust emissions from large marine diesel engines on ocean going vessels contain among other pollutants a significant amount of nitrogen oxides (NOX) [2]. These NOX emissions from ocean going vessels are beginning to represent a significant percentage of the overall NOX emissions in coastal regions and ports located in non-attainment areas. Here we look at the different technological options for reducing marine vessel emissions for two classes of vessels – large, ocean-going vessels and cruise ships [1]. Clean-fuel options will also be included, where appropriate, for purposes of comparison. Examples of where these emission reduction options have already been used will be given, as will suggestions on how they may be implemented through economic or regulatory instruments.

5.1. Ocean-Going Vessels (Tankers, Freighters, Container Ships)

There were more than 1500 different large, ocean-going vessels entering the GB/PS area during the year 2000 [1]. They were responsible for over half of the total marine vessel emissions that year - NOX emissions of 40,571 tonnes (45.2%), SOX emissions of 16,881 tonnes (74.2%) and particulate emissions of 2,635 tonnes (59%). Docking emissions are responsible for approximately 52% of the total emissions from large, ocean-going vessels. 
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Fig. 8. Emission reduction; 

large vessel options – cruising 
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large vessel options – hoteling


Figure 8 shows different options for reducing emissions from large, ocean-going vessels while underway [1]. It can be seen from Figure 9 that while the greatest reduction of emissions can be achieved with Options 4 (Short Power) and 3 (Selective Catalytic Reduction plus using Marine Diesel Oil), option 4 (using low-sulphur bunker) provides the greatest pollution reduction (mainly reduced SOX and particulate emissions) per dollar spent. At present there is insufficient low-sulphur bunker for all large vessels operating in the GB/PS area. However, when there is a demand for this product then it will be made available. MDO (Option 5) is also already being used by large vessels to reduce their smoke and SOX emissions while underway in a sensitive area (e.g. the Iver Pride within the GB/PS area.). The advantage of this option over Option 4 is that MDO is readily available, even though more expensive than low-sulphur bunker. A combination of Option 1 (DWI) and Option 4 (MDO) would result in large reductions of NOX, PM and SOX. Wartsila presently uses DWI on some of their large marine diesels, however, as a retrofit technology for other manufacturer’s engines it may require further development. 

Figure 9 shows some of the options that are available for reducing emissions from large, ocean-going vessels while they are docked. Docking emissions are estimated to form approximately 52% of their total emissions. Shore power (Option 4) achieves the maximum emission reduction (100%) but is also the most expensive option. It would not be applicable to vessels moored at anchor. One of the most cost-effective technologies for reducing total hoteling emissions by nearly 90% seems to be Option 3, a combination of selective catalytic reduction (SCR) for NOX control, and MDO for reducing particulates and SOX. Not shown is the use of MDO for hoteling. This option would be similar to Option 1 in cost- effectiveness.

5.2. Cruise Ships 

Cruise ships are becoming an increasingly significant fraction of the vessel fleet.
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Fig.10. Emission reduction Cruise Ships;

cruising 

	
[image: image11.wmf]0

20

40

60

80

100

EMISSION REDUCTION  [%]

1

2

3

4

5

6

7

OPTIONS

 Fig.11. Emission reduction Cruise Ships;

 hoteling


Figure 10 shows the reduction (%) for some of the emission reduction options that were studied for cruise ships. It can be seen that Option 2 CWI (continuous water injection), being one of the most cost effective technologies, only reduces total ship emissions by about 20%. Option 6, SCR (selective catalytic reduction of NOX) plus MDO, results in the greatest emission reduction and is much more cost-effective than using say gas turbines. However, gas turbines may have weigh and space saving credits as well as other advantages that have not been factored into the cost-effectiveness equation. SCR is widely used in Scandinavia to reduce vessel emissions; the technology is mature and the costs are well known. 

Figure 11 shows emission reduction (%) for some options that were looked at for cruise ships while they are at dock. Option 4, direct water injection, being the most cost effective option deals with mainly NOX and particulate reduction, while Option 7, shore power, results in the greatest overall reduction. Option 6, SCR (selective catalytic reduction of NOX) plus MDO, is almost as effective as shore power. As previously discussed, SCR is widely used in Scandinavia and is proven technology. Shore power is coming into increasing favor within the cruise ship industry as a way of eliminating visible emission complaints while at berth. 

Conclusions and final remarks

This paper is primarily focused on the retrofit technologies for existing vessels. The available options are pre-treatment of the fuel and/or the combustion air as described above. Conditioning the fuel with water to produce a stable water emulsion is considered the most suitable option for large 2-stroke engines. Conditioning the combustion air by water injection is not suitable for 2-stroke engines as there is a risk of water droplets carry over to the combustion chamber and washing away the cylinder lube oil film. The high pressure homogenizer/emulsifier is considered the best alternative. The following conclusions were drawn from the analysis in this study [3].

· Continuous Water Injection (CWI) to the charge air appears to be most cost-effective system for low levels (10-30%) of NOX reductions, but the low level of operating experience makes further testing a necessity. It would be best used for trimming NOX emissions to meet minimum IMO limits.

· The Fuel-Water Emulsion (FWE) system appears to be a promising, medium-cost technology for achieving medium levels (30-50%) of NOX reduction. Since FWE is reasonably simple to retrofit onto existing ships without significant structural engine modifications, it appears to be a practical retrofit solution.

· Direct Water Injection (DWI) technology appears to be effective for medium levels of NOX reduction (40-60%), but may not be a practical technology for engine retrofits, due to its specific engine design requirements. It becomes much more cost effective on new engines.

· The relatively new Humid Air Motor (HAM), despite high initial capital costs, appears to be a practical, cost-effective method of achieving medium to high levels (60-80%) of NOX reduction. Limited operating experience suggests that it can be retrofitted in the engine room without the need for new water supply, and performs well.

· The Selective Catalytic Reduction (SCR) system has the highest unit cost of the five technologies analyzed, but can achieve almost complete NOX reduction. Installation costs are a significant issue if major retrofitting is required. This technology is best suited for vessels operating in regions having very stringent environmental control programs and financial incentives.

Most engine manufacturers are now producing standard engines which comply with MARPOL Annex VI NOX emissions levels. This has been achieved by engine tuning measures, which commonly involve increased compression ratio, retarded injection timing, increased injection intensity and optimized spray patterns. Wartsila NSD and MAN B&W have absorbed the fuel increases due to NOX control in their MARPOL Annex VI compliant slow speed engine specifications by widening the tolerance on rated fuel consumption from 3% to 5%. MARPOL Annex VI will reduce global ship sourced NOX emissions at a small rate because it only applies to new installations or major conversions. For NOX levels below MARPOL Annex VI, or for retrofitting, the main measures available now are fuel/water emulsions, direct water injection, inlet air humidification and SCR. Humidification on medium speed engines can reduce NOX levels down to 2 to 3 g/kWh without fuel consumption penalty. SCR can reduce NOX levels down to 2 g/kWh or less without fuel consumption penalty. However, SCR systems are expensive. Market and legislative pressure on emission levels and fuel consumption will continue.
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