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ABSTRACT

Ocean going vessels (OGVs) contribute significantly to the economic activities and development of the state of California and the U.S. Emissions from marine diesel engines contribute significantly to the increase in particulate matter (PM), sulfur oxides (SOx), and nitrogen oxides (NOx).  The present investigation was focused on review and assessment of various technologies for their effectiveness and costs for reducing these emissions. Results indicate that the most balanced approach for reducing NOx emissions is humid air motor, followed by direct water injection. For SOx and PM reductions, sea water scrubbing has cost effectiveness in line with other measures. 
INTRODUCTION

Ocean going vessels receive their power needs from main and auxiliary engines and boilers. The main engine is used for the propulsion system and they usually consist of one two-stroke engine. Auxiliary engines and the boilers are used for other functions of the ship such as electric power aboard the ship, HVAC and pumping systems, hydraulic systems, etc. The auxiliary engines are mostly four stroke engines.  Current methods for control of marine diesel engine emissions include engine optimization, engine process modifications, exhaust after treatment, use of cleaner fuel, and combination of these measures. Specific method and processes associated with these approaches are:

Engine Optimization Process

1. Optimization of combustion chamber geometry

2. Optimization of combustion residence time

3. Control of lubrication process

4. Common rail system

5. Increased compression ratio

6. Improving injection nozzle geometry 

7. Control of fuel injection process

8. Miller cycle valve timing 

 Engine Process Modifications

1. Addition of water, urea, or ammonia to the combustion process.

2. Electronic control of fuel injection and exhaust gas valve for meeting optimum emission reduction at all loads.

3. Exhaust gas recirculation with low sulfur fuel or in combination with the scrubbing system for reducing NOx emissions.

After Treatment Processes

1. Selective Catalytic Reduction (SCR) system for reducing NOx. 

2. Seawater scrubbing system for reducing PM emissions. 

3. Diesel Particulate Filter (DPF) for reducing PM emission in auxiliary engine using low sulfur fuel.

A major parameter for assessment and comparison of different technologies for reducing marine diesel emissions is their cost effectiveness which  is defined as:
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Annual costs include capital costs distributed over the life span of the equipment, and ongoing operation and maintenance costs.
RESULTS
Based on assessment of available data for known shipboard installation and field testing, results indicate that the most effective measure for reducing NOx emission is the SCR system, followed by the fumigation or humid air motor and direct water injection. The exhaust gas recirculation approach reduces NOx as well as SOx and PM when low sulfur marine diesel fuel is used. The use of marine diesel fuel with 0.5% sulfur content is an effective approach in reducing SOx and PM emissions. The following tables show the cost effectiveness of these measures based on the 2003 fuel cost estimates from Beicip-Franlab consulting company and those in the parentheses are based on  the fuel cost from the same period, calculated from the conservation of clean air and water in Europe (CONCAWE) organization:
[image: image4.emf]Measure  Ship type  Emission  Small  Vessel  Medi um  Vessel  Large  Vessel  

   $/ ton  $/ ton  $/ ton  

Basic IEM (2 stroke slow speed  only)  New  NOx  $10.84  $8.13  $8.13  

Basic IEM (2 stroke slow speed  only), young engines  Retrofit  NOx  $10.84  $8.13  $8.13  

Basic IEM (2 stroke slow speed  only), older engines  Retro fit  NOx  $54.21  $21.68  $13.55  

Advanced IEM  New  NOx  $88.54  $29.81  $17.17  

Direct water injection  New  NOx  $371.31  $325.23  $311.68  

Humid air motors  New  NOx  $242.12  $207.79  $178.88  

Humid air motors  Retrofit  NOx  $276.45  $254.77  $237.60  

SCR outside  SO 2   ECA  Ne w  NOx  $668.53  $508.63  $475.20  

SCR outside  SO 2   ECA  Retrofit  NOx  $730.87  $552.90  $515.86  

SCR inside  SO 2   ECA  New  NOx  $490.56  $383.05  $359.56  

SCR inside  SO 2   ECA  Retrofit  NOx  $553.80  $427.32  $400.22  

SCR, Ships using MD  New  NOx  $373.11  $299.94  $282.77  

SCR,  Ships using MD  Retrofit  NOx  $436.35  $344.20  $323.43  

 


Table 1.  Cost Effectiveness of Different Measures for Removing NOx
While the SCR approach is the most effective measure for removing NOx emissions, it is among the costliest.  The most balanced approach seems to be the fumigation or humid air motor, followed by the direct water injection method. For SOx and PM reductions, the fuel switching and scrubbing approaches are considered. Table 2 shows the cost effectiveness for these measures for new and retrofit engines and for switching fuel from 2.7% to 1.5% and 0.5% sulfur fuels. As expected, due to the current high cost of low sulfur fuel, the cost effectiveness of the fuel switching is significantly more  than other measures.  The scrubbing cost effectiveness is in line with the corresponding values for other measures for both new and retrofit engines.

The present cost of fuel switching may prevent ship operators from switching to low or ultra low sulfur fuels for their entire journey. However, requiring usage of low sulfur fuel by marine vessels within the 24 nautical miles offshore is an effective and viable option for reducing SOx and PM emissions near the coastal areas. 

[image: image5.emf]Measure  New/  Retrofit  Emission  Small Vessel  Medium  Vessel  Large Vessel  

   $/ ton  $/ ton  $/ ton  

Sea water scrubbing  New  SO 2  $352.34   $317.10   $289.10   

Sea water scrubbing  Retrofit  SO 2  $520.37   $483.33   $455.33   

Fuel switching: 2.7%  S fuel to 1.5% S fuel  New  SO 2  $1,854.73  ($1,111.21)  $1,852.02  ($1,111.21)  $1,847.50  ($1,111.21)  

Fuel switching: 2.7%  S fuel to 1.5% S fuel  Retrofit  SO 2  $1 ,854.73  ($1,111.21)  $1,852.02  ($1,111.21)  $1,847.50  ($1,111.21)  

Fuel switching: 2.7%  S fuel to 0.5% S fuel  New  SO 2  $1,300.03  ($1,526.79)  $1,299.12  ($1,526.79)  $1,295.51  ($1,526.79)  

Fuel switching: 2.7%  S fuel to 0.5% S fuel  Retrofit  SO 2  $1,300.03  ($1,526 .79)  $1,299.12  ($1,526.79)  $1,295.51  ($1,526.79)  

 


Table 2.  Cost Effectiveness for New and Retrofit Engines with Seawater Scrubbing System and Fuel Switching

CONCLUSIONS
OGVs include containerships, oil tankers, passenger ships, Ro-Ro-vessels, cargo ships and bulk carriers. They are the primary means of carrying large cargos across the seas. Generally, OGVs have main and auxiliary diesel engines as well as steam boiler generators.  Due to the high fuel cost, most of them use low grade fuel oil with high sulfur content in their engines. Emissions from these engine include high level of PM, NOx, and SOx.  Sulfur in fuel contributes significantly to the high level of PM and SOx emissions. However, since diesel engines are fuel efficient, their CO and CO2 emissions are significantly lower than from the gasoline engines. 
Current methods for control of marine diesel engine emissions include engine optimization, engine process modifications, exhaust after treatment, use of cleaner fuel, and combination of these measures. Engine optimization techniques include measures such as optimizing combustion chamber geometry and combustion residence time, controlled lubricating processes, common rail system, higher compression ratio, changing injection nozzle geometry,  and Miller cycle valve timing. Engine process modifications include addition of water or ammonia to the combustion process, and exhaust gas recirculation.  Exhaust after-treatment processes include scrubbing processes, selective catalytic reduction, diesel particulate filters, and oxidation catalysts. Results of the investigations indicate that the most cost effectiveness method for reducing NOx emissions is fumigation or humid air motor, followed by direct water injection. Sea water scrubbing is the best approach for reducing SOx and PM. 
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