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Executive Summary:  The Annis Water Resources Institute (AWRI) at Grand Valley 
State University operates two diesel powered research vessels on Lake Michigan and 
connecting waters.  The exhaust from these boats exposes the passengers and crew to a 
variety of air pollutants and contributes to the degradation of water quality, as much of 
the particulate matter, nitrogen oxides, and unburned fuel can be dissolved or suspended 
in the exhaust cooling water.  Literature research was completed to determine the 
feasibility of operating the R/Vs W.G. Jackson and D.J Angus on biodiesel, a renewable 
and EPA approved alternative diesel fuel.  Conclusions reached from the research are: 1) 
The D.J. Angus can complete the normal education, outreach, and research activities 
without significant risk to the vessel’s engines or schedule when fueled with biodiesel, 2) 
Operation of the W.G Jackson on biodiesel is not feasible at this time because of 
operating cost and potential risk to the vessel engines and scheduled activities.    
However, this report recommends that the W.G. Jackson should initially be fueled with a 
blend of 20% biodiesel and 80 % petroleum based diesel fuel and that the D.J Angus 
should begin using the same blend at a later date.  This conservative approach is 
recommended as there are unexpected results reported from a demonstration project 
completed by the University of Missouri that involved the same engine model as the 
Jackson’s main drive engines. 
 
No mechanical damage to any engine took place in any of the demonstration projects or 
research referenced or read by the author   The AWRI goal should be to operate both 
vessels on biodiesel following a period of familiarization with the fuel, determination of 
the impact on vessel operation, and additional research performed on the W.G Jackson to 
determine the actual cost and impact on the environment and vessel outreach activities. 
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I. INTRODUCTION: 

  
a. Background:  When Rudolf Diesel first conceived the compression-ignition engine, 

commonly called the diesel engine, coal dust was his fuel of choice.  It wasn’t until 
later that a by-product of gasoline production became the primary fuel for diesel 
engines.  However, diesel exhaust emissions from petroleum-based fuels make 
significant contributions to environmental pollution and recently have been designated 
a health risk by the Environmental Protection Agency (EPA) (5).  

  
The most promising approach to reducing the harmful emissions from diesel engines is 
a vegetable oil based fuel called biodiesel.  Biodiesel, chemically described as a mono 
alkyl ester, is recognized by the EPA as an alternative fuel.  Biodiesel is biodegradable, 
non-toxic, and has been the focus of research for over twelve years. Biodiesel is 
available and being used by many municipalities and government fleets, not as an 
object of research or in demonstration projects, but as a mature and environmentally 
beneficial alternative fuel to petroleum diesel (petrodiesel).   

 
The terms “biodiesel” and “B100” (100% biodiesel) are used interchangeably and mean 
a pure, unblended fuel derived from a vegetable oil feedstock. 

 
b. Project Goals:  The research documented here has focused on the potential 

operational, cost, and mission impacts of operating the Annis Water Resources 
Institute’s (AWRI) research vessels, the D.J. Angus (Angus) and the W.G. Jackson 
(Jackson), on commercially available biodiesel.  

  
A secondary project objective was to quantify the current marine diesel fuel market in 
west Michigan and form a preliminary assessment of the potential biodiesel market and 
long-term availability for fueling the Angus and Jackson.  The market study is attached 
as an appendix to this report (Appendix IX). 

 
c. Project Summary:  The underlying assumption in this report is that the over-the-road 

(i.e. terrestrial) experience documented in the referenced research is applicable to the 
marine application under consideration.  As the over-the-road and marine applications 
may have different duty cycles and environments, a careful consideration of the 
differences was made to ensure that the referenced research can be used as an 
indication of the impact of the use of biodiesel on the various engines used on the two 
vessels.  All the various engines on both of the AWRI vessels are rated as Medium, 
Continuous Duty applications.   
 
The conclusions reached from this research are: 
 

• The duty cycles and environments of the referenced research were equal to or 
more severe than the duty cycles and environments experienced by the AWRI 
research vessels. 

• There is an acceptably low risk to the Angus’s educational and outreach mission 
in fueling with biodiesel.   
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• The risk to the mechanical integrity of the Angus’s main drive engine is no 

greater than fueling with petrodiesel. 
• The Angus’s power generator package diesel engine (genset) has a slightly higher 

risk to the mechanical integrity as there are no supporting data found during the 
research for the use of biodiesel in the specific engine model. 

• Blends of biodiesel and petrodiesel are also acceptable for use in the Angus’s 
engine and genset but at slightly higher levels of risk than the use of biodiesel. 

• The risk to the Jackson’s educational and outreach mission is determined to be 
unacceptable for the use of biodiesel due to lack of experience with the fuel in the 
specific engine model. 

• The Jackson’s educational and outreach mission can be completed with an 
acceptable level of risk if a blend containing 20% biodiesel and 80% petrodiesel 
(B20) is used as the fuel.  

• The risk to the mechanical integrity of the Jackson’s main drive engines when 
fueling with B20 is no greater than fueling with petrodiesel. 

• The Jackson’s gensets may be fueled with B20 with a slightly higher risk to the 
mechanical integrity as there are no supporting data found during the research for 
the use of biodiesel in the specific engine model.  

 
The recommendation to use of B20, initially in the Jackson, to gain experience with the 
fuel, complies with the manufacturer’s recommendations and utilizes the redundancy of 
main drive engines and gensets to minimize the risk of a mission problem associated 
with the fuel. 

 
The various blends of biodiesel and petrodiesel discussed in this report are identified by 
a capital “B” followed by a number.  B20 is a blend of 20% biodiesel and 80% 
petrodiesel while B5 is 5% biodiesel and 95% petrodiesel and B100 is 100% biodiesel.    

 
 

II. THE MISSION: 
 
AWRI’s two diesel-powered vessels are engaged in educational, outreach, and research 
activities on Lake Michigan and connecting waters. These vessels have carried over 
84,000 students (elementary, secondary, and university) and adults since 1986.  These 
cruises have tremendous educational value, as they introduce passengers to the main 
issues facing Lake Michigan and provide a hands-on floating laboratory where students 
of all ages can analyze the quality of the water and examine the different life forms in the 
water and sediments. 
 
Both the Angus and the Jackson are scheduled for twice-daily cruises during regular 
school operating hours and for organizations, research, and outreach activities during the 
summer months when schools are in recess.  During May, the Jackson is often scheduled 
for an additional cruise after normal school hours to accommodate all the schools 
wanting to take advantage of the educational opportunity.    
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Any operational problem related to the use of biodiesel or a blend causing either vessel to 
cancel or curtail a scheduled cruise would be unacceptable.     

  
 

III. RELATED LITERATURE: 
 
Schumacher (38, 40, 42) and Peterson (35) reported results from an extensive 10 year 
study of the operation of 12 Dodge pickup trucks with diesel engines fueled with 
biodiesel, blends of biodiesel and petrodiesel, and petrodiesel.  Periodic engine oil 
analyses were made to determine the wear rate of the engines.  Engine wear metals 
reported for the biodiesel-fueled engines were no different than those reported for 
petrodiesel-fueled engines.  The Cummins 5.9L engine in 11 of these test vehicles is the 
over-the-road version of the marine engine used in the Angus. 
 
Schumacher (39, 41) reported on a 26-month test of 10 Detroit Diesel 6V92 diesel 
engines mounted in urban buses.  Five buses were fueled with B20 and five were fueled 
with 100 % low sulfur petrodiesel.  Engine maintenance, exhaust emissions, operational 
performance, and fuel consumption were recorded. Periodic engine oil analyses were 
made to determine the wear rate of the engines.  The bus engines in this test are the over-
the-road equivalent of the engines powering the Jackson. 
 
Graboski (21), Koo-Oshima (26), Womac (59), and the National Biodiesel Board (51), 
investigated emissions from various small diesel engines fueled with biodiesel and 
biodiesel blends. Emissions measured from engines fueled with biodiesel and blends 
were significantly reduced from emissions from the same engines fueled with petrodiesel.  
The oxides of nitrogen (NOx) measurements indicated an increased emission of NOx of 
approximately 8 % for biodiesel over petrodiesel. 
 
Peterson (34), Cytoculture (5), and von Wendel (58) reported on the impact of marine 
diesel engines on aquatic environments. Womac (59) and Nine (33) tested marine diesel 
engines in a laboratory simulation of a marine environment and reported on the impact of 
the engine exhaust on the water quality.  The impact to the environment was reported to 
be less than the impact of petrodiesel with lower emissions, improved biodegradability, 
and lower toxicity for biodiesel.  
 
 

IV. MANUFACTURING AND AGRICULTURAL ISSUES: 
  

d. Manufacturing biodiesel:  A diesel engine can utilize any number of oils as a fuel, 
petroleum or vegetable oil based.  Many of the vegetable oils can fuel a diesel engine 
without further processing including used fryer oil (after filtering out the pieces of 
french fries, chicken, etc.).  A diesel engine using one of these oils will perform poorly 
and not meet emissions standards.  However, the esters formed from vegetable oils 
produce a clean burning fuel giving good performance while reducing harmful 
emissions.  The process by which a vegetable oil based diesel fuel is made is the 
transesterification process.  The process is well known with the by-products being 
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water, alcohol, and, glycerol (8, 53).  Transesterification is widely used in the 
oleochemical industry as the first step in the manufacture of soaps, detergents, and 
cosmetics.  Transesterification uses either ethanol or methanol in conjunction with a 
catalyst to produce ethyl or methyl esters.  

 
The biodiesel manufacturing capacity was estimated at approximately 12.5 million 
gallons per year in 2000.  The American Soybean Association (ASA) reported 12.5 
million gallons of biodiesel produced in 2001 and estimated production of 17.5 million 
gallons in 2002 (50).  The growth in biodiesel production has been nearly linear since 
1999 and is apparently limited by the capacity of available transesterification facilities 
for biodiesel production.  The majority of the transesterification capacity is in the 
oleochemical industry where one manufacturer claims a 40 million gallon annual 
capacity (32).      

  
All by-products of the transesterification process are less detrimental to the 
environment than the by-products of the distillation process for manufacturing 
petroleum based diesel fuel (49).  Excess glycerol has caused some problems in Europe 
where glycerol from the manufacture of biodiesel has been incinerated because the 
excess can not be absorbed by the soap and cosmetic market. 

 
Dr. Harvey Nikkel, professor and chair of the GVSU Chemistry Department, has 
suggested that the glycerol might be changed into ethanol through a biological process, 
which then could be used in the transesterification process (Appendix VII).  The 
feasibility of this process requires research before it could be put into practice.  

 
The use of glycerol as a fertilizer has been discussed to a limited degree but the 
practicality of the use of glycerol or a derivative as a fertilizer has yet to be determined. 

 
e. Agricultural Component:  In 2002, Michigan grew approximately 78 million bushels 

of soybeans on 2.0 million acres (31).  The counties of Kent, Muskegon, and Ottawa, 
together, grew approximately 2.0 million bushels of the total (31).  Soy oil is a by-
product of the processing of the soy beans to obtain soy meal which is used for 
livestock feed.  The soy meal processors have been successful in building a secondary 
market for the soy oil.  

 
The largest producer of soy meal in Michigan, Zeeland Farm Services, is located in 
Zeeland, Michigan.  The location is convenient to the users of soy meal in Kent, 
Ottawa, and Allegan Counties but in an area that is not a large grower of soybeans.  
Kent, Ottawa, and Muskegon counties together grow fewer bushels of soy beans than 
Ingham County, the seventeenth largest (county) grower of soybeans (31).  Zeeland 
Farm Services produces 12 to 15 million gallons of soy oil annually and in the summer 
of 2003 will have the capacity to store 60,000 gallons of biodiesel for distribution in 
western Michigan (anecdotal information from Keith Reinholt of the Michigan 
Soybean Association).  
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The soy oil produced from the United States soybean crop has an established market for 
(human) food.  If all the soy oil was diverted to diesel fuel production, an estimated 2.6 
billion gallons of biodiesel could be produced – only 6% of the total, domestic demand 
(40 billion gallons annually).  It has been estimated that 130 million gallons of biodiesel 
(only 0.3% of annual demand) could be produced from available soy oil without 
affecting the short term selling price of the oil and adversely affecting biodiesel sales 
(32).  The primary issue is whether food production would take a secondary position to 
fuel production. 

 
Other feedstocks, such as castor bean, may not compete with feedstocks used for food 
and would produce more biodiesel per acre than soy beans (4).  Used fryer oil recycled 
into biodiesel would reduce the volume of used oil discarded into landfills and 
processed by wastewater treatment systems.  The volume of used oil going into our 
land fills in the U.S. has been estimated to be 4 billion gallons (anecdotal information 
from Cortland Overmyer, Director of Grand Rapids Environmental Services 
Department).  If accurate, this used oil would produce 3.4 billion gallons of biodiesel, 
8.5% of our annual demand for diesel fuel.  

 
Clearly biodiesel from soy oil alone is not the complete answer to reduction of our 
dependency on foreign oil or improvements to the exhaust emissions from diesel 
engines.  But used as a blend agent in petroleum diesel and used in the unblended form 
in some environments it could significantly reduce the adverse impact of diesel engines 
on the environment (45).         
 
 

V. REGULATORY ISSUES: 
 

There are a number of regulatory considerations for new diesel engines, but engines 
manufactured before January 1, 2000 are accepted as meeting the emission standards in 
place at the time of manufacture.  Only engines manufactured after January 1, 2000 or 
engines that are modified from the standard configuration are affected by new EPA 
regulation.  When biodiesel fuel is used by a diesel engine, the manufacturer’s 
certification for compliance to the International Marine Organization (IMO) NOx 
standard may no longer be valid. 
 
Once the question of NOx emission compliance is raised, the engine owner must either 
supply sufficient data to the EPA to gain certification of compliance, interpret the 
regulation to mean that since no engine modification was made the certificate is valid, 
add an after-treatment to reduce the NOx emissions, or ignore the situation.  There have 
been demonstrations that measured reduced emissions of NOx from marine engines 
where the exhaust gases and engine cooling water are mixed (33).  The Total 
Hydrocarbons (THC), Particulate Matter (PM), and NOx dissolved or suspended in the 
exhaust water then may become a water quality issue. 
 
This report is not intended to be exhaustive in regard to applicable regulations but is 
concerned only with any potential cost or violation of emissions standards that would 
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result from the use of biodiesel or a blend.  The applicable regulations are found in 
Appendix II.  

 
 

VI. MECHANICAL ISSUES:  
  

f. Four-Cycle vs. Two-Cycle Engine operation:  There are two mechanical cycles 
utilized by the various diesel engines on the Angus and Jackson.  All engines on the 
Angus are four-cycle while the two, main drive engines on the Jackson are two-cycle.  
The Jackson’s two gensets are driven by four-cycle engines.  Typically, four-cycle 
engines have cleaner emissions while two-cycle engines have higher power densities 
(horsepower per pound) but have higher emissions and tend to carry raw fuel out with 
the exhaust gases. 

 
The primary consideration in regard to the Angus and Jackson is how the different 
cycles impact the operation of the various engines.  

 
The two mechanical cycles are detailed in Appendix III.     

   
g. Engine aspiration:  The various engines on the Angus and Jackson incorporate two 

types of aspiration or approaches to introducing combustion air into the engines.  The 
main drive engines on both the Angus and Jackson are turbo-charged, while the three 
gensets are all naturally aspirated.  Turbo-charged engines have higher power densities 
than naturally aspirated engines and the use of a turbo-charger is a consideration in 
meeting emissions standards. 

 
The primary types of aspiration are detailed in Appendix III. 

  
h. Fuel Injection:  All diesel engines on both vessels are fuel injected from engine 

mounted injector pumps.  Fuel injection and the point in the engine cycle at which the 
fuel is injected into the combustion chamber can affect the engine combustion and 
emissions.  Retarded injection has been shown to reduce NOx emissions from engines 
fueled with biodiesel and in some cases brought the engines into compliance with the 
emissions regulations with a minor increase in fuel consumption.  

  
Fuel injection can be used to reduce the amount of unburned fuel in the exhaust gases 
of two-cycle engines by injecting fuel into the cylinders only after the exhaust valves 
are closed, which cannot be done with naturally aspirated engines.   

     
i. Engine Warranty Coverage:  (See Appendix III for engine specifications and other 

detail.) 
 
i. D.J. Angus:  The Angus is powered by a Cummins 5.9 Liter engine and generates 

electrical power for the vessel with a Westerbeke generator. 
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1. Cummins:    The Angus main drive engine (MDE) was manufactured by 

Cummins on January 28, 2002 and installed in the following months prior to 
launching for the 2002 season.  There was a twelve month warranty on this 
engine, which expired prior to the 2003 season (See Appendix IV).   

 
2. Electrical Power Generator: The electrical power for the Angus is generated 

by a Westerbeke diesel engine driving a generator and draws fuel from the 
Angus’s twin fuel tanks.  The Westerbeke generator on the Angus was installed 
at the same time the MDE was installed but has a warranty that remains in effect 
until 2007. 

 
ii. W.G. Jackson:  The Jackson is powered with twin Detroit Diesel engines and 

utilizes two generators to provide electrical power for the vessel.  
 

1. Detroit Diesel:  Both main drive engines were manufactured in March of 1996 
and have no warranty coverage remaining.   

 
2. Small Electrical Power Generator:  The electrical power generation on the 

Jackson is provided by two self-contained generator packages (gensets).  The 
smaller genset is a Northern Lights model M843N.  Warranty coverage on the 
small genset has expired.   

 
3. Large Electrical Power Generator:    The larger of the Jackson’s gensets is 

rated at 30kW and is manufactured by Northern Lights as model M30C.  
Warranty coverage for the large genset has expired. 

  
j. Engine Maintenance 

 
i. Angus Petrodiesel History:    

  
1. Main Drive Engine: The Angus follows a standard practice for scheduled 

engine maintenance.  The oil filters are changed at each oil change, at 200 hour 
intervals, and a sample of engine lubricating oil is sent to an outside laboratory 
for oil analysis.  This is a standard practice among operators and provides a 
picture of engine health and can forecast some engine problems.     The Angus 
has a history of low engine wear and few maintenance issues.  This engine is 
rated at medium continuous duty.  

 
2. Electrical Power Generator:  Lubricating oil and oil filter are changed at 100 

hour intervals.  No engine oil analysis for a test or demonstration project has 
been found in the literature to allow a direct comparison to the Angus genset oil 
analysis or to establish acceptable rate of wear.  There have been no 
performance or maintenance issues with the Angus genset.  Generators are 
generally rated as Medium, Continuous Duty applications.  

 
i. Angus – Biodiesel Expectations: 
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1. Main Drive Engine:  Schumacher (38) included an evaluation of four different 

Dodge trucks having the same model 5.9L Cummins engine but fueled with 
B100, 100% biodiesel.  Table 1 compares the average levels of engine wear 
metals from the University of Missouri testing and the Angus for petrodiesel 
and adds the data gathered for Dodge trucks fueled with B100.  The table also 
provides estimates of the ranges the wear metals resulting from fueling the 
Angus with B100.  The estimates are simple extrapolations of the means and 
utilize the standard deviations to estimate the expected ranges of the engine 
wear metals for the Angus if fueled with biodiesel. (see Appendix I for details 
of calculation and Appendix III for further discussion of engine wear metals) 

 
Table 1 

Cummins BT5.9L Engine Oil Analysis  -ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Angus B100* 4-27 1 – 12 0-4 0-2 3-27 0-2 
Angus Petro 20.0 4.0 3.0 2.7 14.0 1.7 

Standard Dev 7.81 3.46 1.00 0.58 7.81 0.58 
U. Mo B100** 10.86 3.25 2.15 1.72 3.10 0.95 

Standard Dev 6.65 4.42 1.82 0.87 3.08 2.57 
U. Mo Petro 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev 5.34 1.05 2.57 1.77 0.95 0.90 
*Projected values; not based on actual measurements – See Appendix I for calculations. 
**The Univ. of Missouri trucks operating on petrodiesel and those on B100 are different trucks. Some 
trucks operated in Idaho and others in Missouri; some in National Parks.   
 

Silicon in the lubricating oil is a concern as this is a measure of the abrasive 
material entrained in the combustion air during engine operation.  None of the 
wear metals measured in the Dodge truck oil samples (iron, lead, aluminum, 
chromium) that would be affected by the ingestion of the silicon was reported as 
excessive (38). 

 
The predicted ranges of wear metals for the Angus are not excessive.  If the 
silicon remains in the range of the petrodiesel data, then the wear metals may 
not be reduced as the University of Missouri data would lead us to believe but 
would revert to values closer to the Angus petrodiesel data.  In either case, the 
values are acceptable.  

 
2. Electrical Power Generator:  No engine test or demonstration project has been 

found in the literature for the Angus genset when fueled with petrodiesel or 
biodiesel.  No acceptable wear rate has been established for this particular 
engine.  However, the petrodiesel wear metals are comparable to those in the 
Angus MDE and, based on similar duty cycle descriptions, similar changes in 
wear metals should result.   Table 2 provides estimates of the ranges the wear 
metals resulting from fueling the genset with B100.   

 
 

Annis Water Resources Institute  MR-2003-111 
Grand Valley State University 8 of 37 



 
The Feasibility of Fueling the Research Vessels W.G. Jackson and D.J Angus with Biodiesel 

 
Table 2 

Westerbeke 20.0BEDA Genset Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
B100* 25-28 2-10 1-4 0-3 0-31 0-3 
Petrodiesel 33.5 3.5 3.5 3.5 13.5 1.5 

Standard Dev 0.71 2.12 0.71 0.71 9.19 0.71 
*Projected values; not based on actual measurements – See Appendix I for calculations. 

 
If the silicon remains in the range of the petrodiesel data, then the wear metals 
may not be reduced as the University of Missouri data would lead us to believe 
but then would revert to values closer to the Angus petrodiesel data.  In either 
case, the predicted ranges of wear metals are acceptable. 

 
ii. Angus - B20 Expectations: The Dodge truck testing at the University of Missouri 

included evaluation of the operation of the Cummins engine on B20 (38, 42). 
  

1. Main Drive Engine:  Fueling the Angus on B20 is also a viable approach.  The 
Dodge truck testing included data from one B20 fueled truck (38).  

  
Table 3 compares the University of Missouri data with the Angus experience 
and predicts an oil analysis for the Angus fueled with B20. The underlying 
assumption is that the duty cycles are similar.   

 
The data from the Dodge truck testing for B20 are less compelling as they were 
taken from a single truck fueled on B20 (from Rapeseed) but ran over 100,000 
miles in Idaho. 

Table 3 
 

 
 
 
 
 
 
 

 
*Projected values; not based on actual measurements.  See Appendix I for calculations.  

Cummins BT5.9L Engine B20 Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Angus B20* 0-21 2-12 0-3 0-2 0-14 0-2 
Angus Petro 20.0 4.0 3.0 2.7 14.0 1.7 

Standard Dev 7.81 3.46 1.00 0.58 7.81 0.58 
U. Mo B20# 6.23 4.07 1.53 1.67 2.43 0.73 

Standard Dev 2.26 6.16 0.63 0.84 1.14 0.45 
U. Mo Petro 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev 5.34 1.05 2.57 1.77 0.95 0.90 

#The Univ. of Missouri trucks operating on petrodiesel and those on B20 are different 
trucks operating in different environments. 

 
The ranges for wear metals estimated for Angus fueled with B20 are within 
acceptable ranges. 

 
2. Electrical Power Generator:  No engine test or demonstration project was 

found in the research for the Angus genset fueled with B20.  Anecdotal 
information on the operation of diesel engines on biodiesel and blends, in 
general, indicates that that the risk of damage to the engine is negligible.  
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However, there is still warranty coverage on this engine and the manufacturer 
could deny coverage should a problem result from the use of B20. 

  
Westerbeke diesel generators fueled with biodiesel are driving in the Channel 
Islands National Park, CA but no documentation of the experience is available 
(Anecdotal information from Kent Bullard of Channel Islands National Park). 
Similar engines have been operated on B20 and biodiesel without mechanical 
problems (33). 

 
Over all, the risk to the vessel and mission if operated on B20 would seem 
acceptable without further investigation. 

 
iii. Jackson Petrodiesel History: 

 
1. Main Drive Engines:  The Jackson follows a standard practice for scheduled 

engine maintenance.  The oil filters are changed at each oil change, at 200 hour 
intervals, and a sample of engine lubricating oil is sent to an outside laboratory 
for oil analysis.  This is a standard practice among operators and provides a 
picture of engine health and can forecast some engine problems.  The engine 
duty cycle rating for the Jackson application is Medium, Continuous Duty.  The 
Jackson has a history of low engine wear and few maintenance issues.   

 
2. Small Electrical Power Generator:  Regular oil analysis has not been 

performed for the small Jackson genset.  Reference data for a Lugger engine of 
the same model has not been found in the research to allow a comparison or 
establish an acceptable wear rate.  Lubricating oil and filter are changed at 100 
hour intervals.  The small genset has a history of few maintenance issues. 
 

3. Large Electrical Power Generator:  No engine oil analysis for a test or 
demonstration project has been found in the literature to allow a direct 
comparison to the large Jackson genset oil analysis or establish acceptable rates 
of wear.  Lubricating oil and filter are changed at 100 hour intervals.  The large 
genset has a history of low engine wear and few maintenance issues. 

 
iv. Jackson - Biodiesel Expectations: 

 
1. Biodiesel:  No precedent for the use of biodiesel in the Detroit Diesel engines 

was found in the research.     
 

v. Jackson – B20 Expectations: 
  
1. Main Drive Engines:  Schumacher (44) reported on urban transit buses 

operating over a two year period in St. Louis, MO having the same model 
engines as the W.G. Jackson using both low sulfur petrodiesel and B20.  The 
duty cycle rating for the bus diesel engine application is Intermediate, Severe 
Duty – more severe and demanding than the Jackson engine application.  
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Table 4 lists engine wear metals from the Jackson oil analysis during the 2002 
season and the data from St. Louis bus demonstration project.  The table also 
provides estimates of the ranges the wear metals that might result from fueling 
the Jackson with B20.  This prediction assumes that the changes in wear metals 
that occurred in the St. Louis bus demonstration represents a worst case scenario 
– wear metal measurements from the Jackson using B20 should be lower (See 
Appendix III for further discussion of wear metals from the Jackson and St. 
Louis bus test.).   

 
The iron wear metal listed in Table 4 is the only wear metal with a high 
probability of being statistically different (39).  Detroit Diesel Corporation 
(DDC) recommends that a single oil analysis metal content should be less than: 
150ppm of Iron, 25ppm of Copper, and 10ppm of Lead for over the road 
application.  The St. Louis bus test data lists two metals exceeding the 
recommended limits raising a concern regarding the engine condition.  DDC 
recommendations for marine limits are different only in the iron content, which 
is limited to 250ppm (28).  The Jackson means and every single data point is 
within the recommended limit (See Appendices I, III & VII). 
   

Table 4 
 
 
 
 
 

 
 
 
 

*Projected values; not based on actual measurements – see Appendix I for calculations. 

Detroit Diesel 6V92TA Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Jackson B20* 13-19 2-5 3-8 1-3 2-9 0 – 1 
Jackson Petro 12.2 2.5 5.0 1.5 6.1 0.6 

Standard Dev 3.16 1.27 2.31 0.53 3.98 0.52 
U. of Mo B20** 115.8 42.5 13.2 0.8 17.4# 3.3 

Standard Dev 57.75 157.24 104.59 1.98 NA 1.87 
U Mo Petro** 89.7 27.8 11.6 0.5 19.0# 2.7 

Standard Dev 57.72 157.24 104.59 1.98 NA 1.87 

**The Univ. of Missouri buses operating on petrodiesel and those on B20 were different buses on 
different routes introducing a set of uncontrolled variables into the data. 
# Silicon data is from the same test but from a different reference (7) and a shorter test period. 

 
The silicon in the Jackson lubricating oil analyses is low compared to that 
measured in the bus demonstration and is not considered an issue.  Based on 
duty cycle descriptions, using the bus data to estimate the worst case changes to 
the Jackson wear metals should be conservative - i.e. actual changes should be 
less than those estimated based on the bus data.  The ranges of wear metals 
estimated for the Jackson are not excessive and are predicted to remain below 
the Detroit Diesel Corporation (DDC) recommended limits for the scenario 
considered.     

 
If the silicon in the Jackson oil remains in the range of the petrodiesel data when 
B20 is used, then the other wear metals may not vary in the same manner as it 
does in the buses.  The expectation derived from biodiesel research is that the 
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introduction of biodiesel (either B100 or in a blend) increases the lubricity of 
the fuel and reduces engine wear, increasing life.  The University of Missouri 
data are contrary to this premise and other research regarding the lubricity 
effects of biodiesel (40, 58). 

 
There are other concerns with the bus testing in St. Louis.  The fuel was not 
mixed properly for the first 18 months of the testing and the blend was 
estimated to vary from B89 to B7 for this period – the actual blend at the engine 
is unknown.  The final 8 months of the test had improved controls on the blend 
but data for the two periods were merged for the final report (39).   

 
There were increased cooling system failures in the B20 fueled group.  No root 
cause for the failures was identified but, in general, increased combustion 
temperature has been identified as a possible problem with biodiesel.  However, 
B20 should not be an issue in increased engine cooling system load.  Also, 
marine engine cooling systems have excess capacity in that the heat sink for the 
waste heat is nearly infinite – the water surrounding the boat.  Only the design 
of the engine heat exchanger would limit the heat transferred to the raw water.  
The fixed air flow and limited heat transfer area of the bus radiator would mean 
that increased heat load would raise the average temperature of the circulated 
cooling fluid and engine operating temperature.  

    
The wear levels experienced by the St. Louis buses exceeded the DDC 
recommendations and may indicate an engine problem as the root cause for the 
increased wear metals in the oil (see Appendix III).  All the bus engines were 
rebuilt prior to the start of the St. Louis test but had between 12,000 and 59,000 
miles on the rebuilt engines at the start of the test.     

 
The B20 fueled buses maintained their scheduled routes with no more fuel 
related maintenance issues than the petrodiesel fueled buses. However, a better 
understanding of the effects of fueling the Jackson’s engines with the B20 blend 
must be gained and well understood before committing to the use of B100. 

  
2. Small Electrical Power Generator:  Regular oil analysis has not been 

performed for the small Jackson genset nor have reference data for a Lugger 
engine of the same model been found in the research.  Also, no data were found 
in the research for the specific engine model operation with biodiesel or blends.  

 
3. Large Electrical Power Generator:  No engine oil analysis for a test or 

demonstration project has been found in the literature to allow a direct 
comparison to the large Jackson genset oil analysis or establish acceptable rates 
of wear for the engine when fueled with biodiesel or blends. 

 
Table 5 lists engine wear metals for the Jackson large genset and estimates the 
wear metals for the large genset if fueled with B20. 
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Table 5 

 
 
 

 
 
 
  
 
  

Northern Lights M30C Genset Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
B20* 1-5 4-7 0-5 0-3 3-9 0-0 
Petrodiesel 6.5 2.5 1.5 2.5 7.0 0.0 

Standard  Dev# 0.71 0.71 2.12 0.71 1.41 0.00 
U. Mo B100** 10.86 3.25 2.15 1.72 3.10 0.95 

Standard Dev** 6.65 4.42 1.82 0.87 3.08 2.57 
U. Mo Petro** 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev** 5.34 1.05 2.57 1.77 0.95 0.90  
 *Projected values; not based on actual measurements.  See Appendix I for calculations 
 ** Data repeated from Table 3 
 #Based on samples from two oil changes. 
 

The estimates of the wear metals in an oil analysis sample for this engine are not 
excessive but are the most speculative of any of the engines of concern.  The 
estimates are based on the changes that occurred in the Dodge truck testing for a 
truck fueled with B20 (38, 42).  The underlying assumption is that four-cycle 
engines with similar duty cycles should react to the fuel in the same manner. 
   

    
VII. EMISSIONS: 

 
k. Angus:   Emissions from the Angus will include gaseous and exhaust gas cooling water 

discharge. 
 

i. Gaseous:  
  

1. Main Drive Engine: Table 6 data are taken from a 1991 Cummins 5.9L diesel 
engine similar to the Angus’s main drive engine (42).  These data are for 
operation on B100 and petrodiesel.  Note that the data for carbon monoxide 
(CO) are a volumetric percentage while the oxides of nitrogen (NOx) and total 
hydrocarbons (THC) components are parts per million (ppm).  No data are 
available for particulate matter (PM) from the test.   

 
Table 6 

Cummins  5.9L Exhaust Emissions* 
 CO % NOx ppm THC ppm PM 
B100 .013 768.6 5.4 ND 
Petrodiesel .025 639.7 6.6 ND 

  *Engine not equipped with an aftercooler, No standard deviation data available. 
 
The data in Table 6 represent the changes that are expected in emissions when 
changing to biodiesel.  There were some issues with the Dodge truck data, 
however, as the results were not duplicated in a measurement a year later.  The 
report attributed the lack of repetition to an equipment problem (42).  
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The same data taken from a 1992 Cummins 5.9L diesel engine with an 
aftercooler have significantly different results.  For example, the NOx 
measurement for B100 is larger than for petrodiesel in two consecutive years, as 
expected, but CO also increased, by as much as 25%, contrary to expectations 
(42).  The reason for the aftercooler influence on the exhaust emissions is not 
addressed in the literature. 

 
The emissions at the exhaust manifolds of the Angus and the trucks should be 
similar but the measured emissions from the Angus will be different from those 
in Table 5 due to the catalytic converters in the trucks, unique characteristics of 
the marine exhaust system, contributions from the genset, and actual duty cycle. 
Down stream of the water injection point the cool exhaust gases will be altered 
further because a portion of the PM, NOx, THC, and CO components can be 
suspended or dissolved in the cooling water (33).  Tests have shown that the 
suspended and dissolved components vary by engine and installation. 

 
The final products of combustion measured in the exhaust gases and discharge 
water quality will have to be determined by test on the Angus. 

 
Although not controlled by the EPA as an emission, sulfur oxides, present in the 
petrodiesel exhaust which contributes to acid rain, would be eliminated by using 
biodiesel. Sulfur oxides are controlled indirectly by EPA fuel quality standards 
which control sulfur content in the fuel. 

 
2. Electrical Power Generator:  No emissions data were found for the 

Westerbeke engine in the literature during the research.  The engine is certified 
to comply with the IMO standards when fueled with petrodiesel.   

 
3. Cummins Emissions - B20:  There were no gaseous or water emissions data 

found in the research for the Cummins engine operating on B20.  However, the 
gaseous emissions are expected to be reduced from the petrodiesel emissions in 
linear proportion to the blend ratio (33).  

 
Table 7 estimates the gaseous emission from the Angus main drive engine using 
B20 fuel.  The estimate is for dry exhaust, upstream from the point where the 
gases are mixed with cooling water.  Downstream from the water mixing point 
the gaseous exhaust will have a different composition with NOx being nearer 
the petrodiesel level.   

Table 7 
Cummins  5.9L B20 Exhaust Emissions 

 CO % NOx ppm THC ppm PM 
B20# .023 665.5 6.4 ND 
B100 .013 768.6 5.4 ND 
Petrodiesel .025 639.7 6.6 ND 
#Estimated mean values proportional to biodiesel content in the fuel (33); not based on actual 
measurements, no standard deviation data available.   
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4. Electrical Power Generator:  Gaseous emissions from the Westerbeke engine 

will be reduced in proportion to the blend ratio as in Angus main drive engine. 
  

ii. Water:  No exhaust discharge water quality data are available for the Angus main 
drive engine.  Marine exhaust system installation normally falls outside the engine 
manufacturer’s responsibility, as it is part of the vessel rather than the engine.  The 
impact on the discharge water will vary from the influences of the installation.  Data 
from some tests have shown that higher NOx emissions from biodiesel can be 
washed out of the exhaust gases by the exhaust cooling water along with PM, CO,  
and THC  and become dissolved or suspended in the cooling water (33).  Unburned 
fuel in the exhaust and cooling water is also expected and is part of the THC 
component. 

 
Water borne engine exhaust contaminants have been researched to a limited extent 
and some data are available for lethal doses (LD50) and lethal concentrations (LC50), 
but no research was found for exhaust components suspended or dissolved in 
normal exhaust cooling water (58, 59, 60). 

 
No information or data regarding the exhaust cooling water quality for the Angus’s 
genset was found in the research. 

 
l. Jackson:  Emissions from the Jackson will include gaseous and exhaust gas cooling 

water discharge. 
 

i. Gaseous: 
  

1. Main Drive Engine:  Table 8 data are taken from a laboratory test of a Detroit 
Diesel 6V92 diesel engine similar to the Jackson’s main drive engines (44).  
These data are for operation on a B20 blend only.  No data were gathered for 
operation on B100. 

     
The data indicate that exhaust emissions are reduced in relation to the biodiesel 
content in the blend as expected.  The data also illustrate that the NOx in the 
exhaust can be affected by the timing of the injection of the fuel, which can be 
easily handled through the Electronic Control Module (ECM) should that 
become necessary.  Higher blend ratios (higher biodiesel content in the fuel) 
will cause the NOx to increase while reducing the other measured emissions. 

Table 8 
Detroit Diesel 6V92 St. Louis Bus Exhaust Emissions* –g/bhp-Hr 

 CO NOx THC PM 
B20# 1.32 4.46 0.56 0.18 
B20@ 1.50 4.25 0.38 0.22 
Petrodiesel* 1.67 4.40 0.42 0.28 

# B20 blended with #1 petrodiesel 
@ B20 blended with #2 diesel and a retarded fuel injection point of 3 deg.
*No standard deviation data are available. The bus engine installation included a catalytic converter  
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The emissions at the exhaust manifolds of the Jackson and the buses should be 
similar but the measured emissions from the Jackson will be different from 
those in the above table due to the catalytic converter in the bus installation, 
unique characteristics of the marine exhaust system in the Jackson, 
contributions from the gensets, and  actual duty cycle.  Down stream of the 
water injection point the cool exhaust gases will be altered further because a 
portion of the PM, NOx, and CO components can be suspended or dissolved in 
the cooling water (33).  Tests have shown that the suspended and dissolved 
components vary by engine and installation.      

 
The final products of combustion measured in the exhaust gases and discharge 
water quality will have to be determined by test on the Jackson.     

 
Although not an EPA controlled emission, it is expected that the sulfur oxides 
(SOx), which contribute to acid rain, will be reduced by 20% by using the B20 
blend. 

 
2. Electrical Power Generators:  No emissions data were found in the literature 

during the research for either the Lugger or Toyota engines driving the power 
generators.    

 
m. Water:  No exhaust discharge water quality data were found as a result of the 

research for the Jackson main drive or genset engines.  The exhaust system 
installation normally falls outside the engine manufacturer’s responsibility, as it is 
part of the vessel rather than the engine.  The impact on the discharge water will 
vary from the influences of the installation.   

 
Waterborne engine exhaust contaminants have been researched to the extent that 
some data are available for lethal doses (LD50) and lethal concentrations (LC50), but 
no research has been found regarding exhaust component concentrations in normal 
exhaust cooling water (58, 59, 60). 

 
n. Health:  The EPA has announced that long term exposure to petrodiesel exhaust 

emissions can cause lung cancer (5).  Biodiesel is the only alternative fuel which 
has completed Clean Air Act Health Effects Testing (26, 51).  Biodiesel does not 
threaten human life and B100 reduces cancer-causing compounds in diesel exhaust 
by 90 % as compared to petrodiesel. 

 
Blends of petrodiesel and biodiesel are not as effective at reducing carcinogenic 
compounds as B100 but will reduce them approximately in the biodiesel/petrodiesel 
ratio.  A B20 blend will have 82 % (approximately) of the carcinogens of 100% 
petrodiesel exhaust (9). 

 
As diesel engines tend to be long lived, engines currently in service could remain in 
service for 20 years or more.  Engines built after 2000 will discharge fewer 
carcinogens, greenhouse gases, and will pollute less by regulation.  Engines built 
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before 2000 will continue to generate harmful material that could only be affected 
by the fuel used or by extensive modification at high cost.  Biodiesel would 
effectively reduce the emissions of harmful pollutants of older engines.  From a 
health point of view, more biodiesel content and use is better for all people exposed 
to diesel exhaust fumes.            

 
o. Spills:  Spills of biodiesel or blends are less detrimental to the environment than are 

petrodiesel spills.  Biodiesel and blends are both more biodegradable than 
petrodiesel (33, 60).  However, spills are still a serious matter and need to be 
approached as if they were petrodiesel spills, as that is how they are treated from a 
legal point of view (58). 

 
Incidental spills of biodiesel on painted surfaces, if not wiped up, will eventually lift 
the paint from the surface. 

  
p. Spontaneous Combustion:   Biodiesel-soaked rags will support spontaneous 

combustion if not handled properly. 
  
 

VIII. OPERATIONAL ISSUES: 
 

q. Logistics:  The logistics of fueling the Angus and Jackson will be a pivotal issue.  
Currently there is limited regional availability of biodiesel or B20.  Crystal Flash in 
Grand Rapids, MI, is currently selling B20 to the Zeeland, MI public schools.  No 
mechanical (engine) alterations were made to the approximately 50 vehicles using B20 
– 12 of these vehicles have the same model engine as the Angus.   The Zeeland School 
system converted one storage tank and pump to dispense B20.  The buses (and other 
vehicles) fueled at this pump as required.  The Zeeland public school system used 
approximately 50,000 gallons of B20 prior to March 31, 2003 and through the winter of 
2002-2003 no cold weather problems were reported.   

 
The favored approach to fueling is to have it delivered to the Angus at the Grand Haven 
Coast Guard Station and to the Jackson at the Lake Michigan Center, as is the current 
practice for petrodiesel.  This approach minimizes cost and the expenditure of time by 
the crews to fuel the boats.   

 
There are six optional approaches to fueling considered in this report:  

 
1) NOAA, at the Great Lakes Environmental Research Laboratory field station, 

is considering having a B100 tank and fuel pump at their Muskegon field 
station for their use and would allow AWRI to fuel there as well.  AWRI 
vessels would have to travel to the NOAA (Muskegon) field station to take on 
fuel. (Assumes that NOAA is the only or optimal source.)     

2) NOAA is also considering establishing a local, independent B100 supplier to 
deliver fuel to their dock in a tank truck when required by the Shenehon. This 
would require AWRI vessels to travel to the NOAA field station to add fuel 
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when fuel was required by the Shenehon.  (Assumes that NOAA is the only or 
optimal source.)   

3) AWRI could develop a new B100 source for dockside delivery at our 
convenience.  (Currently, the Jackson takes on fuel at dockside in Muskegon 
while the Angus motors to the Grand Haven Coast Guard Station to take on 
fuel from a tank truck at dockside.) 

4) AWRI could develop a new B100 source and install a storage tank in the 
AWRI field station for fuel delivery at regularly scheduled times.  The Angus 
would have to travel to Muskegon to take on fuel. 

5) It is possible to make B100 from the used fryer oil from the Grand Valley 
State University’s food services and store it in the AWRI field station in 
Muskegon until needed, requiring a storage tank.  The Angus would have to 
motor to the AWRI field station to take on fuel.    

6) Develop a B20 source for dockside delivery per our current practice.  
 

Fueling during a normal cruise was not considered because it was assumed to impact 
the effectiveness of the educational experience. (See Tables 9 and 12 for times to fuel) 

 
r. Fuel Consumption 

 
i. Angus:  During 2002 the Angus used 1144 gallons of petrodiesel.  Biodiesel fuel 

consumption has tended to be higher than when using petrodiesel.  Data from the 
Dodge truck testing indicate that fuel consumption for the Angus could increase by 
5% - 7% when fueled with B100 to approximately 1201 gallons per year (42).    
 
Also, the Angus fuel consumption of B20 could be expected to be on the order of 
1% to 2% greater or 1155 gallons per year based on 2002 usage (42). 
 
The change in fuel consumption with B20 is approximately one fifth the increase in 
fuel consumption with B100 (using 1% for B20 and 5% for B100), or 
approximately proportional to the change in biodiesel content of the fuel.    
  

ii. Jackson:  The Jackson consumed 4627 gallons of petrodiesel in 2002.  Mileage 
from the bus testing in St. Louis was reported to be 3.87 miles per gallon of low 
sulfur diesel.  The same model buses experienced a 5.6% increase in fuel 
consumption (3.65 mpg) when fueled with B20 (41).   Although the data are not 
directly applicable to the Jackson, they do give an indication of the potential change 
in fuel consumption.  In the worst case scenario, the Jackson could experience a 5% 
to 6% increase in fuel consumption when fueled with B20 (4627 + 4627 x 0.056) or 
approximately 4886 gallons based on 2002 usage.  This increase is high in light of 
Dodge truck data and is contrary to experience of other researchers when fueling 
with B20 (39).     
 
Using the Dodge truck data to estimate the increase in fuel consumption for the 
Jackson (the change in fuel consumption from B0 to B20 is approximately one fifth 
the change in fuel consumption from B0 to B100) yields an estimate of 28% (5.6% 
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x 5) and increased fuel consumption for the Jackson engines of 5922 (4627 + 4627 
x 0.056 x 5) gallons per year.    
 
Either an engine problem, indicated by the wear metals exceeding the Detroit Diesel 
Corporation recommended limits, or the bus duty cycle could be the root cause for 
the high fuel consumption during the St. Louis demonstration.  In either case, it is 
expected that the Jackson will experience a smaller increase in fuel consumption 
than estimated.       

 
s. Engine Performance:  

  
i. Angus:  At 1700 RPM the Dodge trucks without aftercoolers developed an 

additional 2 horsepower when fueled with B100.  Trucks with aftercoolers lost 
approximately 7 horsepower when fueled with B100.  The change in output of 
+2%/-5% should carry over to the Angus (42).  In general, low RPM horsepower is 
expected to increase while high RPM horsepower will decrease when using 
biodiesel. 
  

ii. Jackson:  No data are available from the St. Louis bus test for engine performance 
change when fueled with biodiesel.  Based on the energy content of the fuel, a 3% 
decrease in horsepower should be expected, but the impact of the two-cycle engine 
is unknown (58).   Engine power decreased by approximately 9% in laboratory 
testing of the 6V92 engine (44). 

  
t. Cold Weather/storage 

  
i. NOAA Experience:  Cold weather operation was accommodated by the R/V 

Shenehon in 2002 in the same way as it is with petrodiesel, i.e. blending.  B100 is 
acceptable for the warmer weather months of April thru October but B50 was used 
for operation from November through March. 
  

ii. Angus/Jackson:  The Angus and Jackson are not used during the cold months, 
November to April, but are laid up.  Storage of the higher blend ratios or B100 
biodiesel can result in the fuel breaking down and in adverse interactions with 
copper or copper alloys (brass & bronze) during the storage period.  Lower blend 
ratios (less than B20) result in better storage experiences.   

 
Any copper piping or copper alloys in contact with high blends or B100 causes 
black sludge to form that will plug fuel filters when the engines are first started in 
the spring. (Anecdotal information from Steve Westbrook of the Southwest 
Research Institute and Dr. Alvin Womac of the University of Tennessee) 

 
u. Operational Fuel Blend:  If the vessels are stored with petrodiesel or a low blend in 

the fuel tanks, and B20 is the desired operating fuel, the ratio of biodiesel to petrodiesel 
of the fuel in the vessel fuel tank will vary as fuel is added.  The issue will be the 
effectiveness of mixing the fuel in the tank and the fuel added.  The mixing will not 
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affect the operation of the engines but will be of concern at the end of the season just 
before lay-up.  Petrodiesel could be added in place of B20 the last time the fuel tank is 
filled at the end of the season to reach a lower blend in the tank if desired. 
 

v. Mixing:  There are mixing issues that have been ignored in the foregoing discussions. 
Incomplete mixing will not harm the engines but would be concern only in the fall prior 
to lay-up or in the Jackson main drive engines where operation on biodiesel is 
considered a higher risk.  However, this situation arose early in the St. Louis test 
without any consequences to the mechanical integrity to the test buses or abnormal 
route delays (39).  

  
If not properly mixed, the biodiesel and petrodiesel can stratify. There are concerns 
with component temperature differences when mixing is assumed to take place due to 
vehicle motion.  “Splash blending” is the practice of partially filling a tanker with one 
component and then topping off with the second.  Mixing is assumed to take place 
during transport to the user.  This is often the approach for winter blending of 
petrodiesel.  A knowledgeable supplier will deliver well mixed fuel. 

 
w. Appendix VIII contains National Renewable Energy Laboratory guidelines for handling 

and use of biodiesel. 
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IX.  COST:        Table 9 

  
x. Angus 2002 Operating Cost:  

Table 9 summarizes the 
Angus baseline operating cost 
for the 2002 season.  

 
Petrodiesel was dispensed 
from a tanker into the Angus 
at the Coast Guard Station in 
Grand Haven approximately 
one nautical mile from the 
Municipal Marina where the 
Angus is normally docked.  
This required that both the 
captain and a deck hand be 
aboard for fueling.   

 
The table breaks out those 
items that may be affected by 
the use of biodiesel or a blend 
(below the subtotal line). 

 
 Fuel cost alone is 1.3% of the 
total cost of operation of the 
Angus. 

  
y. Angus - Operating Cost for 

Biodiesel Options:  
Differences from the baseline 
for any of the options from 
Section VIII.a are assumed to 
result only from fuel cost 
differences and any cost 
associated with fueling.   

 
Each option has unique 
logistics issues such as 
requiring a captain and deck 
hand on the boat to fuel at a 
remote location ($110.12 per 
hour - $150.11 less instructor cost).         
 
Table 10 summarizes the changes to the annual cost components that would be affected 
by utilizing biodiesel or B20 for the six options considered. The data do not consider 
any modification to the current configuration of the vessel.  

Angus Annual Operating Costs –2002 
Petrodiesel Baseline 

Operating Hours  560  
Fuel Filters Used:   
      Main Drive Engine 8  
      Power Generator 6  
Fuel Filter Cost Each   
       Main Drive Engine $9.37 $74.96 
       Power Generator $9.37 $56.22 
Total Oil Used   
       Main Drive Engine 60  
       Power Generator 20  
Oil Cost   
      Main Drive Engine $1.77 $106.20 
      Power Generator $1.77 $36.11 
Oil Filters Used   
      Main Drive Engine 4  
      Power Generator 3  
Oil Filter Cost Each   
       Main Drive Engine $7.36 $29.44 
       Power Generator $35.77 $109.11 
Normal Main't Labor   
      Main Engine  $193.00 
      Power Generator  $158.40 
      Labor rate $13.00  
Other Main't Cost   $425.00 
Major Main't expense  $2,676.60 
Total Labor (crew)  $49,449.75 
Instructor expense  $22,394.57 
Misc. Expense  $4,113.77 

Sub Total $81,902.30 
Total Fuel used 1144 $1,101.70 
Fuel Cost per Gallon $0.963  
Man-hours to fuel (6x/yr) .6 $396.42 
Distance to Fuel (6x/yr) 2  nm*  
Travel – Hours (6x/yr) 1 $660.71 
  Op Cost less Instructors $110.12/hr  

Total Cost $84,061.13 
Operating Cost/Hr $150.11 

* Nautical Miles – nm 
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Fuel prices are from quotes on January 23, 2003 and will change with time. However, 
the changes in the values for “Increase in operating cost per season” due to a change in 
the “Fuel Cost per Gallon” value will only be the change in fuel cost per gallon times 
the fuel used.  A ten cent per gallon change in fuel cost will impact Table 10 results by 
approximately 0.1 %.       
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Table 10 
Angus - Biodiesel Options Steady State Operation 

 Option 1 B100 Option 2 B100 Option 3 B100 Option 4 B100 Option 5 B100 Option 6 B20 
Operating 
Hours  560      560 560 560 560 560

Total Fuel used 1201            Extended 1201 Extended 1201 Extended 1201 Extended 1201 Extended 1155 Extended
Fuel Cost per 
Gallon $1.80            $2,161.80 $1.80 $2,161.80 $1.90 $2,281.90 $1.90 $2,281.90 $1.00 $1,201.00 $1.25 $1,441.75

Man-hours to 
fuel (6x/yr) .6            $396.42 .6 $396.42 .6 $396.42 .6 $396.42 .6 $396.42 .6 $396.42

Distance to Fuel 
Dock 12nm            12nm 2nm 20nm 2nm 2nm

Travel time – 
Hours (6x/yr) 4            $2,642.88 4 $2,642.88 1 $660.71 6 $3,964.32 1 $660.71 1 $660.71

Boat cost per 
hour  less 

Instructors Exp. 
$110.12            $110.12 $110.12 $110.12 $110.12 $110.12

Option subtotal             $5,201.10 $5,201.10 $3,339.03 $4,880.72 $2,258.13 $2.498.88

Petrodiesel sub 
total             $81,902.30 $81,902.30 $81,902.30 $81,902.30 $81,902.30 $81,902.30

Option Total 
Cost             $87,103.40 $87,103.40 $85,241.33 $88,544.94 $84,160.43 $84,401.18

Operating 
Cost/Hr             $155.54 $155.54 $152.22 $158.11 $150.28 $150.72

Percent Change 
from Baseline  
($150.11/Hr)  

            3.6% 3.6% 1.4% 5.3% 0.12% 0.4%

Increase in 
operating 

cost per 
season 

 $3,040.80           $3,040.80 $1,182.60 $4,480.00 $95.20 $341.60
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z. Angus Biodiesel Options - Discussion:  The lowest cost option, involving the least 
risk to equipment and mission is Option 6.  None of the options is a clear leader in that 
fueling logistics continue to be a concern.  Under current conditions, the Angus fuels 
from a tanker at the Grand Haven Coast Guard station.  The new (or existing) supplier 
will have to be willing to transport a small quantity of fuel, approximately 200 gallons 
six times per season, from Grand Rapids, Grand Haven, or Holland. 

 
Options one and two differ only in when fueling could take place.  Option two requires 
the Angus to fuel when the Shenehon requires fuel and is unlikely to be practical.  

 
The cost analysis above does not consider any capital investment to support the 
procurement of a storage tank or pumping equipment.  Options four and five also carry 
the overhead of liability and spill containment that lie outside the current scope of the 
facility (See paragraph IX.i). 

 
aa. Angus Initial Season Cost:  Operational costs for steady state operation are detailed in 

Tables 9 and 10.  Additional start–up costs would be required during the first season  
The Angus will require some abnormal maintenance costs as fuel filters and oil filters 
will need to be changed more frequently.  Table 11 estimates additional, first year, 
operating costs. 

Table 11 
Angus start-up Costs 

2003 dollars 
 Qty Unit Cost Extended 
Fuel Filters Used:    
   Main Drive Engine 3 $9.37 $28.11 
   Generator 3 $9.37 $28.11 
Total Oil Used    
   Main Drive Engine 12 $1.77 $21.24 
   Power Generator 4 $1.77 $7.08 
Oil Filters Used    
   Main Drive Engine 1 $7.36 $7.36 
   Generator 1 $35.37 $35.37 
Labor    
   Main Engine 5 $31.00 $155.00 
   Power Generator 3 $31.00 $93.00 
Oil Analyses (2 additional) 2 $25.00 $50.00 

Total Cost   $425.27 
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bb. Jackson 2002 Operating  Table 12 
Cost: Table 12 summarizes 
the petrodiesel baseline 
operating cost for the Jackson 
for 2002. 

Jackson Annual Operating Costs – 2002 
Petrodiesel Baseline 

Operating Hours  543  
Fuel Filters Used:   
      Main Drive Engine 12  
      Lg. Generator 6  
      Sm. Generator 2  
Fuel Filter Cost Each   
      Main Drive Engine $18.35 $220.20 
      Lg. Generator $8.50 $51.00 
      Sm. Generator $8.50 $17.00 
Total Oil Used   
       Main Drive Engine 144  
      Lg. Generator 60  
      Sm. Generator 12  
Oil Cost   
       Main Drive Engine $1.76 $253.44 
       Lg. Generator $1.77 $106.20 
       Sm. Generator $1.77 $21.24 
Oil Filters Used   
      Main Drive Engine 6  
      Lg. Generator 6  
      Sm. Generator 2  
Oil Filter Cost Each   
       Main Drive Engine $19.93 $119.58 
      Lg. Generator $5.01 $30.06 
      Sm. Generator $5.49 $10.98 
Normal Main’t Labor   
      Main Engine  $143.29 
      Power Generator  $125.71 
      Labor rate $11.64 $34.92 
Other Main't. Cost  $330.00 
Major Main’t. expense  $6.442.00 
Total Labor(crew)  $74,164.44 
Instructor expense  $30,201.27 
Misc. Expense  $7,915.40 

Sub Total $120,210.68 
Total Fuel used 4627 $4,664.13 
Fuel Cost per Gallon $1.004  
Labor to fuel (9x/yr) 1.5 $249.75 
Distance to Fuel (9x/yr) 0 0 
Travel – Hours (9x/yr) 0 0 
 Labor rate  $18.50 0 

Total Cost $125,124.56
Operating Cost/Hr $230.43 

  
Petrodiesel was delivered to 
the Jackson at dockside and 
required only that a person be 
present to sign for the fuel 
delivery. 

 
Fuel cost alone is 3.7% of the 
total cost of operation of the 
Jackson. 
 
The table breaks out those 
items that may be affected by 
the use of biodiesel or a blend 
(below the subtotal line). 
 

cc. Jackson - Operating Cost 
for Biodiesel Options:  
Differences from the baseline 
for any of the options from 
Section VIII.a are assumed to 
result only from cost 
differences and any cost 
associated with fueling other 
than at dockside.  Each option 
has unique logistics issues 
such as having to travel to a 
remote location necessitating a 
full crew on the boat for the 
duration of the fueling 
process.  Distance traveled 
and travel time is assumed to 
be round trip. 

 
The Jackson has a much 
higher fuel component in the 
biodiesel operating cost 
because of the assumption of a 
linear extrapolation of fuel 
consumption from the St. 
Louis bus testing (which may 
not be valid). 
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In this analysis, no storage facility capital investment, liability, or operating cost for any 
tank or manufacturing facility has been included or considered for any option (See 
paragraph IX.i). 

 
Table 13 summarizes the changes to the annual cost components that would be affected 
by utilizing biodiesel or B20.  The data do not consider any modification to the current 
configuration of the vessel. 

 
Fuel prices are from quotes on January 23, 2003 and will change with time.  However, 
the changes in the values for “Increase in operating cost per season” due to a change in 
the “Fuel Cost per Gallon” value will only be the change in fuel cost per gallon times 
the fuel used.  A ten cent per gallon change in fuel cost will impact Table 13 results by 
approximately 0.5 %.
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 Table 13 

Jackson - Biodiesel Options Steady State Operation 
 Option 1 B100 Option 2 B100 Option 3 B100 Option 4 B100 Option 5 B100 Option 6 B20 

Operating 
Hours  543      543 543 543 543 543

Total Fuel used 5922            Extended 5922 Extended 5922 Extended 5922 Extended 5922 Extended 4886 Extended
Fuel Cost per 
Gallon $1.80            $10,659.96 $1.80 $10,659.96 $1.90 $11,251.80 $1.90 $11,251.18 $1.00 $5,922.00 $1.25 $6,107.50

Man-hours to 
fuel (9x/yr) 1.5            $2,359.94 1.5 $2,359.94 1.5 $249.75 1.5 $249.75 1.5 $249.75 1.5 $249.75

Distance to Fuel 
Dock (9x/yr) 4.3 nm              4.3 nm 0 0 0 0

Travel time – 
Hours (9x/yr) 2            $3,146.58 2 $3,146.58 0 0 0 0 0 0 0 0

Boat cost per 
hour  less 

Instructors Exp. 
$174.81            $174.81 $18.50* $18.50 $18.50 $18.50

Option subtotal             $16,225.52 $16,225.52 $11,564.25 $11,564.25 $6,204.75 $6,357.25

Petrodiesel sub 
total             $120,210.68 $120,210.68 $120,210.68 $120,210.68 $120,210.68 $120,210.68

Total Cost             $136,337.16 $136,337.16 $131,711.61 $131,711.61 $126,382.43 $126,567.93

Operating 
Cost/Hr             $251.15 $251.15 $242.56 $242.56 $232.74 $233.09

Percent Change 
from Baseline  
($230.43/Hr)  

            9.0% 9.0% 5.3% 5.3% 1.0% 1.2%

Increase in 
operating 
cost per 
season 

 $11,250.96           $11,250.96 $6,586.59 $6,586.59 $1,254.33 $1,444.38

* Only a single attendant ($18.50/hr) is required for fueling at the Lake Michigan Center - not a crew and travel ($174.81) 
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dd. Jackson Biodiesel Options - Discussion:  The lowest cost and risk scenario is 

Option 6.  However, all the above options have operational concerns and cost issues 
that would seem to limit their viability.  Adding nine percent to the annual operating 
cost and operating the Jackson on 100% biodiesel knowing the experience with the 
Detroit Diesel engine in the St. Louis testing seems adventurous at best and affects 
Options one through five. 

 
Options one and two add travel time for a crewed boat to get fuel.  Options three 
and six require AWRI to develop a new and/or independent (from NOAA) source 
for biodiesel or B20.  Options four and five require additional capital outlays to 
store and dispense fuel from the AWRI Field Station building.  Options four and 
five also carry the overhead of liability and containment that lie outside the current 
scope of the facility. 

 
ee. Jackson Initial Season Cost:  First year operation of the Jackson will require some 

abnormal maintenance costs as fuel filters and oil filters will need to be changed 
more frequently.  Table 14 estimates additional, first year, operating costs. 

 
Table 14 

Jackson start-up Costs 
2003 dollars 

 Qty Unit Cost Extended 
Fuel Filters Used:    
      Main Drive Engine 6 $18.35 $110.10 
      Lg. Generator 3 $8.50 $25.50 
      Sm. Generator 3 $8.50 $25.50 
Total Oil Used    
       Main Drive Engine 24 $1.77 $42.48 
       Lg. Generator 4 $1.77 $7.08 
       Sm. Generator 4 $1.77 $7.08 
Oil Filters Used    
      Main Drive Engine 1 $19.93 $19.93 
      Lg. Generator 1 $5.01 $5.01 
      Sm. Generator 1 $5.49 $5.49 
Normal Main’t. Labor    
      Main Engine 10 $11.64 $116.40 
      Lg Generator 3 $11.64 $34.92 
      Sm Generator 3 $11.64 $34.92 
Oil Analyses (2 Additional)   $50.00 

Total Cost   $484.41 
 

ff. Capital Costs for Fuel Storage and Pump:  Fueling options 4 and 5 would require 
AWRI to invest in some fuel storage and dispensing equipment.  In addition, further 
research into the required spill containment, safety requirements, and licensing 
would have to be completed.  However, once these issues were understood and met, 
fuel could be stored in the AWRI Field Station during the months when the Jackson 
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operated – April thru October.  Storage and dispensing equipment would cost 
approximately:      

3 - 275 gallon totes @ $100.00 ea. $300.00 
1 – Pump/hose    $800.00 
             $1,100.00 

 
Storage of 825 gallons of diesel fuel should not require a formal Michigan Pollution 
Incident and Prevention Plan (PIPP) as the requirement pertains to 660 or more 
gallons stored in a single container or 1320 gallons or more stored at a single site.  
There are pallet mounted storage totes with integral spill containment barriers that 
should be considered but will add cost.  A formal plan for reacting to a spill is not 
required but should be considered as it is good practice. 

 
 

X. FOLLOW-ON ACTIVITIES: 
  

There are a number of activities that could be undertaken to both encourage the use 
of alternative fuels, like biodiesel or blends, and to improve the environment.  There 
has been a great deal of research completed on the effects of the use of biodiesel on 
diesel engines and their emissions, however, education of potential users and 
creating a base of support (a market) among users is required.   
 

• Legislation to mandate the use of alternative fuels would help preserve 
Michigan’s water resources and to support continued tourism in the 
State should be encouraged.  For example:       

o Legislation similar to that enacted by Minnesota requiring a 
minimum B2 blend for all diesel fuel sold in Michigan would be 
a first step. 

o Legislation to mandate that B20 be sold for marine applications 
in all Michigan waters.  This would reduce the impact of diesel 
engines on the air and water quality for recreation boaters. 

• AWRI should continue to research the application of biodiesel or B20 
to their two vessels and research the use of the by-products and 
transesterification process. 

o Monitor discharged water quality to research the impact of low 
concentrations of exhaust components and long term effect on 
aquatic plant and animal life. 

o Continue to educate the potential users on the benefits of 
biodiesel.  The current grant funded by the Michigan Biomass 
Energy Program Grant should be considered only a first step. 

o Investigate the possibility of producing ethanol from glycerol. 
o Investigate the possibility of using glycerol for a fertilizer. 
o Investigate the use of glycerol to accelerate the 

transesterification reaction by burning it to raise the temperature 
of the reaction vessel.     
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XI. CONCLUSIONS:  
 

The conservative approach assumed in this report is that the over-the-road data are 
indicative of the types of changes that take place and can give indications as to the 
order of magnitude of changes in the marine application.  The over-the-road data 
were used to bracket potential oil analysis wear metals under the assumption that 
the duty cycles are equivalent or more severe than duty cycles of the AWRI 
research vessels.  The duty cycles assumed, Medium, Continuous Duty, for the 
various engines on the two vessels fall under the ISO 3046 duty cycle definitions 
(See Appendix III).  
 
The duty cycle description for the St. Louis transit buses, Intermediate, Severe, is 
anecdotal information from Van Eck Diesel Service, Inc.  The duty cycle 
assessment, Medium, Continuous Duty, for the gensets and over-the-road Dodge 
truck application is anecdotal information from Cummins Michigan Power.    
   
The total experience base of the use of biodiesel or B20 indicates that there are no 
risks to the mechanical integrity of well maintained diesel engines in the use of 
either fuel (7, 13, 15, 33, 34, 37, 59). 

 
gg. Fuel of Choice:  In general, the preponderance of data and previous research 

indicates that the use of biodiesel in the Angus is without significant risk to the 
vessel or mission.    

 
There was no supporting data found in the research for the use of biodiesel in the 
Jackson’s main drive engines.  Sufficient data was found to support the use of B20 
with low risk to the vessel and mission.   

 
However, operating the two vessels on different fuels will likely place an additional 
cost burden on the Angus due to the required delivery of a small quantity of 
biodiesel to the Coast Guard Station in Grand Haven and being the only AWRI use 
of the fuel.   

 
B20 has been proven feasible in both main drive engine models utilized by the two 
research vessels.  Therefore, B20 should be used by both vessels until further 
research into the impact of higher blends (>B20) or biodiesel on the operation of the 
Jackson can be completed.   

 
hh. Redundancy:  A fuel related problem with either the Angus’s single main drive 

engine or single genset could result in cancellation or curtailing a scheduled cruise.  
The Jackson has two main engines and would require two simultaneous fuel related 
problems, one associated with each main drive engine or one associated with each 
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genset to cause a cancellation or curtailing a scheduled cruise.  The Angus could not 
tolerate a single fuel related problem without cancellation or curtailing a scheduled 
cruise.  This consideration favors the Jackson for initial use of B20.          

 
ii. Non-ASTM Fuel:  Operation of the Angus or the Jackson on biodiesel or a blend 

using biodiesel not meeting the ASTM standard, as might be the case in Option 5 in 
Section VIII.a, would be a high risk but may be manageable if the total glycerol, 
alcohol, and water content of the end product are controlled to acceptable levels – 
i.e. create an AWRI specification for biodiesel.  Determining the acceptable levels 
of glycerin and water could only be determined by test in one or both of the vessels 
and/or a land based engine.  The GVSU Combustion Engineering Laboratory has a 
Cummins diesel engine (different model than the Angus), which could be used to 
determine the impact of glycerol, alcohol, and water levels in biodiesel fuel and 
might form the basis for a student project.   

 
 

XII. RECOMMENDATIONS:  
  

This research determined that the risk to the AWRI’s educational and outreach 
mission in fueling the Jackson with B20 or the Angus with biodiesel or B20 is low.  
The risk to the main drive engines is also low.  The genset is considered to have 
slightly higher risk because there is little supporting data for the use of biodiesel in 
the specific engine models. 
 
Fueling the Angus with B20 would have a slightly higher risk than fueling with 
biodiesel as the supporting data are based on less total experience with the fuel.  The 
use of biodiesel could easily follow any change in fuel used by the Coast Guard 
assuming a mutually satisfactory agreement could be reached. 
 
The Detroit Diesel 6V92 engine testing in St. Louis,  MO had unexpected results that 
indicate that the approach in fueling the Jackson with B20 should be to gain 
experience with the fuel, establish a good understanding of the interaction with the 
engines, ensure no untoward incidents occur, and then consider the use of biodiesel 
for the future.  A plan to examine the economics of fueling the Jackson with biodiesel 
should be established once B20 has been used successfully. 
 
Recommendations for increased monitoring of maintenance items the first season are 
found in Appendix V.    

  
jj. D.J. Angus:  The Angus should not initiate the use of biodiesel or a blend but 

should follow the Jackson by a few months or a season.   
  
i. Lack of Redundancy:  The Angus has a single main drive engine and a 

single genset.  Any fuel related problem with either engine would be cause for 
cancellation or curtailing a cruise.  
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ii. Logistics:  The logistics of getting biodiesel or a blend to the Angus may be 

prohibitive if a new supplier is required.   
  

iii. Experience:  Because AWRI operates two vessels, it is the conservative 
approach to initiate the fuel change on the vessel with the lower risk and gain 
experience with the fuel.  This approach may uncover issues that have not 
been realized in this research or in the assumptions on the applicability of 
over-the-road testing to marine use. 

 
kk. W.G. Jackson:  The Jackson should take the lead in the conversion of the fleet to 

biodiesel.  The Jackson should be fueled with B20 initially. 
  

i. Redundancy:  The Jackson has two main drive engines and two gensets. A 
fuel related problem would have to impact two engines before a cruise would 
have to be cancelled or curtailed.  Redundancy creates a fault tolerant 
situation, i.e. a plugged fuel filter on one engine would initiate preventative 
action against a second occurrence. 

  
ii. Engine Manufacturer Endorsement:  Detroit Diesel currently endorses the 

use of B20 in their engines. 
  
iii. Logistics:  The logistics of getting fuel to the Jackson are less troublesome 

than to the Angus.  A supplier of B20 fuel should be found (or the current 
supplier willing to deliver B20 to our dock).  The quantity of fuel is higher 
than for the Angus, making the delivery to our dock more attractive to a 
supplier.  Once the supplier is in place, AWRI would be in a better bargaining 
position to arrange for fuel delivery to the Angus.  Possible suppliers are Merl 
Boes and Crystal Flash.  
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Iron Copper Lead Aluminum Silicon Chromium
Rreference (38) Data  k=3

95 Truck - data 21.20 2.20 3.40 2.16 4.40 2.40 Average Values Nn=5
St Dev 4.54 1.64 1.67 1.07 0.55 1.34

Pepsi Truck - data 8.94 1.47 1.29 5.71 2.06 1.00 Average Values Nn=17
St Dev 4.14 0.80 0.58 2.13 0.97 0.00

McG Truck - data 20.28 2.57 6.42 2.53 3.71 2.00 Average Values Nn=7
St Dev 8.01 1.13 5.09 0.87 1.11 1.53

Wtd Average 13.79 1.86 2.89 4.33 2.86 1.48 From Equation (1) using Nn values from above

St Dev 5.34 1.05 2.57 1.77 0.95 0.90 From Equation (3) 

Rreference (38) Data  k=4
92 Truck - data 6.79 3.25 1.46 0.46 2.58 1.42 Average values with Nn=24

St Dev 4.03 3.70 1.84 0.64 2.08 4.23
91 Truck - data 9.00 3.23 2.00 0.23 2.15 1.85 Average values with Nn=13

St Dev 12.59 3.32 3.16 0.44 1.86 2.91
94 Truck- data 15.50 2.39 2.17 3.20 3.05 0.67 Average values with Nn=18

St Dev 3.88 2.38 1.15 0.84 1.80 0.59
95 Truck - data 12.40 3.88 2.88 2.65 4.12 0.24 Average values with Nn=25

St Dev 6.32 6.45 1.30 1.22 4.81 0.44

Wtd Average 10.86 3.25 2.15 1.72 3.10 0.95 From Equation (1) using Nn values from above

St Dev 6.78 4.50 1.85 0.88 3.14 2.63 From Equation (3)

Data from AWRI oil analysis
15.0 8.0 4.0 3.0 23.0 1.0
29.0 2.0 3.0 2.0 10.0 2.0
16.0 2.0 2.0 3.0 9.0 2.0

Average 20.0 4.0 3.0 2.7 14.0 1.7 Simple average calculation

St Dev 7.81 3.46 1.00 0.58 7.81 0.58 From Equation (2) with n=3

Extraploated Mean 15.75 6.98 2.23 1.06 15.15 1.07 From equation (4)

St Dev 7.81 3.46 1.00 0.58 7.81 0.58 Assumed equal to the Cummins on petrodiesel

Margin of error 11.27 5.00 1.44 0.83 11.27 0.83 From equation (5) and n=3

High Prediction 27.03 11.98 3.67 1.89 26.42 1.90
27.00 12.00 4.00 2.00 27.00 2.00 Table 1 (or Appendix III Table 3) values

Low Prediction 4.48 1.98 0.79 0.23 3.88 0.24
4.00 1.00 0.00 0.00 3.00 0.00 Table 1 (or Appendix III Table 3) values
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Iron Copper Lead Aluminum Silicon Chromium

REFERENCE DATA SUMMARY

Reference (38) data
Mean 6.23 4.07 1.53 1.67 2.43 0.73

St. Dev 2.26 6.16 0.63 0.84 1.14 0.45

Extraploated Mean 9.03 7.11 1.14 0.66 2.63 0.47 From equation (4)

St. Dev 7.81 3.46 1.00 0.58 7.81 0.58 Assumed equal to the Cummins on petrodiesel

Margin of error 11.27 5.00 1.44 0.83 11.27 0.83 From equation (5) n=3

High Prediction 20.31 12.11 2.58 1.50 13.90 1.30
21.00 12.00 3.00 2.00 14.00 2.00 Table 3 (Appendix Table 5) values

Low Prediction -2.24 2.11 -0.31 -0.17 -8.64 -0.36
0.00 2.00 0.00 0.00 0.00 0.00 Table 3 (Appendix Table 5) values
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Iron Copper Lead Aluminum Silicon Chromium

REFERENCE DATA SUMMARY

Data from AWRI oil analysis
33.00 5.00 4.00 4.00 20.00 2.00
34.00 2.00 3.00 3.00 7.00 1.00

Average 33.50 3.50 3.50 3.50 13.50 1.50 Simple average calculation

St Dev 0.71 2.12 0.71 0.71 9.19 0.71 From equation (2) and n=2

Extraploated Mean 26.39 6.11 2.60 1.39 14.61 0.96 From equation (4)

St Dev 0.71 2.12 0.71 0.71 9.19 0.71 Assumed equal to the Westerbeke on petrodiesel

Margin of error 1.25 3.75 1.25 1.25 16.25 1.25 From equation (5) and n=2

High Prediction 27.64 9.86 3.85 2.64 30.86 2.21
28.00 10.00 4.00 3.00 31.00 3.00 Table 2 (or Appendix Table 4) values

Low Prediction 25.14 2.36 1.35 0.14 -1.64 -0.29
25.00 2.00 1.00 0.00 0.00 0.00 Table 2 (or Appendix Table 4) values

Extraploated Mean 15.13 7.65 1.85 1.35 11.46 0.74 From equation (4)

St Dev 0.71 2.12 0.71 0.71 9.19 0.71 Assumed equal to the Westerbeke on petrodiesel

Margin of error 1.25 3.75 1.25 1.25 16.25 1.25 From equation (5) and n=2

High Prediction 16.38 11.40 3.10 2.60 27.71 1.99
17.00 12.00 3.00 3.00 28.00 2.00

Low Prediction 13.88 3.90 0.60 0.10 -4.79 -0.51
13.00 3.00 0.00 0.00 0.00 0.00W
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Iron Copper Lead Aluminum Silicon Chromium

REFERENCE DATA SUMMARY

Reference (39) data [Si data from reference (7)]
Biodiesel 115.8 42.5 13.2 0.8 17.4 3.3 Average data with na=61

St Dev 57.72 157.24 104.59 1.98 NA 1.87 From Equation (7) and "t" value

Petrodiesel 89.7 27.8 11.6 0.5 19 2.7 Average data with nb=80
St Dev 57.72 157.24 104.59 1.98 NA 1.87 From Equation (7) and "t" value

t 2.66 0.55 0.09 0.89 NA 1.89
Probability 0.009 0.578 0.928 0.378 NA 0.06 .928 was .368 in ref (38) - assumed error

Data from AWRI oil analysis
14.0 2.0 5.0 2.0 8.0 1.0
12.0 2.0 4.0 1.0 8.0 1.0
12.0 2.0 6.0 2.0 7.0 1.0
12.0 2.0 5.0 1.0 12.0 0.0
7.0 6.0 5.0 2.0 1.0 0.0

16.0 2.0 9.0 2.0 8.0 1.0
16.0 2.0 7.0 2.0 8.0 1.0
12.0 2.0 4.0 1.0 8.0 1.0
14.0 3.0 0.0 1.0 0.0 0.0
7.0 2.0 5.0 1.0 1.0 0.0

Average 12.2 2.5 5.0 1.5 6.1 0.6 Simple average calculation

St Dev 3.16 1.27 2.31 0.53 3.98 0.52 From Equation (2) n=10

Extraploated Mean 15.75 3.82 5.69 2.40 5.59 0.73 From Equation (4) 

St Dev 3.16 1.27 2.31 0.53 3.98 0.52 Assumed equal to the Detroit Diesel on Petrodiesel

Margin of error 2.49 1.00 1.83 0.42 3.15 0.41 From Equation (5) and n=10

High Prediction 18.24 4.83 7.52 2.82 8.74 1.14
19.00 5.00 8.00 3.00 9.00 1.00 Table 4 (or Appendix III Table 9) values

Low Prediction 13.26 2.82 3.86 1.98 2.44 0.33
13.00 2.00 33.00 1.00 2.00 0.00 Table 4 (or Appendix III Table 9) values
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Iron Copper Lead Aluminum Silicon Chromium

REFERENCE DATA SUMMARY

Data from AWRI oil analysis
7.00 3.00 3.00 3.00 6.00 0.00
6.00 2.00 0.00 2.00 8.00 0.00

Average 6.50 2.50 1.50 2.50 7.00 0.00 Simple average calculation

St Dev 0.71 0.71 2.12 0.71 1.41 0.00 From equation (2) and n=2

Extraploated Mean 2.94 5.47 0.79 0.96 5.94 0.00 From equation (4)

St Dev 0.71 0.71 2.12 0.71 1.41 0.00 Assumed equal to the Northern Lights on Petrodiesel

Margin of error 1.25 1.25 3.75 1.25 2.50 0.00 From equation (5) and n=2

High Prediction 4.19 6.72 4.54 2.21 8.44 0.00
5.00 7.00 5.00 3.00 9.00 0.00 Table 5 (or Appendix III Table 10) values

Low Prediction 1.69 4.22 -2.96 -0.29 3.44 0.00
1.00 4.00 0.00 0.00 3.00 0.00 Table 5 (or Appendix III Table 10) valuesN
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I. EPA: 
 

The controlling legislation is the Environmental Protection Act of 1992 and the 
Environmental Protection Act Amendments of 1997.  This legislation has not 
applied to off-road or marine diesel emissions except Section 203 clarifies the 
definition of off road vehicles to include marine engines and provides for studies 
of the impact of alternative fuels in off road vehicles at 6 and 10 years after the 
Act is enacted (2003 and 2007) (51). 
 
The EPA emission standards for new marine engines built after January 2006 will 
regulate engine emissions of particulate matter (PM), total hydrocarbons (THC), 
carbon monoxide (CO), and oxides of nitrogen (NOx) for marine diesel engines 
over 50 Hp.(47)  The primary regulation on marine emissions has been oxides of 
nitrogen and sulfur oxide through IMO (MARPOL 73/78 Annex VI) standards 
which will be superceded by new legislation.(50)   
 
Both the Angus and Jackson main drive engines are exempted from compliance to 
the new EPA regulation and will remain regulated by the older IMO standards 
because of the manufacture date. 
 
The power generator engines on both the Angus and Jackson fall beneath the Hp 
threshold (50 Hp) required by the new regulation and are also grandfathered into 
compliance to the older IMO standard 
. 
Emissions of carbon dioxide (CO2) have not been a focus of the EPA as an 
engine emission but do contribute to global warming.  CO2 has not been regulated 
but greenhouse gas emissions are a concern. 
 

II. Coast Guard: 
 

The Coast Guard has had little input to the regulation of diesel engine emission 
but has included MARPOL 73/78 language as a pass though communication 
rather than real regulation.  The MARPOL Annex VI, “Prevention of Air 
Pollution from Ships”, is the current standard that is driving the development of 
reduced diesel emissions.  Annex VI is not currently accepted by the participating 
countries but carries retroactive requirements for engines produced after 2000 
once ratified by 15 states which constitute 50 % of the world fleet (50).     

 
III. Pending Legislation. 

 
a. Federal.  In March of 2002 the United States Senate unanimously passed an energy 

bill that would lift a restriction on the government’s use of biodiesel.  The 
restriction had been placed on biodiesel fuel use by the Energy Policy Act of 1992 
(EPAct) wherein alternative fuel vehicles (AFV) were mandated to constitute 10 % 
of state, federal and public utility fleets.  Since biodiesel works in all diesel engines 
with few or no modifications AFV credits were created to account for biodiesel use 
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in existing vehicles by a 1998 amendment to the EPAct.  For every 450 gallons of 
biodiesel fuel consumed one AFV credit was earned but affected fleets were limited 
to using biodiesel for 50 % of their credits.  The new Senate bill would eliminate 
that restriction and could result in a doubling of the demand for biodiesel in some 
affected fleets. 

  
b. State.  Michigan Senate Bill SB1357 was considered in 2003 but died in the 

Committee on Transportation and Tourism. This bill would have required every 
gallon of diesel fuel sold in the state over-the-road, off-road, and marine diesel fuel 
to have 2% biodiesel content beginning January 1, 2004.  This mirrors a state law 
enacted in Minnesota in 2002 which takes effect in January 2005. 

 
Michigan Senate Bill SB1362 also died in the Committee on Transportation and 
Tourism.  This bill would have exempted diesel fuel that is a blend of (at least) 20% 
biodiesel and 80% petrodiesel from motor fuel taxes imposed by 2000 PA 403. 

 
Michigan House Bill HB6149 was also been referred to the Committee on 
Transportation and Tourism where it died.  This bill would have required a study on 
the feasibility of the state purchasing and using alternate fuel vehicles.    
 
The two Senate bills would have provided incentives for the use of biodiesel and 
encourage establishment of the infrastructure necessary to reduce the cost of 
biodiesel.  
 
The House bill may have been redundant in that the use of alternate fuel vehicles 
has already been mandated by the Energy Policy Act Amendments of 1997 albeit an 
unfunded mandate.  Biodiesel or a biodiesel blend could be used in state owned 
diesel vehicles now simply by buying the biodiesel (or blend) and pumping it from 
existing state owned storage tanks and alternate fuel vehicle credits could be earned. 
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APPENDIX III – Mechanical Issues 

I.   MECHANICAL ISSUES:  
  

a. Four-Cycle vs. Two-Cycle Engine operation: 
 

The operation of internal combustion engines, including compression ignition 
(diesel) engines are described as either two-cycle and four-cycle engines. 

  
i. Four-Cycle:    Four-cycle engines are most common and are found in all 

production automotive applications.  The-four cycle engine has four distinct 
steps for each cylinder (piston) in each 720 degree (two revolutions) rotation of 
the engine: 

 
1) Intake Stroke (0 to 180 degrees of engine rotation) – piston moves down 

from top dead center to bottom dead center while drawing in a mixed charge 
of fuel and air through the open intake valves.  In engines with fuel 
injection, the combustion air only is drawn in during this stroke.  

2) Compression Stroke (180 to 360 degrees of engine rotation) – piston moves 
up from bottom dead center to top dead center with intake and exhaust 
valves closed, compressing the fuel/air mixture.  In engines with fuel 
injection, the fuel forced in as the piston nears top dead center. In 
compression ignition engines the pressure/temperature increase caused by 
the compression causes the mixture to ignite. 

3) Power stroke (360 to 540 degrees of engine rotation) – piston moves down 
from top dead center to bottom dead center from expansion of  ignited 
fuel/air mixture causing a rotation of the crankshaft and output shaft of the 
engine. 

4) Exhaust stroke (540 to 720 degrees of engine rotation) – piston moves up 
from bottom dead center to top dead center exhausting the burn gases out of 
the cylinder through the open exhaust valves. 

 
The cycle then repeats for as long as fuel and air are introduced into the engine. 

 
ii. Two-Cycle:  Two-cycle engines are found primarily in lower power 

applications like motor cycles, lawn mowers, model airplane engines and in 
some older larger engines.  The two cycle applications are becoming fewer as 
there are inherent emission disadvantages from the mixing of the intake fuel/air 
mixture and exhaust gases.  The advantage to the two cycle engine is the engine 
delivers twice as many power strokes per engine rotation as does the four cycle 
engine.  The two cycle engine has the following operational steps per engine 
revolution (360 degrees): 

 
1) Power/Exhaust stroke (0 to 180 degrees of engine rotation) – piston moves 

down from top dead center to bottom dead center causing a rotation of the 
crankshaft and output shaft of the engine.  The cylinder exhaust valves are 
opened prior to the bottom dead center point to allow the burned gases to 
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flow out through the exhaust valves.  Near the end of this stroke, the piston 
uncovers an opening in the side wall of the cylinder through which the new 
air/fuel charge enters the cylinder.  

       
2) Intake/Compression stroke (180 to 360 degrees of rotation) – after sufficient 

upward movement, the piston closes the cylinder side wall opening and has 
exhausted most of the burned gases, the exhaust valve are closed.  The 
piston continues to travel upward compressing the air/fuel mixture (causing 
ignition in compression ignition engines). 

 
The cycle then repeats for as long as fuel and air are introduced into the engine. 

 
The exhaust gases and the fuel air mixture are mixed during the 
intake/compression portion of the cycle and a significant amount of unburned 
fuel can be exhausted with the products of combustion.  The two cycle gasoline 
engines used in motorcycle and many other applications are being replaced by 
four cycle engines simply to reduce the unburned hydrocarbons released during 
operation and meet the clean air environmental requirements of current and 
future legislation.   

 
b. Engine aspiration:   Internal combustion engines require both fuel and air to 

function.  There are three main approaches to introducing combustion air into an 
internal combustion engine: supercharging, turbo-charging, or natural aspiration.  
Fuel injection is generally used for diesel engines wherein fuel is injected directly 
into the cylinder.  Fuel injection allows the initiation of combustion to be timed by 
selecting the point in the compression stroke when the fuel is injected into the 
cylinder.  Timing has been shown to affect the performance and emissions of 
engines and is used to assist in meeting emissions standards 

 
i. Supercharged:  Supercharged engines have an air pump that forces combustion 

air into the cylinder.  This high pressure air improves engine performance over 
air introduced at atmospheric pressure (natural aspiration).  Supercharges are 
driven from the engine output shaft with a mechanical connection and 
commonly belt driven.  Supercharged engines have superior performance to 
naturally aspirated engines but utilize shaft horsepower to operate the air pump 
decreasing the engine output. 

 
ii. Turbo-charged:   Turbocharged engines are similar to supercharged engines 

except that the combustion air is pumped into the cylinders by a pump that is 
driven by a turbine in the engine exhaust system similar to the way a jet engine 
compressor is driven.  Turbocharged engines have superior performance to both 
naturally aspirated engines and supercharged engines as the energy to drive the 
combustion air pump comes from waste energy in the exhaust stream.  The use 
of the exhaust energy to drive the air pump is still a parasitic influence on 
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engine performance as exhaust back pressure is increased which affects the 
ability to force air and fuel into the cylinders. 

 
iii. Natural Aspiration:   Naturally aspirated engines are engines that breathe from 

the natural action of the engine, i.e. when the piston of a four cycle engine 
moves from top dead center to bottom dead center the pressure within the 
cylinder decreases drawing air into the cylinder.  Naturally aspirated engines do 
not require fuel injection but can use this natural air flow to draw fuel into the 
air flow as in a carburetor using the Bernouli principal.  Fuel injection is still 
used in many engines that are naturally aspirated to allow timing of the 
combustion within the engine which can affect emissions. 

 
c. Engine Warranty Coverage: 
  

i. D.J. Angus: 
 
1. Main Drive Engine:  The Angus Main Drive Engine (MDE) is a Cummins 

model 6BT5.9 M180.  This is a 5.9 liter displacement, turbo-charged, six 
cylinder, four-cycle, compression-ignition engine, rated at 180 HP at 2500 
RPM.  This engine has been fueled with premium diesel since it was 
installed in the Angus.     
 
The warranty position of Cummins on the use of biodiesel or blends in their 
products is a consideration for AWRI only to the extent that it provides 
some information on manufacturer’s experience with the fuel.  Cummins 
states that it is the user’s responsibility to obtain any local, regional, or 
national exemptions necessary to fuel any Cummins emission regulated 
engine with biodiesel or blends.  They state that oxides of nitrogen 
emissions (NOx) from their engines will increase by 2% with B20 fuel (61). 

 
2. Electrical Power Generator:  The generator is a self-contained package 

(genset) Westerbeke model 20.0BEDA.  This package includes a 
Westerbeke four cylinder, four-cycle, naturally aspirated, compression-
ignition engine.  The genset package is rated at 20 kW at 1800 RPM (60 
hertz). 

 
The Westerbeke position on the use of biodiesel is not well communicated.  
Their website customer assistance contact would provide only a section of 
the Westerbeke Engines & Generators Manual that describes the fuel system 
and general operational requirements.  No mention of the use of biodiesel is 
contained in the material (See Appendix IV).  

 
A formal request for a position on the use of biodiesel in Westerbeke Diesel 
engines of the specific model used on the Angus was made to the sales and 
marketing department of the Westerbeke corporate headquarters on 
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December 3, 2002.  The Westerbeke response is typical of diesel engine 
manufacturer’s position (See Appendix IV). 

 
“The Westerbeke Corporation does not approve, nor does it 
disapprove, of the use of biodiesel as a fuel in its diesel engines.  
However, if a failure occurs as a result of the use of biodiesel, 
warranty will be denied.”   

 
ii. W.G. Jackson 

 
1. Detroit Diesel:  Twin Detroit Diesel Engines drive the Jackson.  Both the 

port side main drive engine (PMDE) and the starboard main drive engine 
(SMDE) are Model 6V92, turbo charged, two-cycle, eight cylinder, 
compression-ignition engines, rated at 325 HP at 1800 RPM.  Detroit Diesel 
Corporation recommends that the use of biodiesel be limited to B20 blend.  
No comments are made on emissions or need to obtain exemptions for 
emissions regulated engines (28) (See Appendix IV). 

 
2. Small Electrical Power Generator:  The small genset is rated at 12kW and 

is powered by a Lugger model 843 diesel engine.  This engine is a three 
cylinder, four-cycle, naturally aspirated, compression-ignition engine.  
Lugger is a brand name of Alaska Diesel Electric, Inc. as is Northern Lights.    
Warranty coverage on the small genset has expired.   

 
Alaska Diesel Electric, Inc. utilizes several different brands of diesel 
engines on their gensets and is not limited to those of concern in operation 
of the Angus or the Jackson.  Their position on the use of biodiesel is the 
most restrictive of any of the manufacturers whose engines are used on their 
gensets.  When a request was made for their position on the use of biodiesel 
in the Lugger engine, Alaska Diesel Electric, Inc. provided the statement 
from John Deere (24) dated December 3, 2001 with the (verbal) comment 
that a maximum of a B5 blend was the position of John Deere and hence 
Alaska Diesel Electric, Inc. (See Appendix IV). 

 
The John Deere position statement is not clear.  While stating that “John 
Deere has approved the use of soy-based Biodiesel in all of its diesel-
powered products”, their guidelines state that “While rapeseed methyl ester 
concentrations of up to 100% have been run successfully, concentrations of 
up to 5% Biodiesel have shown improvement in fuel lubricity while 
minimizing the potential problems associated with fuel degradation” (24) – 
a statement concerned with fuel quality.   

 
Alaska Diesel Electric, Inc. has elected to take the conservative approach of 
the use of the B5 blend as a maximum, which does not appear to be the 
intention of John Deere.  The real issue may be the statement that “Users of 
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John Deere Emission Certified Engines are responsible for obtaining any 
appropriate local, state, and national certifications for the use of Biodiesel” 
(24).  Diesel engines fueled with B100 do not meet marine standards for 
NOx emissions and may be the basis for the statements of approval of the 
use of B5 as well as a fuel quality concern. 

 
3. Large Electrical Power Generator:    The model M30C is powered by a 

Toyota diesel engine model 1Z.  The engine is a four cylinder, four-cycle, 
naturally aspirated, compression-ignition engine.   

 
The previous comments regarding the position of Northern Lights on the use 
of biodiesel also apply to the large genset. 

 
Toyota does not have a position on the use of biodiesel in their engines that 
they are willing to share.  The engine is produced for sale primarily in Japan 
and Europe.  A number of attempts were made to find some statement or 
position but Toyota America was unwilling to provide any statement other 
than the verbal statement that the engine is not produced for use in North 
America and no written position will be made available.   

 
Anecdotal information supporting the use of B100 in the engine has come 
indirectly from a Toyota Technical Representative through the Grand 
Rapids Dealership, Kool Toyota.  Although not a rigorous endorsement, the 
fact that the statement was made at all lends some (minor) degree of 
credibility.  

 
d. Engine Maintenance: 

 
i. Angus Petrodiesel History:    

  
1. Main Drive Engine:  The Angus oil analysis focuses on those engine 

materials indicate potential engine components that will wear over time. 
 

The wear metals of primary concern are: 
1. Iron.  Iron in the lubricating oil can reflect cylinder wall/liner, valve, 

and/or gear wear. 
2. Copper.  Copper in the lubricating oil can reflect wear in bearings, 

bushings, and degradation to oil coolers if the engine is equipped with 
one. 

3. Lead.  Lead is indicative of journal bearing wear as found in the 
crankshaft and piston rod bearings. 

4. Aluminum.  Aluminum wear particles in the lubricating oil indicate 
wear to pistons. 

Annis Water Resources Institute  6/21/2004 
Grand Valley State University 6 of 13 



 
APPENDIX III – Mechanical Issues 

5. Silicon.  Silicon particles in the lubricating oil would indicate wear 
material that has been carried into the engine through the combustion 
air filters. 

6. Chromium.  Chromium is primarily used in the manufacture of piston 
rings and is a measure of the rate of wear of the rings. 

  
Schumacher (38) reported on testing of eleven Dodge trucks having the 
same model engine as the D.J. Angus in a ten-year test using petrodiesel, 
biodiesel, and blends.  Table 1 compares the average (mean) levels of 
engine wear metals from the University of Missouri testing of three trucks 
and the average levels reported for the Angus oil analysis during the 2002 
season for operation on petrodiesel.    

 
The Dodge trucks were of various model years, and not uniformly equipped.  
The trucks were fueled with standard number 2 over-the-road fuel while the 
Angus was fueled with premium diesel fuel. 

 
Table 1 

 Cummins BT5.9L Engine Oil Analysis  - Parts per Million (ppm) 
 
 

 
 
 

 Iron Copper Lead Aluminum Silicon Chromium 
Angus Petro* 20.0 4.0 3.0 2.7 14.0 1.7 

Standard Dev 7.81 3.46 1.00 0.58 7.81 0.58 
U. of Mo Petro 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev 5.34 1.05 2.57 1.77 0.95 0.90 
* Based on samples from three oil changes - see Appendix I for calculations       
 

The means of the data gathered from the Angus oil samples are comparable 
to the means of the data from the University of Missouri Dodge truck testing 
with the exception of silicon.  Consideration of the standard deviations of 
the means support this conclusion. 

 
The high silicon in the lubricating oil is a concern as this is a measure of the 
abrasive material entrained in the combustion air during engine operation.  
None of the wear metals (iron, lead, aluminum, chromium) that would be 
affected by the ingestion of the silicon was reported as excessive (38).   The 
Angus is moored in an area prone to dust and dirt, which supports the belief 
that the silicon is an environmental factor.  
 
Cummins rates the truck application as Medium, Continuous duty – the 
same as the Angus duty cycle (Anecdotal information from Ed Hyslop of 
Cummins Michigan Power). 
 
Cummins, Inc has no recommendations for engine wear contaminant levels 
in lubricating oil (See Appendix IV).  
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2. Electrical Power Generator:  No engine oil analysis for a test or 
demonstration project has been found in the literature to allow a direct 
comparison to the Angus genset oil analysis or to establish acceptable rate 
of wear.  Lubricating oil and filters are changed at 100 hour intervals.  Table 
2 reports the mean of the engine-wear metals for the 2002 season.  
 

Table 2 
 
 
 

 
 

Westerbeke 20.0BEDA  Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Petrodiesel* 33.5 3.5 3.5 3.5 13.5 1.5 

Standard Dev 0.71 2.12 0.71 0.71 9.19 0.71 
* Based on samples from two oil changes.  See Appendix I for calculations. 
 

The wear metals are of the same order of magnitude as in the main drive 
engine, which would lead one to believe that the engine wear would be 
acceptable.  Also, there have been no performance or maintenance issues 
with the Angus genset.  Generators are generally rated as Medium, 
Continuous Duty applications. (Anecdotal information from Ed Hyslop of 
Cummins Michigan Power) 

 
It is interesting to compare the genset silicon ingestion to the Angus MDE 
silicon ingestion and note that the only filtration of combustion air on this 
genset is a simple, coarse screen intended to limit ingestion of rags or 
similar debris. 
    
The genset and the Angus MDE may benefit from improved air filtration.  
The lack of any real air filtration on the genset resulting in levels similar to 
the Angus main drive engine with a standard combustion air filter calls into 
question the effectiveness of the MDE air filter. 

 
ii. Angus - Biodiesel Expectations: 

  
1. Main Drive Engine:  Schumacher (38) included an evaluation of four 

different Dodge trucks having the same 5.9L Cummins engine but fueled 
with B100, 100% biodiesel.  Table 3 (This is the same table that appears in 
the main body of this report as Table 1) compares the average levels of 
engine wear metals from the University of Missouri testing and the Angus 
for petrodiesel and adds the data gathered for Dodge trucks fueled with 
B100.  The table also provides estimates of the ranges the wear metals that 
might result from fueling the Angus with B100.   

 
The expectation is that the wear levels experienced by the Angus MDE 
would fall into the ranges specified in the italicized line of the table. 
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Table 3 
Cummins BT5.9L Engine Oil Analysis  -ppm 

 Iron Copper Lead Aluminum Silicon Chromium 
Angus B100* 4-27 1 – 12 0-4 0-2 3-27 0-2 
Angus Petro 20.0 4.0 3.0 2.7 14.0 1.7 

Standard Dev 7.81 3.46 1.00 0.58 7.81 0.58 
U. Mo B100** 10.86 3.25 2.15 1.72 3.10 0.95 

Standard Dev 6.65 4.42 1.82 0.87 3.08 2.57 
U. Mo Petro 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev 5.34 1.05 2.57 1.77 0.95 0.90 
*Projected values; not based on actual measurements – See Appendix I for calculations. 
**The Univ. of Missouri trucks operating on petrodiesel and those on B100 are different trucks. 
Some trucks operated in Idaho and others in Missouri; some in National Parks.   
 

2. Electrical Power Generator:  No engine test or demonstration project has 
been found in the literature for the Angus genset when fueled with 
petrodiesel or biodiesel.  No acceptable wear rate has been established for 
this particular engine.  However, the petrodiesel wear metals are comparable 
to those in the Angus MDE and, based on similar duty cycle descriptions, 
similar changes in wear metals should result.   Table 4 provides estimates of 
the ranges the wear metals that might result from fueling the genset with 
B100.   

 
Table 4 

Westerbeke 20.0BEDA Genset Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
B100* 25-28 2-10 1-4 0-3 0-31 0-3 
Petrodiesel 33.5 3.5 3.5 3.5 13.5 1.5 

Standard Dev 0.71 2.12 0.71 0.71 9.19 0.71 
*Projected values; not based on actual measurements – See Appendix I for calculations. 

 
The expectation is that the wear levels experienced by the Angus genset 
would fall into the ranges specified in the table.   
 
The predicted ranges of wear metals for the Angus genset are not excessive.   

 
iii. D.J. Angus Operation - B20: The Dodge truck testing at the University of 

Missouri included evaluation of the operation of the Cummins engine on B20. 
  

1. Main Drive Engine:  There is significant over the road experience at the 
University of Missouri – Columbia (38, 42), supporting the operation of the 
Angus MDE on B100.  However, operating on B20 is also a viable 
approach.  The Dodge truck testing included data from one B20 fueled truck 
(38).  Table 5 compares the University of Missouri data with the Angus 
experience and predicts an oil analysis for the Angus fueled with B20. The 
underlying assumption is that the duty cycles are similar.   
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The data from the Dodge truck testing for B20 is less compelling as it was 
taken from a single truck fueled on B20 (from Rapeseed) but ran over 
100,000 miles in Idaho. 

Table 5 
 

 
 
 
 
 
 
 

 
*Projected values; not based on actual measurements.  See Appendix I for 
calculations.  

Cummins BT5.9L Engine B20 Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Angus B20* 0-21 2-12 0-3 0-2 0-14 0-2 
Angus Petro 20.0 4.0 3.0 2.7 14.0 1.7 

Standard Dev 7.81 3.46 1.00 0.58 7.81 0.58 
U. Mo B20# 6.23 4.07 1.53 1.67 2.43 0.73 

Standard Dev 2.26 6.16 0.63 0.84 1.14 0.45 
U. Mo Petro 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev 5.34 1.05 2.57 1.77 0.95 0.90 

#The Univ. of Missouri trucks operating on petrodiesel and those on B20 are 
different trucks operating in different environments. 

 
iv. Jackson Petrodiesel History: 

 
1. Main Drive Engines:  The wear materials of concern are the same as for 

the Angus, Section I.d.i.1, and relate to the same engine components.   
 
Table 6 compares the average levels of engine wear metals from the 
University of Missouri testing for low sulfur petrodiesel and the average 
levels from the Jackson 2002 season using low sulfur, premium petrodiesel.  
No data for the Jackson’s engine operating on biodiesel was found in the 
research. 
 
The duty cycle rating for the Jackson application is Medium, Continuous 
while the rating for the transit bus application is Intermediate, Severe – a 
more severe and demanding application.  

 
 

Table 6 
 
 
 

 
 
 

* Silicon data is from a different reference (7) for the same test but a shorter test period and as no 
silicon data were reported in the final report. 

Detroit Diesel 6V92TA Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Jackson Petro 12.2 2.5 5.0 1.5 6.1 0.6 

Standard Dev 3.16 1.27 2.31 0.53 3.98 0.52 
U. of Mo Petro 89.7 27.8 11.6 0.5 19.0* 2.7 

Standard Dev 57.72 157.24 104.59 1.98 NA 1.87 

See Appendix I for calculations.  
 

The silicon in the lubricating oil is a concern as this is a measure of the 
abrasive material that can enter the combustion air during engine operation.  
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The silicon in the bus oil is over five times the silicon content for the Dodge 
trucks from the long term University of Missouri test (See Table 3 – U. of 
MO petro) but is of the same order of magnitude as the Angus oil silicon 
content.  The iron content in the bus oil samples is also approximately five 
times that of the Dodge truck testing (Table 3).   
 
The data in Table 6 are of concern only in that the oil sampling wear metals 
from the bus tests seems high when compared to the Jackson average wear 
metals, the Angus data, and the other data available. 
       
Detroit Diesel Corporation recommends that a single oil analysis metal 
content should be less than: 150ppm of Iron, 25ppm of Copper, and 10ppm 
of Lead for over the road application.  Recommendations for marine limits 
are different only in the iron content, which is limited to 250ppm (28).  The 
St. Louis bus test data lists two metals exceeding the recommended limits 
while the Jackson average and every single data point is within the 
recommended limit (See Appendix I & IV). 

 
The lower mean value of silicon in the Jackson oil samples compared to the 
Angus (Table 7) suggest that the Jackson air filters may be more effective in 
preventing environmental wear materials from entering the engines. 

 
Table 7 

 
 
 
 
 
 

Jackson and Angus Oil Analysis Comparison  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Jackson Petro 12.2 2.5 5.0 1.5 6.1 0.6 

Standard Dev* 3.16 1.27 2.31 0.53 3.98 0.52 
Angus Petro 20.0 4.0 3.0 2.7 14.0 1.7 

Standard Dev 7.81 3.46 1.00 0.58 7.81 0.58 
*See Appendix I for calculations 
 

2. Large Electrical Power Generator:  No engine oil analysis for a test or 
demonstration project has been found in the literature to allow a direct 
comparison to the large Jackson genset oil analysis or establish acceptable 
rates of wear.  Table 8 is the average engine wear metals for the 2002 
season.  Lubricating oil and filters are changed at 100-hour intervals. 
 

Table 8 
 
 
 
 
* Based on samples from two oil changes.  See Appendix I for calculations. 

Northern Lights M30C Genset Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Petrodiesel 6.5 2.0 1.5 2.5 7.0 0.0 

Standard Dev* 0.71 0.00 2.12 0.71 1.41 0.00 

 
Northern Lights does not have any recommendations regarding acceptable 
level of wear metals in engine oil from their engines (Appendix IV). 
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The wear metals and silicon measurements from the Toyota engine mounted 
on the large Jackson genset are comparable to the other engine oil analysis 
of the Angus’s and Jackson’s engines.    

 
v. Jackson – B20 Expectations: 

  
1. Main Drive Engines:  Table 9 (same as Table 4 in main text of report) 

provides estimates of the ranges the wear metals that might result from 
fueling the Jackson with B20.  The iron wear metal for B20 usage compared 
to petrodiesel measurements is the most disconcerting as this is the only 
wear metal with a high probability of being statistically different (39).  

 
Table 9 

 
 
 
 
 

 
 
 
 

*Projected values; not based on actual measurements – see Appendix I for calculations. 

Detroit Diesel 6V92TA Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
Jackson B20* 13-19 2-5 3-8 1-3 2-9 0 – 1 
Jackson Petro 12.2 2.5 5.0 1.5 6.1 0.6 

Standard Dev 3.16 1.27 2.31 0.53 3.98 0.52 
U. of Mo B20** 115.8 42.5 13.2 0.8 17.4# 3.3 

Standard Dev 57.75 157.24 104.59 1.98 NA 1.87 
U Mo Petro** 89.7 27.8 11.6 0.5 19.0# 2.7 

Standard Dev 57.72 157.24 104.59 1.98 NA 1.87 

**The Univ. of Missouri buses operating on petrodiesel and those on B20 were different buses on 
different routes introducing a set of uncontrolled variables into the data. 
# Silicon data is from the same test but from a different reference (7) and a shorter test period. 
 
 

The silicon in the Jackson lubricating oil analyses is low compared to that 
measured in the bus demonstration and is not considered an issue.  Based on 
duty cycle descriptions, using the bus data to estimate the worst case 
changes to the Jackson wear metals should be conservative.  The ranges of 
wear metals estimated for the Jackson are not excessive and are predicted to 
remain below the Detroit Diesel Corporation (DDC) recommended limits.     
 
If the silicon in the Jackson oil remains in the range of the petrodiesel data 
when B20 is used, then the other wear metals should not vary in the same 
manner as it does in the buses.  The expectation derived from the majority of 
biodiesel research is that the introduction of biodiesel (either B100 or in a 
blend) increases the lubricity of the fuel and reduces engine wear, increasing 
life.  The University of Missouri data are contrary to this premise and other 
research (40, 58) regarding the lubricity effects of biodiesel. 
 
Clearly, a better understanding of the effects of fueling the Jackson’s 
engines with the B20 blend must be gained and well understood before 
committing to the use of B100. 
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2. Large Electrical Power Generator:  Table 10 introduces estimates for the 

wear metals for the genset if fueled with B20. 
   

Table 10 
 
 
 

 
 
 
  
 
  
 

Northern Lights M30C Genset Engine Oil Analysis  - ppm 
 Iron Copper Lead Aluminum Silicon Chromium 
B20* 1-5 4-7 0-5 0-3 3-9 0-0 
Petrodiesel 6.5 2.5 1.5 2.5 7.0 0.0 

Standard  Dev# 0.71 0.71 2.12 0.71 1.41 0.00 
U. Mo B100** 10.86 3.25 2.15 1.72 3.10 0.95 

Standard Dev** 6.65 4.42 1.82 0.87 3.08 2.57 
U. Mo Petro** 13.79 1.86 2.89 4.33 2.86 1.48 

Standard Dev** 5.34 1.05 2.57 1.77 0.95 0.90 
 *Projected values; not based on actual measurements.  See Appendix I for calculations 
 ** Data repeated from Table 3 
 #Based on samples from two oil changes. 

 
The risk of engine damage to the large genset when fueled with B20 blend 
should be small but risk to the mission would be slightly higher. 
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I. OPERATIONAL ISSUES: 

 
a. Operational Fuel Blend:  If the vessels are stored with petrodiesel or a low blend 

in the fuel tanks, and a much higher blend or biodiesel is the desired operating 
fuel, the ratio of biodiesel to petrodiesel of the fuel in the vessel fuel tank will 
vary as fuel is added.  Table 1 below provides fuel data and the resulting blend 
ratio for an assumed fueling schedule.  The issue will be the effectiveness of the 
mixing of the tank fuel and fuel added.  The mixing will not affect the operation 
of the engines but will be of concern at the end of the season just before lay-up. 

 
For 100% of tank capacity drawn down to 33% of capacity for the initial spring 
fueling, an effective B13 blend is predicted for the fuel in the tank after an initial 
fueling with B20.  B20 in the fuel tank would be reached with only 4 fuel stops 
the first season and three the second season (fuel stop 14).  Drawing the fuel tank 
down to near empty will shorten the time to reach B100 and reduce total 
emissions from the vessel.  In the fall, a single fill-up with petrodiesel would 
result in a B7 blend for storage (fuel stop 11).   

 
A simple Excel spreadsheet similar to Table 1 will predict the fuel-tank blend 
ratio automatically when the fuel added to the tank is entered.   
 
A similar situation would arise if B100 were the fuel of choice but the resulting 
fuel tank blend would take much longer to reach B100 and more petrodiesel 
would have to be run through the tank to reach a blend of b20 or less for winter 
storage. 
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Table 1 
Fuel Blend in Vessel Fuel Tank  

Fuel stop 

Fuel in 
Tank - 

Percent of 
Tank 

Capacity  

Amount of 
Fuel Added 
– Percent 

of Capacity 

Type of 
Fuel Added

Resulting 
Tank Blend 

1 33% 67% B20 B13 
2 33% 67% B20 B18 
3 33% 67% B20 B19 
4 33% 67% B20 B20 
5 33% 67% B20 B20 
6 33% 67% B20 B20 
7 33% 67% B20 B20 
8 33% 67% B20 B20 
9 33% 67% B20 B20 
10 33% 67% B20 B20 
11 33% 67% Petrodiesel B7 
12 33% 67% B20 B16 
13 33% 67% B20 B19 
14 33% 67% B20 B20 

      
 

Mixing:  There are mixing issues that have been ignored in the foregoing discussions. 
Incomplete mixing will not harm the engines but would be concern only in the fall prior 
to lay-up or in the Jackson main drive engines where operation on biodiesel is considered 
a high risk.  However, this situation arose early in the St. Louis test without any 
consequences to the mechanical integrity of the test buses or abnormal route delays (39). 
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I. INITIAL SEASON CONSIDERATIONS:  
 

a. Preparatory work:  Prior to making any changes in the fuel used in either vessel, 
measurements of exhaust gas emissions and an analysis of exhaust gas cooling 
water should be completed.  These measurements will form a baseline of 
operation for comparison to the same measurements made after the vessels 
change to biodiesel or B20.  As AWRI is focused on research and water quality, 
we should understand the impact of operating our vessels and contribution to the 
environmental. 

 
Both vessels should have sampling ports added to the exhaust systems on all 
engines so that exhaust gas samples at the exhaust manifolds and downstream of 
the point where the exhaust cooling water in injected.  Exhaust gas cooling water 
should also be sampled and appropriate sampling ports to access the cooling water 
should be added to both vessels. 
 

b. Funding:  The grant under which this feasibility study was completed did not 
provide funding to support exhaust gas or exhaust gas cooling water analysis.  
Attempts to win a grant to support an organized and more enlightening approach 
to understanding the impact on the environment by using biodiesel or B20 in the 
two vessels were unsuccessful.   

  
Alternatively, the current grant could support the preparatory work if the 
feasibility study and market study were completed early or the scope changed to 
allow the funding of the preparatory work on both vessels.  This would result in a 
shorted schedule but more effective use of the available funds and a better 
understanding of the impact of the fuel on the environment. 
 
Lacking funding, a change to biodiesel or B20 can be made without the baseline 
and measurements made at a later date to assess the environmental impact without 
knowledge of the improvement (or lack thereof).  Research completed for this 
study indicates that there will be a positive change.     
 

c. Angus Start-up:  A number of considerations are necessary once the decision is 
made to fuel with biodiesel or a blend. 

  
i. Fuel:  The choice of fuel for the Angus initially should be B20.   

  
1. Follow the Jackson:  If the Jackson is fueled with B20 then fueling the 

Angus with the same fuel has the benefit of increasing the quantity of 
fuel bought and may bring a cost reduction to the Jackson.  This is low 
risk for the Angus but higher than if B100 were used because less 
supporting data are available. 
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2. Follow the Coast Guard:  If the Coast Guard station in Grand Haven 

converts to biodiesel then the Angus should use that fuel when it 
becomes available, assuming the conflict of interest between the 
inspection and fuel supplier roles of the Coast Guard could be resolved. 
The fuel of choice for the Coast Guard is likely to be biodiesel with a 
B50 Blend being used in the cold months. The issue then would be 
replacing the fuel blend in the fuel tank with a blend appropriate for 
winter lay-up - B20 or less.  

 
ii. Monitor fuel filters:  Biodiesel or B20 is expected to clean the Angus fuel 

tank of microbial growth that has accumulated.  This will be deposited in the 
fuel filters and twice daily inspection of the main drive and genset engines 
fuel filters is recommended for the first week of operation.  Continued, 
increased, periodic filter inspection of the MDE and genset filters should be 
carried out until the system is clean and the current interval can be reached.  
The crew can best determine the interval through experience.  Changing the 
filters more frequently will be required initially but only real time 
experience will determine the necessary interval.  Three additional filter 
changes are included in the start-up cost estimate of Table 26. 

 
iii. Change the Lubricating oil:  The start-up cost estimate includes cost for 

one added oil change in the first season of operation on biodiesel.  This is 
precautionary only and may not be required.  The determining factor in the 
need for an oil change is fuel in the lubricating oil.  Biodiesel fuel in the oil 
will cause the oil to sludge.  Fuel in the oil can only be determined by oil 
analysis.  The Cummins engine has not experienced these problems but 
piston ring condition will play a role in fuel getting into the oil.   

 
No information regarding the Westerbeke engine and fuel/oil contamination 
was found in the research.   

 
iv. Monitor Injectors:  Some problems have been experienced with injector 

cavitation during operation with biodiesel and accumulating deposits from 
the fuel.  These have been minor occurrences that appear to be engine 
specific, i.e. occur only in some engines but inspection at the end of the 
season should be considered.  The Cummins engine has had no reported 
injector problems.   

 
There is no information regarding injector problems with the Westerbeke 
engine. 

 
v. Monitor Elastomeric Components:  Periodic inspection of flexible hoses 

and elastomer seals and gaskets is recommended.  Even low blend fuels can 
attack some components resulting in drips or worse leaks.  This is not 
expected to affect the Cummins or Westerbeke engine or accessories. 
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vi. Analysis of lubricating oil:  Establish an increased frequency of oil 

analysis.  Draw a sample of oil for analysis every 100 hours from both the 
main drive engine and genset for the first 400 hours of operation.  Monitor 
the samples for changes and trends in metals and fuel content.  The wear 
metal measured should be significantly less than the existing samples as the 
time between samples is shorter providing less time for engine wear metals 
to accumulate.  The additional cost for two additional oil analyses is 
included in the Start-up costs summary of Table 26.    

  
vii. Engine Performance:  Engine performance for the Cummins engine on 

biodiesel has been reported as both higher and lower than petrodiesel-fueled 
engines.  Engines with aftercoolers tend to be 7% lower, while engines 
without report a 5% increase in power. In general, increased power will be 
experienced at low RPM and lower power at high RPM. 

 
The Westerbeke engine will also experience a decrease in performance of 
the same order of magnitude as the main drive engine. 

  
viii. Fuel Consumption:  Fuel consumption will increase by 5% for B100 and 

1% for B20 based on over-the-road test experience. 
 

Fuel consumption for the Westerbeke engine should also increase by 5% for 
biodiesel and 1% for B20. Fuel data used in Table 25 apply to the vessel as a 
whole so neither the main drive engine nor the genset fuel consumption can 
be broken out from total fuel used. 
  

ix. Cold Weather:  Cold weather storage with biodiesel or a high blend (above 
B20) in the fuel tank is not recommended.  Copper and copper alloys will 
cause a black sludge to form in storage and plug fuel filters.  Long-term 
storage should take place with B20 or less in the fuel tanks. 

 
The no risk situation would be to negotiate a buy-back arrangement with the 
fuel supplier to reduce the risk of using old fuel in the spring.  The supplier 
would accept excess B20 or biodiesel and provide a credit.  The boat could 
then be stored with a good storage blend or 100% petrodiesel in the tanks 
and engine.       

  
d. Jackson Start-up:     
  

i. Fuel:  The Jackson should proceed with establishing a budget and process to 
utilize a B20 blend for the 2003 season, if possible, and following seasons.  
Once the behavior of the Detroit Diesel engines is well understood, the 
blend ratio could then be increased.   Detroit Diesel Corporation does not 
recommend a blend higher than B20 at this time but as there is no warranty 
coverage this should not be a consideration and only mechanical risk and 
mission risk should be considered.  Further experience with B20 and 
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incremental increases to B100, while monitoring oil wear metals, will 
minimize risk to the engines.  The main issue may be NOx emissions. 

  
The use of B20 will allow AWRI to gain some experience with the Lugger 
and Toyota engines operating on the fuel.  This should be low risk but the 
lack of experience with the specific engine models represents an unknown.   
 

ii. Monitor fuel filters:  The fuel is expected to clean the Jackson fuel tank of 
microbial growth that has accumulated.  This will be deposited in the fuel 
filters of both main engines and both gensets and twice daily inspection is 
recommended for the first week of operation.  Changing of the filters often 
is recommended but only real time experience will determine the necessary 
interval.  Three additional filter changes are included in the start-up cost 
estimate of Table 29. 

 
iii. Monitor Elastomeric Components:  Periodic inspection of flexible hoses 

and elastomer seal and gaskets is recommended.  Even low blend fuels can 
attack these components resulting in drips or worse leaks. 

 
iv. Change the Lubricating oil:  The start-up cost estimate includes cost for 

one added oil change in the first season of operation on biodiesel.  This is 
precautionary only and may not be required.  The determining factor in the 
need for an oil change is fuel is the lubricating oil.  Fuel in the oil can only 
be determined by oil analysis.  Fuel in the oil should not be a problem but in 
some demonstrations excessive fuel was found in the lubrication oil and will 
cause sludging.  The Detroit Diesel engines has not experienced these 
problems but piston ring condition will play a role in fuel getting into the 
oil.   

 
No information regarding fuel/oil problems was found for the Lugger or 
Toyota engines. 

 
v. Monitor Injectors:  Some problems have been experienced with Detroit 

Diesel 6V92 injector cavitation and accumulating fuel deposits during 
operation with B20.  These have been minor occurrences that appear to be 
engine or application specific, i.e. occur only in some engines.  Inspection of 
injectors at the end of the season is recommended.   

 
No information regarding injector problems was found for the Lugger or 
Toyota engines.   

 
vi. Analysis of lubricating oil:  Establish an increased frequency of oil 

analysis.  Draw a sample of oil for analysis every 100 hours for both main 
engines and both gensets the first 400 hours of operation.  Monitor the 
samples for changes and trends in metals and fuel content.  The wear metal 
measured should be significantly less than the existing samples as the time 
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between samples is shorter providing less time for engine wear metals to 
accumulate. The additional cost for oil analysis is included in the start-up 
costs summary of Table 29. 

  
The small genset should be added to the oil sampling program and increased 
running time should be considered so that an adequate database of operation 
on the fuel is established.       

  
vii. Engine Performance:  No engine performance data for the 6V92 Detroit 

Diesel engine on B20 were reported.  In general, B20 is expected to have a 
minor affect on engine performance and a reduction on the order of 3 to 9% 
should be expected. 

 
Both gensets will experience a change in output power on the order of +2% 
or -5%.       

  
viii. Fuel Consumption:  Fuel consumption will increase.  The St. Louis buses 

experienced a 5.6% increase in fuel consumption when using B20.  This is 
considerably higher than expected but may be an attribute of the two-cycle 
diesel engine, the bus duty cycle, or the engine condition.  The 5.6% value 
and the extrapolated value of 28.7% were used to calculate fuel 
consumption in Table 28 and are believed to be a worst case.  Both of these 
values are suspect and need to be verified or disputed by data from the  
Jackson.  The high value impacts hourly operational costs heavily and, if 
accurate, will seriously restrict the blend level useable in the Jackson. 

 
The Lugger and Toyota engines should experience no more than a 2% 
increase in fuel consumption when fueled with B20.  However, since the 
fuel data used in Table 26 apply to the vessel as a whole, two main engines 
and two gensets, fuel usage estimated will be overstated to a minor degree. 

  
ix. Cold Weather:  Cold weather storage with biodiesel or a high blend (above 

B20) in the fuel tank is not recommended.  Copper and copper alloys will 
cause a black sludge to form in storage and plug fuel filters.  Long-term 
storage should take place with a B20 or lower blend in the fuel tanks.  
Petrodiesel in the engine and fuel lines is the lowest risk situation for winter 
lay-up, but only slightly better than B20.  

 
The no-risk situation would be to negotiate a buy-back arrangement with the 
fuel supplier to reduce the risk of using old fuel in the spring.  The supplier 
would accept excess B20 or biodiesel and provide a credit.  The boat could 
then be stored with a good storage blend or 100% petrodiesel in the tanks 
and engine. 

  
x. Air Filtration:  Improvements to combustion air filtration should not be a 

consideration for the Jackson. 
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