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Executive Summary

The objective of Task 2 - Market Assessment and Economic Analysis - was to identify
• the market potential and economic feasibility of the future Detroit Diesel Corporation

(DDC) coal-fueled, high-speed diesel engine. The results of this task were used to
determine which specific heavy duty DDC engine and what market applications are

' most attractive for coal fuel. Task 2 results were also used to establish basic economic
targets for the engine to be competitive, such as:

• Source coal price and location
• Coal cleaning cost, given assumed coal slurry specifications
• Engine parts cost increase to permit operation with coal fuel
• Load factor (equivalent full load hours per year)
• Maintenance and operating costs
• Emission control system capital and operating costs and size
• Diesel fuel costs at which the coal-fueled engine is cost competitive

Several applications for heavy duty diesels in the 400-2,500 hp output class were
surveyed, including off-highway mine-haul trucks, construction and industrial, marine
and generator set applications. A set of "attractiveness criteria" for coal fuel operation
was developed, and applied to screen the full range of engine application.

This preliminary screening resulted in two applications which appeared particularly well
suited for coal fuel:

• Mine-haul truck engines. Equipped with 16V- 149TI DDC engines, these 170-240
ton trucks operate in overburden and open pit mines including iron ore, copper, and
coal. The total market is about 600-1,000 truck engines per year in the U.S. and
DDC has over 50% share.

• Barge, tug and work boat engines in the marine inland waterway sector. Most of the
existing 4000 engines are naturally aspirated, 800-2,000 hp, and have relatively long
service lives. DDC has a significant market share, and the DDC-149 coal slurry
engine would be retrofittable to over 60% of the 5 million horsepower (hp) fleet.

Based on the results of this market assessment, DDC recommends that the Series 149

engine should be adopted for operation on CWS fuel at high speeds for the mine-haul
off-highway truck and work boat marine markets. The DDC 149 diesel engine has a
major share of these markets. Some of the economic and technical merits of a
coal-fueled 149 engine are as follows:

• Series 149 engines use a relatively large amount of fuel per year. For a mine-haul
. off-highway truck (> 170 tons), 16V- 149TI engines are used with 1,800 to 2,200 hp

rated power. The average load factor for a typical mine-haul truck is about 35%, and
it operates 5,000 to 7,000 hours per year. In case of a work boat engine, the load

• factor is greater than 50%, and there are 5,000 to 8,000 operating hours per year.
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• An increaseintheenginecostductothecoalfuclinjectionsystem,wcar-t_sistant
components,andemissioncontrolsystemshouldbctolerableon a Series149cn_mc.
Incontrast,thecostofanon-highwaycoal-fuclcdenginewould bcexpectedto
increaseby anunacceptableamountcomparedtothepriceforthebasicdieselengine.

• "lhc149 engineisa high-speedheavy-dutydieselenginewitha largemarketshareof
theoff-highwaytruck,industrialandmarineapplications.Therefore,oncedeveloped
fortow boatand/ormine-haultruckapplication,acoal-fueledversionoftheengine
couldbcadaptedtomany otherpossibleapplications.

• A largeoff-highwayengine,liketheSeries149engine,willbcbettersuitedtoaccept
theadditionalspaceandweightrequirementsoftheemissioncontrolsystemposedby
theuseofcoalfuels.Also,emissionregulationsforoff-highwayarcnotexpectedto
bcasstringentasforon-highwayenginesbecauseoff-highwaytrucks,industrial
enginesand marinevesselsnormallyoperateinremoteareasfarfromthepopulation
centers.

..

Next,moredetailedinformationforthesetwoselectedmarketapplicationswas prepared
tobetterassesstheirfeasibilityandrelativemerit.ThisinformationincludedDDC
marketshare,dutycycleforengineoperation,historicalannualsales,emissioncontrol
rrxluitcmcnts,andspecificgeographicallocationsfortheenginesnow inuse(which
enabledustoselectsuitablecoalminesnearby).A detailedeconomicfeasibility
analysiswas thenperformedusinga spreadsheetmodelforlife-cycle_ngincandfucl
costs.Parametricstudieswcrcperformedtoexploretherelativeimpactofvarious
economicassumptionssuchas:

• Cleancoalfuelcostrelativetodieselfuel

• Engineefficiency
• Amount ofdieselpilotfucl
• Load factor

The feasibilityanalysispredictedthatthefutureuseofcoalfuelinthemine-haultruck
andtow boatapplicationsisfeasibleandhasthepotentialtooffersignificantannual
savingsofup to$100,000pcryearforeachvehicle.With animprovementm thecostof
CWS fucland wear-resistantenginecomponentsrequiredforcoalfucloperation,these
savingsarccxpcctedtoincrease.However,thefuturedieselfuclpricewillbccriticalin
determiningthesesavings,ltwas predictedthattheinlandtow boatapplicationhas
potentialforgreatercostsavingsthanthemine-haultruck.Thisbecauseofhigherload
factorandlowerCWS fuelcostforthetowboatengines.The nationwidepotentialfor

displacingfucloilwithcoalthroughwidespreaduseoftheDDC coaldieselengineis
alsogreaterforthetowboatapplication.

Otherconclusionsarcthatnozzlelifeisrelativelyunimportant,andthat5 to10% diesel
fuelcanbc utilizedforpilotand/oridlewithoutupsettingthebasiceconomicadvantage.
However,bothengineloadfactorandcngincefficiencyarccritical.
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1.0 Objectives and Approach

Based on the preliminary coal engine design developed by DDC, with inputs from
SWRI and ADL, this task was conducted to identify the best opportunity(s) for DDC to
enter the market with the future coal-fueled, high-speed diesel engine. The results of

• this market and economic feasibility assessment will be used to determine what specific
heavy duty engine application(s) are most attractive for coal fuel, and also define basic
economic targets for the engine to be competitive, such as:

• Source coal location and price
• Coal cleaning cost increment
• Engine parts cost associated with coal operation
• Hours per year of operation (equivalent full load)
• Maintenance and parts replacement costs
• Emission control system cost and size
• Diesel fuel costs at which DDC coal engine is cost competitive (lifecycle basis)

Our approach was to first survey ali U.S. applications for heavy duty diesels in the
300-2,500 kW output class, including highway, generator set, marine, off-highway
construction, and mining. A set of "attractiveness criteria" for coal fuel operation were
developed, and applied to screen the full range of engine application. This preliminary
screening resulted in two applications which appeared particularly well suited for coal
fuel:

• Mine-haul truck engines
• Tow boat propulsion (inland waterways)

Our next task was develop more detailed information for each of these two selected
market applications in order to better assess their feasibility and relative merit. This
information included DDC market share, duty cycle for engine operation, historical
annual shipments, emission control requirements, and specific geographical locations
for the engines now in use (which enabled us to select suitable coal mines nearby).

A detailed economic feasibility analysis was then performed using a spreadsheet model
for lifecycle engine and fuel costs. Parametric studies were performed to explore the
relative impact of various economic assumptions such as:

• Clean coal fuel cost relative to diesel fuel
• Engine efficiency
• Amount of diesel pilot fuel
• Annual hours of operation

This feasibility analysis allowed us to identify the most promising applications and the
cost and performance targets for entering this engine market.



2.0 Selection of Engine Applications

2.1 Candidate 300-2500 hp Engine Applications

Heavy duty diesel engines in the 1,700-2,300 rpm rated speed class are widely
recognized for their use in highway trucks _d buses, where they account for
approximately 6% of U.S. fuel oil usage. However, there are other applications for
heavy duty diesels which are perhaps less widely known, but which may be more
suitable for adaption to coal-water slurry fuel, such as:

• Off-highway, including mine-haul trucks
• Marine propulsion, including inland waterway vessels
• Generator sets and industrial drives

Detroit Diesel enjoys a significant market share in ali of these applications and engine
"market segments."

2.2 Selection Criteria for Coal Fuel Feasibility

Previous work on clean coal fuels for reciprocating engines has shown that the emission
control requirements and the total annual fuel usage per engine are two factors of
primary importance for economic feasibility. Annual fuel usage is critical because the
benefit for the engine operator will be low coal fuel price compared to diesel fuel oil. In
brief, the engine must burn enough coal fuel each year to pay for the extra cost of
emission control (which is technically feasible, but relatively expensive on a S/engine
basis). For example, an application with 1,500-2,000 hp engines operating 2,000 to
4,000 full-load equivalent hours/year and moderate emission control requirements will
be preferred to a 500-1,000 hp engine application with only 1,500 full-load equivalent
hrs/year and stringent emission controls. This is why the highway truck application is
not attractive for coal fuel.

And the engine application must not be so rare that there are not enough engines
operating in a given region to justify a coal-cleaning plant (here the threshold level is
about 500,000 hp, or 250 engines in the 2,000 hp class). Preferably, those regions with
large concentrations of engines will be in close proximity to "engine-grade" source coals
(that is, source coals which can be economically cleaned to about 2% ash or better).

Also, the future potential displacement of oil by coal must be sufficient to justify the
DDC coal engine development, and this implies that the total U.S. installed horsepower
must be significant. For example, an engine application with an installed base of 4
million hp in the U.S. will account for 0.1 quad/year (1014Btu/year) of fuel usage,
assuming 3,000 full-load hours and 8,000 Btu/hp-hr heat rate. This is about 3% of total
U.S. oil consumption (6% of oil imports) which is quite significant.

Another factor favoring large engines is the cost of special hardware to burn coal fuels.
This may include the injection system, costly wear-resistant parts for the injector tips,
the piston rings and liners, the turbocharger, and the valves. This special hardware is



expectedtocost$30,000to$100,000perengine(dependentonenginesize),whichis
tolerablefor1,500-2,000hp enginesbutmay exceaxltheenginecostitselfforenginesof

, about500 hp.

Pastwork on coaldieseldevelopmentalsohasshown thatcoalfueloperationfavors
. steadyrunningoftheenginewithminimum loadand spea.Achanges.Coldstartsshould

alsobekepttoaminimum. Therefore,applicationsarcfavoredwhichofferlargeblocks
oftimeatsteadyloadandspeed,suchasthemarinepropulsionapplication.

2.3 Screenlng of Engine Appllcatlons

Table I lists the evaluation criteria discussed above in Section 2.2, and shows how four
candidate diesel engine applications were evaluated. A simple numerical rating system
was used, and the outcome was so definitive that it was unnecessary to develop a more
sophisticated evaluation method. The marine and mine haul applications received
scores of + 14 and + 12, respectively (far above the other two candidates).

The gen set and bus/truck applications did not score well in economic feasibility, largely
• because of (a) the relatively small engine size and fuel usage per engine, and (b) the

relatively stringent emission control requirements. In many U.S. locations, there is
pressure to replace industrial drives with electric motors because of emission
regulations. The bus/truck application, although attractive for its large national fuel
usage, also suffers from a non-steady duty cycle and the need to have a clean coal fuel
infrastructure throughout the highway system.

As a result of this screening, the marine and mine-haul truck engine applications were
selected as quite attractive for adaptation to clean coal slurry fuel.

These applications are examined in more detail in the following two sections.
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3.0 Mine-HaulTruckApplication

3.1 Descriptionof Mine-HaulTruck (170-240ton)
J

Mine-haul trucks in the 170-240 ton class arethe largest trucksproduced and areabout
20 fLtall, 40-50 ft. long, with tires standingover 10 ft. tall. Empty, the vehicle weighs

• up to 350,000 Ibs. These trucksareused in open-pit mines to transport overburdenand
coal (or ore) out of the mine pit. Figures 1, 2, 3, and 4 show typical trucks in use and
rrepresentafivedimensions, respectively.

Both electric drive models (diesel engines powering an alternator)and mechanical drive
models (electronic transmission) arecurrentlyoffered with key truckmanufacturers
including MarathonLeTourneau,WISEDA, VME-Americas,Unit Rig, and
Dresser-Komatsu (Haulpak). The mine-haul truck is an ideal coal fuel application
because engines are 1,500-2,000 hp and are used 16 to 24 hours per day with a high load
duty cycle, as described below in Section 3.4. DetroitDiesel model 149 engines enjoy a
significant marketsharein the U.S. (approximately 50%), and also are exponed to
mines in South America, Australia, South Africa, China, and India. This opens up the
possibility of export sales of clean coal technology. Threemajor types of surface mines
use this class of trucks,as described below in Section 3.3:

• Surface coal mines (Western and Appalachianstates)
• Iron-oremines (Minnesota)
• Copper mines (Arizona, Utah, Nevada, and New Mexico)

The truckscost about $1.5 million new, with the engine itself account.ng for about 15%
of the total CosL

3.2 SchematicDesignof Coal EngineSystem- Mine-HaulTruck

\_ The coal engine system would incorporatethe same DDC 149 engine package (with
special coal tolerant injection system, piston rings, etc.), but also include two new
modules:

• Coal slurryfuel tank (1,200 gallons)
• Emission control system

The coal slurryfuel tankreplaces one of the two 300-600 gallon diesel fuel tanks
currentlyfound on the truckon the underbodybetween the wheels. The emission
control system is configured beside the cab underthe overhand, so as to minimize
interferenceto the vision of the operator. Figure 5 illustrates the schematic design.



Figure1. TypicalMineHaulTrucks in Operation



• °

Figure 2. Mine Haul Truck (240-Ton Capacity) Showing Operators for Scale
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Figul'e3. MineHaulTrucks in Operation



• Figure 4. Major Dimensions of Typical Mine Haul Truck



10



3.3 Existing Mine-Haul Trucks - Population and Sales by Mine Type

The mine-haul truck market in the U.S. is in the range of 600-800 large mine-haul
u'ucks per year, with 40% going to coal surface mines in NI), TX, W'Y, KY, and WV;
25% going to iron ore mines mainly in Minnesota; and 35% going to copper mines in
AZ, NM, NV, and UT. There are an estimated 6,000-8,000 trucks in service with the
average engine life about 50,000 operating hours (typical useful engine life is estimated
to be 10 years at 5,000 hours per year). Figure 6 shows the U.S. mine-haul truck fleet
regions of concentration by mine type.

Figure 6: Some Reglone with Large Population of Mine-Haul Trucks

North Dakota, Wyoming,Montana
Minnesota

Arizona, New Mexico, Utah

Table 2 shows the 15 leading copper mines in the U.S., showing that there is a
concentration in Arizona, Utah, and New Mexico. The top 14 mines accounted for 95%
of copper production in the U.S. Table 3 shows the top twenty major U.S. coal mines,
including many surface mines in the Western region. These top twenty mines produced
260 million short tons in 1989, which is over half of the total 587 million short tons of
surface mined coal in the U.S. that year (total coal mined 980 million, both surface and
underground). This is to say that the mine-haul truck population is quite concentrated at
perhaps 50 to 100 major sites in the U.S. In addition to this U.S. fleet, there is a
vigorous export market of an estimated 1,000 mine-haul trucks per year to Chile,
Australia, South Africa, China, India, and other countries.

11



Table 2: Fift.een Leading Copper.Producing Mines in the United States in 1989, In Order of Output

Rank Mine County and State Operator Capacity
(thousand

metric tons)

1 Morenci Greenlee, AZ Phelps Dodge Corp. 305
2 Bingham Canyon Salt Lake, UT Kennecott, Utah Copper 245 -

Corp.
3 Tyrone Grant, NM Phelps Dodge Corp. and 160

BurroChief Copper Co.
4 Chino Grant, NM Phelps Dodge Corp. 150
5 San Manuel Pinal,AZ Magma Copper Co. 130
6 Ray Pinal, AZ ASARCO Incorporated 125
7 Sierra Pima, AZ Cyprus Sierrita Corp. 117
8 Bagdad Yavapai, AZ Cyprus Bagdad Copper Co. 97
9 Pinto Valley Gila, AZ Pinto Valley Copper Corp. 92

10 Inspiration Gila, AZ CyprusMiami MiningCorp. 65
11 Mission Complex Pima, AZ ASARCO Incorporated 70
12 White Pine Ontonagon,MI Copper Range CO. 50
13 Continental Silver Bow, MT Montana Resources, Inc. 50
14 Troy Lincoln, MT ASARCO Incorporated 18
15 San Xavier Pima, AZ ASARCO Incorporated 15

i

Table 3: Major U.S. Coal Mines, 1989 (Million Short Tons)

Mine Name Type Location Tonnage Company

BlackThunder Surface Wyo. 29.6 ARCO Coal
Jacobs Range Surface Wyo. 14.7 Kerr-McGee
Rosebud Surface Mont. 13.7 Western Energy
Belle Ayr Surface Wyo. 13.7 ARCO Coal
Eagle Butte Sudace Wyo. 13.6 AMAX Coal
Cordero Sudace Wyo. 13.0 Sun Coal
Caballo Surface Wyo. 12.9 Carter MinirJg
MartinLake Surface Texas 12.5 Texas Utilities
Monticello Surface Texas 11.8 Texas Utilities
Freedom Sudace N.D. 11.5 Coteau
Rochelle Sudace Wyo. 10.9 Rochelle
Rawhide Surface Wyo. 10.6 Carter Mining
Decker Surface Mont. 9.9 Decker
Navajo Surface N.M. 9.0 BHP-Utah
Buckskin Surface Wyo. 8.9 Triton Coal
Cabaio Rojo Surface Wyo. 8.3 Mobil Coal
Jewett Surface Texas 8.1 North. Resources
Kayenta Surface Ariz. 7.8 Peabody
Falkirk Surface N.D. 7.1 Falkirk
North Antelope Surface Wyo. 6.9 North Antelope

Source: 1991 Keystone Coal IndustryManual

3.4 Duty Cycle, Engine Efficiency and Overall Fuel Usage

It is difficult to define a single typical mine-haul truck duty cycle because of the variety
of mine layouts, shallow versus deep pits, length of truck travel to exit the pit, and grade

12



(6-9%) slope. However, the major fuel usage is during the uphill haul up the grade,
which may vary from under one mile up to several miles. The sequence of operations in

. the duty cycle consists of five modes, as foUows:

Mode 1 Loading under the mining shovels 5+ minutes; engine at idle or low
. RPM; approximately 15% load

Mode 2 Uphill haul 10-__minutes; engine at near rated
power (full speed, 100% load)

Mode 3 Dump 3+ minutes; engine at part load
(approximately 20% load;
1,600-1,900 rpm)

Mode 4 Downhill run 7+ minutes; engine at low load
(10-15% torque)

Mode 5 Wait for shovel 5+ minutes; engine at idle or low
RPM

Full power fuel consumption of the DDC 16V-149-TI diesel engine at 2,000 hp, 1,900
rpm is 95 gallons per hour (1.57 gallons per minute). Therefore, for example, if the
mine haul engine operates 10 minutes on uphill haul (mode 2), the fuel consumption
during that time would be 15.7 gallons. Idle fuel consumption is 6 gallons p&-hour.

Figures provided by several operators of large mine-haul truck fleets indicate 25-30
gallons per hour per truck is typical. Since the trucks make 1-2 round trips per hour,
this confirms that the uphill haul accounts for most of the fuel usage. Engine efficiency
over the duty cycle ranges from 32 to 37% on a higher heating value (HI-IV) basis,
depending on the specific diesel engine model and how much part load and idle
operation is involved. For example, the 149 engine has a peak efficiency of 38% (HI-IV)
at full load and rated speed. For the purposes of the analysis in Sections 6 and 7, we
have assumed a nominal efficiency of 34% (tIHV) over the duty cycle. Additional runst

were made at another engine efficiency level just to test sensitivity.

DDC provided field data for one specific mine-haul truck application which indicated
that over the duty cycle the fuel consumption was about .37 lh/hp-hr. This corresponds
to 6,800 Btu/hp,br or 34.9% HHV, which supports the assumption of 34%.

The larger mines operate a fleet of 15 to 30 active large trucks for 24 hours per day, with
a budget of 2 to 5 million gallons of fuel per year. Fuel is typically 15-20% of total
operating cost per ton in a 100,000 ton/day mine. The large fuel oil budget of each
major mine operator means that penetration of this market segment by coal engines can
be accomplished readily, provided the cost savings of coal diesel engine are
demonstrated.

• The overall fuel usage in the U.S. by this engine application can be estimated as follows.
If 2,000 active trucks are assumed to use 25 gallons per hour for 4,000 hours per year,
the total estimate is 200 million gallons per year (0.03 quad or 0.3 x 10 t4 Btu/year).
Alternatively, if the total annual tonnage in surface mines (coal, ore, and overburden) is
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I000 million tons, and an average fuel use of 0.15 gallons per ton is assumed, one
obtains 150 million gallons per year (0.02 quad or 0.2 x 1014Btu/year). These estimates
are reasonably consistent and give the total potential national impact of coal fuel
substitution for the mine-haul truck market.

3.5 Mine locations and Coal Slurry Logistics

For the surface coal mines in the Powder River Basin, it is clear that the preferred source
coal for a clean coal slurry powered truck fleet would be in that same region. It has
been demonstrated that several coals in this region are indeed cleanable to engine grade
quality. The AMAX/ADL coal cleaning plant model suggests a typical clean coal shm'y
price produced near the mine site in the Powder River Basin would be $2.92/MMBr.u in
1991 dollars.

For the copper mines in Arizona m_dneighboring states, the western source coals are
also most convenient, but there would be a transportation cost to the slurry plant,
because this plant must be located 20-50 miles from the mine-haul truck fleets. For
example, assuming a Salt Lake City slurry plant location, the AMAX/ADL coal
cleaning plant model suggests a slurry price of $3.55/MMBtu, including $0.55/MMBtu
for tran_'portation.

3.6 Baseline Operating Costs/Engine Parts Replacement

Based on DDC inputs, we assumed an average engine maintenance cost of $22,000 per
year for a 2,000 hp 16V- 149 "II engine over the total life of the engine. This is based on
diesel fuel off operation excluding fuel cost, but includes engine parts replacement and
maintenance according to the following assumed schedule:

• Oil, fuel filters, and air cleaner checked 250 hr
• Oil filter replaced, air cleaner cleaned 500 Iu"
• Replace air cleaner element 1,000 hr
• Fuel injectors replaced 5,000 hr
• Minor overhaul including rings, valves; 12,000 hr

check bearings
• Major overhaul 24,000 hr

- head replacement
- drivetrain gears
- crank reground

• Remanufacture engine including block 60,000 hr
replacement

Tires, hydraulics, transmission, and vehicle repairs are major costs 110.1included in this
figure because they would be common to both diesel oil operation and coal fuel
operation.

14
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4.0 Inland Waterway Towboat Application

4.1 Description of Towboat Application

Inland waterway transport is a major U.S. mode of freight traffic consisting mainly of
barges pushed or pulled by diesel powered tugs or towboats. Each boat typically moves

- 10 to 16 barges with the engine operating close to full load (for example, the DDC
model 149 engine would operate at 1,4_,0 hp at 1,800 rpm on th_ marine curve - see
Figure 7). Figure 8 shows a typical inland waterway towboat in operation. Marine
engines operate continuously 5,000-6,000 hours per year and are rated more
conservatively than off-highway engines. They are potentially an excellent application
for coal fuel because of steady load operation and high load factor.

4.2 Schematic Design of Coal Engine System - Towboat

Figure 9 shows how the coal slurry fuel tank and emission control system might be
configured on a towboat. The engine package envelope itself would be essentially

• identical for diesel oil and coal fuel compared to the mine-haul u'uck application, there
is a little more space typically available on towboats compared to mine-haul trucks,
although there are obvious limitations on slurry tank size.

4.3 Exlstlng Towboat Englnes- Population and Sales

Based on data provided by Waterways Journal, Arthur D. Little compiled an engine
database of 3,700 work boats active on inland waterways in the U.S. The database
shows vessel serial number, engine manufacturer and model, vessel horsepower, and

year built. The results can be summarized as follows (see Table 4). The retrofit
potential is noted in the last column, largely based on engine size. lt is clear that of the
4.5 million horsepower presently installed, 50-75% of towboat engines have the
potential to be replaced by DDC 149 coal engines, when developed.

Sales of new vessels in the U.S. have not been brisk in the last several years; a total of
29 new inland waterway boats were built in the 1986-1990 period (this is less than 1%
of the vessel population). Marine engine sales are much more active, with 50-100
DDC-149 engines sold pcr year.
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Figure 7. Engine Performance Curve, DDC Model 16V-149T1
Marine-Continuous
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Table 4: Inland Waterway Towboat Engine Database Results

Engine Model Typical Veml Number of Total Retrofit Potantlal for
• hp Vemls Horsepower DDC 149 Coal Engine

DDC Model 92 600 or 1,200 151 162,000 Possiblewith 8V-149

" DDC Model 149 1,350 or 1,800 190 287.000 Excellent

EMD Model 567 3,000 (avg) 160 418.000 Good

MiscellGM 2.000 (avg) 42 79,000 Good

DDC Model V-71 500-I .000 1340 851.000 Poor

6-110 Approx400 75 27.000 Poor

EMD Model 645

12 ¢yl. 2,800 or 4,300 124 444,000 Excellent

16 cyl. 3,400 to 9,000 244 1,210,00 Excellent

20 cyl. 7,000 to 10,500 32 253,000 Poor

8 cyl. 1,800 or 3,000 28 70,000 Good

Other manufac.

Cummins, varies:500-4,000 _ 1,646,000 Good tor certain engines
Caterpiller, Alco

Totals 3,690 4,454,000

Source: Inland River Record, 1991

4.4 Duty Cycle and OverallFuelUsage

The actual engine operating data was obtained from a 1988study of a towboat equipped
with two 12V-149NA engines (675 hp each). These engines were naturally aspirated
and this is not unusual for towboats. "lhc data revealed that for the period thatthe
engines were on, the towboat operated 67% of the time with both engines at about 90%
load (1800 _+20 rpm, 620 hp, 35-40 gallons per houreach). Figure 10 shows a typical
distribution of operating time for the port and starboard engines; some 20% of each
engine' s operating time was spent at idle or below 1000 rpm, where the fuel
consumption is about 5 gallons per hour. The average engine fuel consumption during
this test was approximately 29 gallons per hour (.35 lb/hp-hr or .051 gallon/hp-ht). This
is equivalent to an engine efficiency of approximately 36.5% (HHV).

Data provided by two leading towboat fleet operators were very consistent in total fuel
usage per year per horsepower:

Operator A: 86 active boats 374,000 hp 61 _+1 million gallons
Operator B: 100 active boats 367,000 hp 60 million gallons
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These two operatorsalone account for 16% of the total engine hp in service in the U.S.
From this limited datawe can arrive at an average figure of 163 gallons per hp-year.

• The average 3,700-4,300 hp per vessel for these two operators would indicate that the
engines were EMD model 645s. The large fuel usage by towboat fleet operatorswould
facilitate the market penetration of the coal fuel engine once cost savings can be

• demonstrate&

Combining the duty cycle data with the operator fuel use data, we can estimate that
active towboat engines operate an average of 3,200 _+300 hours per year. This is about
a 40% overall load factor on an annual basis. The average specific fuel consumption
over the duty cycle was assumed to be .05 gallon/hp-hrin agreement with the operating
data.

This agrees with DOE/EIA statistics. The total U.S. fuel usage for this engine
applicationcan be estimated at 765 million gallons per year (1.1 x 10t4Btu or0.11
quad). This is about three times the fuel usage by the mine haul sector. DOE/EIA

" statistics (Petroleum Marketing Annual, 1988) show distillate fuel oil vessel bunkering
averaged "/65 million gallons for 1987 and 1988, distributed as follows:

• Kentucky 85 million
• Missouri 44 million
• Tennessee 91 million
• Louisiana 460 million
• Mississippi 85 million

This excludes Florida, Alabama, and Texas, which together account for an additional
500 million gallons per year, much of which is used for coastal and Gulf of Mexico

• activities.

4.5 Towboat Operating Routes and Coal Slurry Logistics

The majorityof inland waterway activity is along the Mississippi River and its
tributaries, as noted by the fuel usage statistics cited above. Towboats typically carry
20,000 gallons of fuel oil which can allow them to operate up to 700 hours (four weeks)
without refueling.

Source coals which are readily cleanable are available from mines which are in close
proximity to the Mississippi River waterway system (e.g., Kentucky, West Virginia,
Virginia, Ohio, Missouri, Pennsylvania, Illinois). The slurry plant serving a towboat
fleet is most logically placed at an existing bunkering terminal, with coal transported at
low cost by barge to the slurry plant. This system of coal fuel logistics lends to a
relatively low cost engine-grade slurry. For example, if Pittsburgh is selected as a slurry

- plant site and a 1-2% ash specification is assumed, the coal fuel price would be
$3.00/MMBtu, according to the AMAX/ADL coal cleaning model.
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4.6 BasellneOperatlngCosts/EnglneParts Replacement

The engine maintenance costs (excluding fuel) are essentially equivalent to the mine
haul application (approximately $10 per hp per year). For details on engine pans
replacement see Section 3.6 above.

The towboat fleet operator would benefit from the future coal-fuel price advantage
because fuel is a large percentage of total operating cost, compared to 18% of operating
cost for mine-haul trucks. Also, the larger fleet operators are faced with annual fuel
bills of about 60 million gallons, compared to the 2-5 million gallon annual fuel bill of a
large surface mine.
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5.0 Emission Control System for Mine-Haul Truck and Towboat Engines

Emissions control options were considered and preliminary design sketches prepared as
a basis for the economic analysis. The design criteria assumed were as follows (see
Table 5):

' Table 5: Emission Control System Dulgn Ammmptions

pedo'rmanoe ...............
I [] III I r i I i il

SO_ 50-70°/,,reduction(dependingon fuel
sulfur)

NO_ 20-40% reduction (in-cylinder
reduction)

Particulatematter 95-99.5% reduction (to meet proposed
Californiaoff-roadstarldards)

Cost < $20/hp-yr

Size of EmissionControl Module < 8' x 10' x 10'

Weight < 2 torts

Load range Idle- 100%

Load transients TBD

Vibration loads TBD

Change inorientation +9' from horizontal(for mine-haul
truck)

i i iwl lH ,i i.u

For each of the two high-speed engine applications, adequate emission control can most
likely be achieved through: in-cylinder NO_ control; coal cleaning and post-combustion

"\ SO2 removal; and a two-component particle removal scheme, such as a cyclone
followed by a fabric filter. Since the flyash from coal-fueled diesels operating on highly
beneficiated coals contain a large percentage of carbon (e.g., 50-70%), the feasibility of
periodic incineration of captured paniculate matter must be considered.

Table6 shows theitemizedequipmentlistforthehypotheticalcoalengineemission
systemwhichmeetsthesespecifications.Two configurationsarcillustratedfor
comparison;thedifferencesarenotgreat.Estimatedcostsarcgivenfora 2,000hp
engine(mine-haultruck)andapairof1,000hpenginesfeedinga similarsystem
(towboat).The emissionsystemisestimatedtocost$93,500to$lI1,600without
installation,dependingon theapplication.
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Table 6: Estimated Equipment Cost

DDC/2000 HP CFD Engine Fuel Handling and Emission Control System
(Particulate and SO, Removal)

Mine-Haul Truck

Towboat (1,000 Hp x 2)m (2,000 hp)cn

Horizontal Horizontal .

In Jan 1991 Do.mrs) Fabric Cartridge Cross-Flow Cartridge Cross-Flow Filters
Filters Filters Filters Filters 'l

Emission Control System
Dust Collector 34,400(1) 27,400 `) 51,200 (filters)(m 27,40_ a) 51,200 (filters)(=

29,6oo(h_ng, etc.) 29,60O(h_ng,etc.) _

Dry Sorbent injection 33,000 33,000 33,000
System(")

Heat_Exchanger (760F/350F) 15,000 15,000 None 36,000 None

CompressedAir System for 5,000 5,000 5,000 5,000 5,000
Pulse Air Cleaning

Subtota: 87,400 80,400 85,800 101,400 85,800

Duct Work, Piping(water/air) 6,100 6,100 4,500 3,000 2,300
and Insulation

Controland Instrumentalion (included) 7,200 3,800 7,200 3,800

EmissionTotal 93,500 93,700 94,100 111,600 91,900

Coal Water Slum/Fuel System

Fuel Storage Tank 6,000 6,000 6,000 4,000 4,000
.Mod___c_onc'j

Fuel CirculationPump 5,000 5,000 5,000 3,000 3,000

Fuel Transfer Pump 2,000 2,000 2,000

Subtotal 13,000 13,000 13,000 7,000 7,000

Piping and Inslrumenm____n 1,500 1,500 1,500 1,000 1,000

ConSoland Inslrumenta__on 1,300 1,300 1,300 700 700

Fuel Total1 15,800 15,800 15,800 8300 8300

Total Capital Cost 109,300 109,500 109,900 120,300 100,600

InstallalJonCost 16,400 16,400 16,500 18,000 15,000

Total Installed oost 125,700 125,900 126,400 138,300 115,600

EartiestCommercial Availability 1993..1994 1993-94 1993 (parlic. only) 1993-94 1993 (parlic. only)
1998 (par_. & SO,) 1998 (partk:.& SC
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Table 8: Estimated Equipment Cost (Continued)

DDC/2000 HP CFD Engine Fuel Handling and Emission Control System
(Particulate and SO, Removal)

Notes

1. Items included: housing,hopper,bages, suportframe
, rotaryair lock,contdand insulation

pulse aircleaningsystem

Specs: 350"F, 8250 ACFM
Air/cloth- 6.0 fpm
92 bages, 6" die, 10' long, wovenfiberglass
Total clotharea - 1,375 ft=
Overall size (hopper excluded)- 6'x10'x14'

2. Items included: 64 ceramicfilterswith0.3cre CuO layerfor SO, removal,unit elementcost @ $800

Specs: 700"F, 11820 ACFM
64 elements,approach velocity- 15fpm
12 ft=per element,total area, 778 ft=
Regenerationcycle - 4 days (32 hours)

• 3. Items included: ceramic filtermodule(16 elements)
housing (4 modules)
hopper, insulation
backflushcleaningsystem

Specs: Overall size ,, 5'xS'x5' (hopper excluded)

4. Items included: 24 cartridgefilters
horizontalhousing
hopper insulation
pulse jet cleaning system

Specs: 350"F, 8250 ACFM
air/cloth- 10 fpm, 24 cartridgefilters
fiberglasscloth, 36 ft=per cartridge
overallsize - 5-1/2'x4'xT' (hopper excluded)

5. Sorbent - SodiumBicarbonate
Sorbentconsumption- 58 Ib/hr
Sulfurcontentinfuel (CWS) - 0.5%
SO=loading - 22 Ib/hr

6. Truck fuel tank: Existingleft300 gel tank fordiesel fuel (20% of total fuel storage capacity)

Enlarged righttank 2,000 gal for CWS (8 hourengine full load operation)

Towboat: Existingfuel tank, 22,000 gel total capacity.

Modifythe tank intotwo compartments:

(1) 4,400 ga] (20=/oof totalcapacity) for dieselfuel

(2) 17,600 gal (80% of totalcapacity) for CWS (70 hoursof enginefull load operation)

7. Enginespecs:
Power output- 2,000 hp
Full load speed - 1,g00 rpm
Cylinders- 16 (8 cylindersfor 1,000 hp diesel)
Compressionratio - 15
Type = 2-stroke
Aspiration: turbocharged

" Fuel = CWS, 7,700 Btu/Ib
Fuel consumption -- 250 gal/hr (37.3 Iblmin)
Exhausttemperature - 700"F (afterturbocharger)
Exhaustflow - 5,400 SCFM
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6.0 EngineSpreadsheetModelfor LifecycleCosts

A Lotus 1-2-3 spreadsheet model was developed to analyze the total lifccycle cost of
using the DDC 149 Coal Engine under various assumptions. The spreadsheet model
includes ali aspects affecting the cost of owning and operating an engine, including:

(a) source coal costs including transportation
(b) capital and operating costs of slurryplant by coal type and city of interest
(c) engine capital costs including instaUation
(d) maintenance costs including parts replacement intervals
(e) emission control costs (capital and operating)

Both coal-fu"ed and oil-fired engines arc analyzed in the cost calculation tables. The
model takes the user specified input parameters and constants and estimates (1) the
engine and emissions capital costs, (2) the engine and emissions operating costs, and
(3) the maintenance costs in donars pcr year (S/year) for the oil and coal engines. These
costs arc totalled and the difference between these values determines the cost savings
realized by using the coal engine for a given application and a given scenario.

The alternate scenarios arc based on varying the parameters of interest related to the
coal engine, such as

• load factor (full load hours pcr year)
• fuel oil price
• financing terms
• engineefficiency

In eachof themodelruns,the BaseCasefortheoil-firedenginerepresented$.60/galoil
costs,whichrepresentstypicalcostsof dieselfuel in 1991. Scenario1 for theoil-fired
enginerepresented$1.10/galoil costs,whichmightbeanticipatedin thenext5 to 15
yearswhenoil pricesrise,andwhenthecoalenginebecomesavailable.Theoil-f'mcd
engine efficiency over the duty cycle was arbitrarily set at 34%. By way of explanation,
the DDC Series 149 engine over a duty cycle for the mine-haul truck or towboat may
range from 32% to 37% (HHV), depending on the amount of part load and idle
operation. (Note: engine manufacturers conventionally quote efficiency based on lower
heating value in terms of LHV). The DDC-149 engine has a peak efficiency of 40%
(LHV), and the operating efficiency over the duty cycle would range from 34 to 39%
(LHV). Separate runs of the model were made for each assumed load factor. For
example, in the case of the parameter nozzle life, a single run of the spreadsheet at an
assumed load factor calculates the cost saving results assuming either a low (short)
nozzle life or a high nozzle life of the coal engine, both compared against a low and
high oil price.
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6.1 Input Definition

The spreadsheet model uses several user-defined input parameters. Table 7 is a list of
• the input parameters, the data type of each parameter and an example of the data. The

database included in the spreadsheet contains data which is specific to certain coal types
and slurry plant types. Brief description of the input parameters is presented in Table 7.

Table 7: User Input Parameters

Parameter Data Type (Example)

Coal Type Number I - 12 (6)

SlurryPlant Type Name (AMAX)

Load Factor on all Engines(equivalentfull Percent (25%)
load)

Engine Fleet Site (Fuel Depot) Name (Pittsburgh)

EmissionsControlConfigurationCode LetterDesignator (D)i

Engine Configuration Name (I.8MW DDC)

Ash Level (I-0.5%,2-I°/*+) I or 2 (2)

Coal Diesel Efficiency(HHV) Percent (34% was assumed)"

Financing Interest Rate Percent(12%)

FinancingTerms (years) Number (20)

Fuel Oil Cost $/MMBTU (HHV) Number ($7.72)

Diesel Oil Engine Efficiency(HHV) Percent (34% was assumed)"

Transportation Rates S/ton Number ($10.75)

Coal R_eco_very,% by weight Percent (86%)

"DDC Series 149 average engine efficiency overthe duty cycle may range from 32°/, to as highas 37%
(HHV), depending on the amount of part load and idleoperation.

° Coal Type

A coal properties database containing information about different coals that could be
used in an analysis, such as the BTU/LB (HHV) and cost per ton, is included in the
spreadsheet model. A value between 1 and 12 is used to determine which coal is to be
used in the analysis. The coal properties database can be modified and/or updated as
necessary by the user.

° Slurry Plant Type

The type of slurry plant assumed in the analysis is input here for documentation
(physical or chemical cleaning, number of tons per day processed). The data used for
slurry plant costs depends on the type of plant defined here. A separate spreadsheet
developed by AMAX and Arthur D. Little was used to generate this data (see Section
6.5).
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• Engine Load Factor

The Engine Load Factor is the equivalent fraction of available time, expressed in
percent, that the engine was assumed to be running at full load. To simplify the
analysis, it was assumed that ali operationwas at full rated load. It is used in
conjunction with available time to determine the number of full-load equivalent hours
per year the engine is run. This allows the model to determine the power generated (in
MWH) over the engine's life. The number of full-load equivalent hours is also used to
determine the parts replacement cycles used to determine the maintenance costs over the
life of the engine.

• Engine Fleet Site

The Engine Fleet Site parameter is the city where the coal engine is assumed to be
refueled. The slurry plant is assumed to be located in the same city as the engine fleet
site. The name of the city, along with the type of coal, is used by the model to look up
the cost of coal and the slurry plant coal cleaning and capital costs, using the database of
coal cleaning and capital costs found in the spreadsheet model.

• Emissions Control Configuration Code

The spreadsheet model contains an Emissions Control Subsystem Cost so.orion which
allows the user to specify the capital and operating costs of various emissions control
systems. These costs are defined by the user for the different systems that are to be used
in the analysis. A single letter code is used by the user to distinguish which system is to
be used in the analysis. Using this code and the Engine Configuration name (see the
next parameter), the model will extract the appropriate costs and use them to determine
the total cost of the coal engine system.

• Engine Configuration Code

The Emissions Control Subsystem Cost section of the spreadsheet mode! is set up to
allow the extraction of capital and operating costs of the proposed emissions system
based on the type of emissions system and the engine configuration. The user can
define the codes used in this section of the spreadsheet to identify the different engine
configurations.

• Ash Level

The slurry plant capital and operating cost section of the spreadsheet model contains
entries for minimum ash (0.5%) and moderate ash (1% and up). The minimum ash case
corresponds to chemical cleaning, whereas the moderate ash case corresponds to
physical cleaning for most source coals. Entering a "1" selects coal cleaning costs
associated with minimum ash from this table and entering a "2" selects clean cleaning
costs associated with moderate ash (physical cleaning is less costly).
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• Coal Diesel Engine Efficiency

The coal diesel engine efficiency (HHV basis) is entered as a percent and is used to
• determine the amount of fuel that would be used by the engine to produce specified

power output. The amount of fuel used by the engine is used to determine the operating
cost of fuel per year for the coal engine. DOC Model 149 average engine efficiency

' over the duty cycle may range from 30% to as high as 38% (HHV), depending on the
amount of part load and idle operation. A nominal value of 34% (HHV) was assumed
for most runs. This is equivalent to 36% (LHV), which is stated in terms that engine
manufacturers conventionally use.

• Financing Interest Rate

The financing interest rate is the rate used to determine the annual cost of repaying the
capital to purchase the engine, lt is used in the calculations for the oil-fired and the coal
engines.

• Financing Term

The financing term is the number of years that the owner is assumed to take to pay for
the engine. In the spreadsheet model, the assumption is made that the life of the engine
and the financing term are equivalent. This is done to simplify the cost analysis by
making the calculations tax neutral (20 years was assumed).

• Fuel Oil Cost

The assumed fuel oil cost is input in $/MMBTU. The cost is used to determine the cost
of fuel for running the oil-f'u'edengine. In addition, several runs were made with the
coal-f'urxl engines using a small amount of diesel fuel for pilot and/or during idle. In
those runs, this cost was used to determine the combined fuel cost on a weighted basis.

• Diesel Engine Efficiency

The efficiency of the diesel engine (HI-IV basis) is input as a F_rcent and is used to
calculate the amount of fuel required to run the oil-fired engine, and hence the operating

cost pcr year associated with fuel. DDC Model 149 average engine efficiency over the
duty cycle may range from 30% to as high as 38% (HHV), depending on the amount of
part load and idle operation._

• Transportation Rates

The mine to slurry plant transportation rates, in S/ton, are input to determine the cost of
transporting the coal from the mine to the slurry plant.
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• Coal Recovery

Each process for cleaning and turning the coal into a slurry has an assumed recovery
rate which is used by the model to determine how much actual coal must be delivered
from the mine to provide the desired amount of coal slurry to the engine fleet. This
value was determined from the AMAX/ADL Coal Slurry Fuel Plant model (see Section
6.5).

6.2 Coal Slurry Cost Summary

The Coal Slurry Cost Summary section of the spreadsheet model presents the itemized
costs of the coal, slurry plant operations and slurry plant capital costs. Table 8 is an
example of this table. These costs are presented in dollars per million BTU higher
heating value ($/MMBTU). The individual costs are totaled and reported in the Annual
Coal-Fired Engine Capital and Operating Costs table which collects ali the operating
and capital costs and presents them in units of $/year.

Table 8: SLURRY COST SUMMARY

UNIT OF BASE
DESCRIPTION MEASURE CASE

DELIVERED COAL PRICE $/MMBTU, HHV $1.79

TOTAL OPNS COST (EXCL COAL) $/MMBTU, HHV $1.21

CAPITAL RECOVERY $/MMBTU, HHV $0.46

TOTAL SLURRY COST $/MMBTU, HHV $3.47
|

The delivered coal price is made up of the cost of the coal at the minemouth and the
transportation cost to the slurry plant. The operations and capital costs of the slurry
plant (excluding the coal costs) arc determined from the data entered in the S1t_3' Plant
Operating and Capital Cost table. For the analyses performed in this work, the data is
taken from specific runs made using the AMAX/ADL Coal-water Slurry Fuel Plant
Model (see Section 2.1).

6.3 Coal Engine Capital Cost

The Coal Engine Capital Cost section of the spreadsheet model uses financial statistics,
operating statistics, and the capital cost of the components of the engine including the
emissions equipment costs and determines an annual capital charge in dollars per year
(S/year). The annual capital charge is convened to a cost per output (S/kWh) and then
apportioned as engine costs and emissions costs in S/kWh. Table 9 displays the coal
engine capital cost information.

The model uses the input finance rate and finance term along with the component costs
to determine the annual capital charge. The power rating of the engine, life of the

4
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engine, availability and load factorali contribute to calculating the power generatedover
the life of the engine, rounded to the nearest 1,000 MWH. The power generatedis used

• to convert from S/yearto S/kWh.

6.4 Coal Engine Maintenance Costs

• The Coal Engine Maintenance Cost secdon in the spreadsheetmodel uses the
maintenance intervals of majorcomponents of the engine in hours/cycle and cost per
maintenance service for each of the engine components, and the life of the engine to
determine the numberof maintenance cycles (partsreplacement) for each component
and the life cost. The total maintenance cost in dollars per engine life is convertedinto a
cost in dollars per kWh. Table l0 displays an example of the coal engine maintenance
cost section.
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Table 9: Coal-Fueled Engine Capital Cost per 1.5 MW Engine

DESCRIPTION UNITS BASE CASE

FINANCIAL STATISTICS
COST OF CAPITAL % 12.00%

RECOVERW TERM years 20 •

OPERATING STATISTICS

POWER RATING MEGAWATTS 1.5

ANALYSIS PERIOD years 20
AVAILABILITY % 90.00%

LOAD FACTOR % 40.00%

FULL LOAD EQUIV. HOURS HRS PER year 3154
POWER GENERATED MWH 95,000

CAPITAL COST COMPONENTS
LUBE SYSTEM $8,000

PISTONS & PISTON RINGS $21,300
CYLINDER LINERS $8,800

CYLINDER HEAD $28,800
VALVES $9,600

FUEL PUMP & INJECTOR $16,400

INSTRUMENTS/CONTROLS $15o000
TURBOCHARGER $15,300

CAM SHAFT & BEARINGS $7,600

MISCELLANY $34,650
SUBTOTAL CRITICAL PARTS $165,450

NON-CRITICAL PARTS $123,000

PRODUCTION ENGINE COST $288,450

INSTALLATION COSTS $144,225

INSTALLED ENGINE COST $432,675
EMISSIONS EQUIPMENT $130,000

TOTAL CAPITAL OUTLAY $562,675

ANNUAL CAPITAL CHARGE S/year $75,330

CAPITAL CHARGE/OUTPUT

PRINCIPAL COMPONENT S/kWh $0.0059

COST OF CAPITAL S/kWh $0.0099
TOTAL CHARGE/OUTPUT S/kWh $0.0159

TOTAL CAPITAL COST/OUTPUT

ENGINE S/kWh $0.0122

EMISS IONS S/kWh $0.0037

i
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Table 10: Coal Engine Maintenance Cost

DESCRIPTION UNIT,S BASE CASE

MAINTENANCE INTERVALS
OIL/FUEL/AIR FILTER HRSK:;YCLE 250
INJECTOR REPLACEMENT HRSICYCLE 500

' TOP END OVERHAUL HRS/CYCLE 8,000
MAJOR OVERHAUL HRS/CYCLE 20,000
BLOCK OVERHAUL HRS/CYCLE ......_ 40,000

COST PER SERVICING
OIL/FUEL/AIR FILTER $ $300
INJECTOR REPLACEMENT $ $4,000
TOP END OVERHAUL $ $20,000
MAJOR OVERHAUL $ $40,000
BLOCK OVERHAUL $ $80,000

SERVICING THRU 1st REBUILD
OIL/FUEL/AIR FILTER # OF CYCLES 160
INJECTOR REPLACEMENT # OF CYCLES 80
TOP END OVERHAUL # OF CYCLES 5
MAJOR OVERHAUL # OF CYCLES 2
BLOCK OVERHAUL # OF CYCLES 1

COST THRU 1st REBUILD
OIL/FUEL/AIR FILTER $ $48,000
INJECTOR REPLACEMENT $ $320,000
TOP END OVERHAUL $ $100,000
MAJOR OVERHAUL $ $80,000
BLOCK OVERHAUL $ $80,000

TOTAL THRU #1 BOTTOM END $ .. $628,000,1,= ii=

ALLOCATED MAINTENANCE %
OIL/FUEL/AIR FILTER % 7.64%
INJECTOR REPLACEMENT % 50.96%
TOP END OVERHAUL % '_5.92%
MAJOR OVERHAUL % 12.74%
BLOCK OVERHAUL % 12.74%

LIFE SERVICE CYCLES
OIL/FUEL/AIR FILTER # OF CYCLES 252
INJECTOR REPLACEMENT # OF CYCLES 126
TOP END OVERHAUL # OF CYCLES 7
MAJOR OVERHAUL # OF CYCLES 3
BLOCK OVERHAUL # OF CYCLES 1

20 year COST
OIL/FUEL/AIR FILTER S/LIFE $75,600
INJECTOR REPLACEMENT S/LIFE $504,000
TOP END OVERHAUL S/LIFE $140,000
MAJOR OVERHAUL S/LIFE $120,000

• BLOCK OVERHAUL S/LIFE $80,000

TOTAL MAINTENANCE COST S/LIFE $919,600$/kWt" $0.0097
• _ II=l
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The model determines the number of cycles for the maintenance of each component by
dividing the number of hours between maintenance cycles into the number of operating
hours determined from the life of the engine, the availability and load factor. Obviously
the model assumes that the final maintenance cycle for a component is not made when
the engine reaches the end of its useful life.

6.5 Coal Engine Fuel Cost

The spreadsheet model calculates the coal engine fuel cost by summing the slurry plant
capital cost, the slurry plant operations cost excluding the coal, the delivered coal cost
and the transportation cost for the slurry. The slurry plant capital cost and operations
cost are extracted from the slurry plant database built into the spreadsheet model. The
coal price is determined from the calculated amount of coal to be used by the engine,
including the coal lost due to cleaning, and the transportation cost for transporting the
coal from the mine to the slurry plant. Table 11 displays an example of the coal engine
fuel cost section of the spreadsheet model. This is an alternative way to display the
same information as Table 8, but incorporates engine efficiency.

Table 11: Coal Engine Fuel Cost
li i

COAL-FIRED ENGINE FUEL COST

DEscRIPTION UNITS BASE CASE
,H

SLURRY OPNS INCL COAL COST

CAPITAL RECOVERY S/kWh $0.0047

OPNS COST (EXCL COAL) S/kWh $0.0121

DELIVERED COAL PRICE S/kWh $0.0180

TOTAL CAPITAL & OPNS S/kWh $0.0348

SLURRY TRANSPORTATION COST S/kWh $0.0027

TOTAL FUEL COMPONENT S/kWh $0.0374

6.6 Total Coal Fired Engine Capital and Operating Costs

The coal engine capital and operating costs on a dollars per year basis arc summarized
in the Annual Coal Engine Capital and Operating Costs section of the spreadsheet
model. A similar section of the spreadsheet model is generated on a dollars pcr kwh
basis as weil. These sections contain the operating and capital costs of the engine
excluding emissions costs, and the operating and capital costs of the emissions system.
A total cost is calculated and can be compared with the total cost for the oil-fired engine
to determine the cost benefit for using coal-fired engines in place of oil-fired engines for
the specific scenarios setup by the user. Table 12 displays an example of the coal
engine capital and operating costs on a S/kWh basis. Table 13 displays the same
information on a S/year basis.
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Table 12: Coal Engine Capital and Operating Cost (in S/kWh)

DESCRIPTION UNITS BASE CASE

OPERATING (EXCL EMISSIONS)

FUEL S/kWh $0.0374

• MAINTENANCE S/kWh $0.0097

TOTAL OPERATING S/kWh $0.0471

CAPITAL (EXCL EMISSIONS) S/kWh $0.0122

EMISSIONS

OPERATING S/kWh $0.0100

CAPITAL S/kWh $0.0037

TOTAL EMISSIONS S/kWh $0.0137

TOTAL COST S/kWh $0.0730
S/year $346,668

Table 13: Coal Engine Capital and Operating Cost (in S/year)
iii

DESCRIPTION UNITS BASE CASE i.|

OPERATING (EXCL EMISSIONS)

FUEL S/year $177,858

MAINTENANCE S/year $45,980

TOTAL OPERATING S/year $223,838ii

CAPITAL (EXCL EMISSIONS) S/year $57,926

EMISSIONS

OPERATING S/year $47,500

CAPITAL S/year $17,404

TOTAL EMISSIONS S/year $64,904

TOTAL COST S/year $346,668

In the analysis section of this report, comparisons of the total cost per year between
coal-fh'ed and oil-f'tred engines arc made to determine the cost savings that can be
realized based on parametric analyses of nozzle life, coal cleaning costs, financing
interest rates. The parametric analyses are performed for a mine-haul truck fleet
assumed to be located in Salt Lake region and an inland waterway tow boat assumed to
be refueled in the Pittsburgh area.

6.7 Oil-Fired Engine Capital Costs

• The oil-fired engine capital cost section of the spreadsheetmodel usesfinancial
statistics, operating statistics and capital costs of the engine components to determine an

• annual capital charge over the life of the engine. The capital charge is converted to
dollars per kWh and is used in the oil-fired capital and operating co_t table. The power
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generatedby theoil-f'u-edengineoveritslifeiscalculatedinthesame mannerasforthe
coalengineabove.Table14displaysanexampleoftheoil-fireddieselenginecapital
costsectionofthespreadsheetmodel.

Table 14: Oil-Fired Diesel Englno Capital Cost
i e

DESCRIPTION UNITS BASE CASE
i J .i ii i i

FINANCIAL STATISTICS

COST OF CAPITAL % 12.00%

RECOVERY TERM years 20
i iii

OPERATING STATISTICS

POWER RATING MEGAWATrS 1.5

LIFE years 20

AVAILABILITY % 90.00"/,,

LOAD FACTOR % 40.00%

POWER GENERATED MW HOURS 95,000
ii

CAPITAL COST COMPONENTS

STANDARD ENGINE COST $ $220,000

% COST OF CRITICAL PARTS % 44.00"/,,

VALUE OF CRITICAL PARTS $ $96,800

ADJ FOR CRITICAL PARTS % 100.00%

ADJ COST-CRITICAL PARTS $ $96,800

PRODUCTION ENGINE COST $ $220,000

INSTALLATION COSTS $ $110,000

TOTAL CAPITAL OUTLAY $ $330,000

ANNUAL CAPITAL CHARGE Sh/ear $44,180
ii , li

CAPITAL CHARGE/OUTPUT

PRINCIPAL COMPONENT S/kWh $0.0035

COST OF CAPITAL S/kWh $0.0058

TOTAL CHARGE/OUTPUT S/kWh $0.0093

6.8 Oil-Fired Engine Maintenance Costs

The Oil-Fired Engine Maintenance Cost secti:m of the spreadsheet model uses the
maintenance intervals of major components of the engine in hours/cycle and cost per
maintenance service for each of the engine components, and the life of the engine to
determine the number of maintenance cycles for each component and the life cost. The
total maintenance cost in dollars per engine life is convened into a co_ in dollars per
kWh. Table 15 displays an example of the oil-fired engine maintenz,lce cost found in
the spreadsheet model.
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Table 15: Oil-Fired Engine Maintenance Costs

DEscRIPTION UNITS BASE CASE
iii ,i ll|l

MAINTENANCE INTERVALS
OIL/FUEL/AIR FILTER HRS/CYCLE 250
INJECTOR REPLACEMENT HRS/CYCLE 5,000

' TOP END OVERHAUL HRS/CYCLE 11,000
MAJOR OVERHAUL HRS/CYCLE 22,000
BLOCK OVERHAUL HRS/CYCLE 60,000

i iii ii

COST PER SERVICING
OIIJFILTER/AIR FILTER $ $350
INJECTOR REPLACEMENT $ $6,500
TOP END OVERHAUL $ $23,000
MAJOR OVERHAUL $ $45,000
BLOCK OVERHAUL $ $70,000

SERVICE CYCLES THRU 1st REBUILD .......
OIL/FILTER/AIR FILTER # OF CYCLES 240
INJECTOR REPLACEMENT # OF CYCLES 12
TOP END OVERHAUL # OF CYCLES 6
MAJOR OVERHAUL # OF CYCLES 3
BLOCK OVERHAUL # OF CYCLES 1

COST'THRU 1stBOTTOM END REBUILD ....
OIL/FILTER/AIR FILTER $ $84,000
INJECTOR REPLACEMENT $ $78,000
TOP END OVERHAUL $ $138,000
MAJOR OVERHAUL $ $135,000
BLOCK OVERHAUL $ $70,000

TOTAL $ $505,000

ALLO(3ATEDMAINTENANCE % .......

OIIJFILTER/AIR FILTER % 16.63%
INJECTOR REPLACEMENT % 15.45%
TOP END OVERHAUL % 27.33°/,
MAJOR OVERHAUL % 26.73'/,,
BLOCK OVERHAUL % 13.86%

|iii i

LIFE _;ERVICE CYCLES
OIL/FILTER/AIR FILTER # OF CYCLES 252
INJECTOR REPLACEMENT # OF CYCLES 12
TOP END OVERHAUL # OF CYCLES 5
MAJOR OVERHAUL # OF CYCLES 2
BLOCK OVERHAUL # OF CYCLES 1

20 year COST
OIL/FILTER/AIR FILTER S/LIFE $88,200
INJECTOR REPLACEMENT S/LIFE $78,000
TOP END OVERHAUL S/LIFE $115,000
MAJOR OVERHAUL S/LIFE $90,000

" BLOCK OVERHAUL S/LIFE $70,000

TOTAL MAINTENANCE COST S/LIFE $441,200
= S/kWh $0.0046
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The model determines the number of cycles for the maintenance of each component by
dividing the number of hours between maintenance cycles into the number of op_-ating
hoursdeterminedfromthelifeoftheengine,theavailabilityandloadfactor.Obviously
themodelassumesthatthef'malmaintenancecyclefora componentisnotmade when

theenginereachestheend ofitsusefullife.

6.9 Total Oil-Fired Engine Capital and Operating Costs

The oil-f'n'edenginecapitalandoperatingcoastsona dollarspcryearbasisare
summarizedintheAnnualOil-FiredEngineCapitalandOperatingCostssectioninthe

spreadsheetmodel.A similarsectionexistsinthespreadsheetmodelon adollarspcr
kWh basisasweil.Thesesectionscontaintheoperatingandcapitalcostsoftheengine,

thecapitalcostoftheemissionssystemfortheoil-firedengine,and thefuelcosts.A
totalcostiscalculatedandcomparedwiththetotalcostforthecoalengine.Table16
displaysanexampleoftheoil-firedenginecapitalandoperatingcoston aS/kWh basis.
Table17displaysthesame informationon aS/yearbasis.

Table 16: Oil-Fired Engine Capital and Operating Cost (in S/kWh)

DESCRIPTION UNITS BASE CASE

ENGINE CAPITAL S/kWh $0.0093

EMISSIONS CAPITAL S/kWh $0.0010

ENGINE MAINTENANCE S/kWh $0.0046

FUEL S/kWh $0.0421

TOTAL COST S/kWh $0.0571 i

Table 17: Annual Oil-Fired Diesel Engine Capital and Operating Cost (in S/year)
m

DESCRIPTION UNITS BASE CASE

ENGINE CAPITAL S/year $44,180

EMISSIONS CAPITAL S/year $4,686

ENGINE MAINTENANCE S/year $22,060

FUEL S/year $200,109

TOTAL COST S/year $271,035
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7.0 Analysis of Economic Feasibility

The spreadsheet model described in the previous section was used to perform an
analysis of the economic feasibility of operating a coal diesel engine in the two selected
applications. The results arc found in this section. More than 50 runs of the model were

. made, resulting in several plots comparing the cost savings pcr year generated by using
a coal engine in place of an oil-fired engine for different assumed scenarios. In each
plot, fuel oil price was the basic independent parameter used on the horizontal axis.

In Sections 1 through 5 above, various candidate applications for the DDC coal engine
were evaluated. Two potentially successful engine applications were recommended for
more detailed economic evaluation--they arc the mine-haul truck and the inland
waterway tow boat. In order to evaluate these applications, representative locations
were assumed. Salt Lake was assumed to be a representative Western site for the
mine-haul truck fleet (Copper mines and surface coal mines arc in Arizona, New
Mexico, Utah, and Powder River Basin). Pittsburgh was chosen as a typical inland

• waterway tow boat refueling location -- it is one of many cities on the inland waterway.
The proximity of these application sites to coal sources was taken into account. The
AMAX slurry plant model was run to determine slurry plant and transportation costs.
Colowyo coal was used for the Salt Lake site for mine-haul trucks, due to its proximity.
Blue Gem coal from Kentucky was selected in the model to determine the slurry plant
and transportation costs for the Pittsburgh site for refueling tow boats.

Several parameters were modified to determine their affect on the cost savings resulting
from using coal engines instead of oil-fired engines for these applications. The
parameters modified and the questions answered were as follows:

• Nozzle life - how maintenance costs of critical parts affect savings,
• Coal cleaning costs - how slurry fuel costs affect savings,
• Interest rates - how the cost of money affects savings,
• Diesel fuel use - how the use of diesel fuel for idling affects savings.
• Engine efficiency - how a drop in engine efficiency would affect savings.

7.1 Spreadsheet Input for Parametric Runs

Data from several sources were used in the spreadsheet model. The AMAX Coal Slurry
Plant Cost Model was run to determine the coal transportation costs and the slurry plant
capital and operating costs. Table 18 lists the primary data from the AMAX/ADL
model for the Pittsburgh and Salt Lake sites.

Using these input values, the AMAX/ADL Slurry Plant Model calculated the capital
cost of the slurry plant, the cost of the coal, the transportation cost of the coal from the

• mine to the slurry plant and the operating cost of the slurry plant. Table 19 contains the
values extracted from the AMAX/ADL Slvrry Plant Model output and used in the
engine model.

39



Table 18: AMAX/ADL Cost Model Data (Assumed)

Parameter PittsburghSite Salt Lake City Site

Coal BlueGem Colowyo

Coal Recovery 86%, By Weight 92%, By Weight ,

Coal Heating Value (HHV) 15,100 Btu/Ib 13,720 Btu/U)

SlurryTop Size 30 microntop 30 microntop

Slurry % Ash 1.6% 1.6%

Slurry Fuel Heating Value (HHV) 29.7 MMBtu/ton 27.0 MMBtu/ton

ProcessType for Coal Cleaning Heavy Media Separation Oil Agglomeration

Operating Hours/year (slurryplant) 7000 7000

Table 19: AMAX/ADL Slurry Plant Model Coal and Slurry Plant Output Data

COstItem Pittsburgh Salt Lake City II

Purchased Coal (HHV basis) $1.37/MMBtu $1.11/MMBtu

Transportationto Slurry Plant $0.42/MMBtu $0.63/MMBtu

Operating Cost $1.21/MMBtu $1.81/MMBtu

Capital Cost $131,000,000 $152,000,000
i

"II_eoutput data in Table 19 was transferred to the engine model spreadsheet database
and used for each site of the engine application being studied.

Engine capital cost and maintenance data for the oil and coal eng:nes was estimated by
Arthur D. Little, Inc. with inputs from Detroit Diesel. Data which was not readily
obtainable was estimated based on related known and anticipated costs. Installation
costs for the engines and emission system was assumed to be 50% of the capital cost of
the engine and emission system.

Table 20 contains a list of the assumed parameters used in some of the parametric runs
for the mine-haul truck application in Salt Lake City.

Table 21 lists some of the parametric runs performed for the inland waterway tow boat
application in Pittsburgh.
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Table 20: Mine.Haul Truck Parametric Runs - Partial List

No. Engine Load Parameter/Values

• Efficiency (HHV) FactorI I II IIIII IIII

MHT1 15%

MHT2 28%" 25% Reduced Engine Efficiencyand
• Coal Cleaning /$1.21, $0.61/MMBtu

ii i i

MHT3 35%
i iii i i i=

MHT4 15%

MHT5 34%" 25% Coal Cleaning / $1.21, $0.61/MMBtu

MHT6 350
i iii ii i i ii

MHTIO 15%
i

MHT11 34% 25% Nozzle Life / 500, 1,000 Hours
. ,

MHT12 35%
., | in,

MHT16 15%

• MHT17 34% 25% Finance Rate 112%, 16%

MHT18 35%
i

MHT20 34% 25% Diesel Fuel Use / 5%, 10%, 20%
i

"Note: The assumed engine efficiencyis (a) based on higher heatingvalue and (b) representsa dutycycle
ratherthan a peak efficiency. The value 28% is hypothetical,was not intendedto be indicativeof existing
or futureDDC engines, and was used solelyto investigatethe cost impact of a significant drop in engine
efficiency onthe economics.

Table 21: Inland Waterway Tow Boat Parametric Runs - Partial List

Run No. Engine Load Parameter I'

Efficiency" Factor
III ' III

TB4 30%
i i i

TB5 34% 40% Coal Cleaning/$1.21, $0.61/MMBtu "
TS6 50%

i i i i ii

TB10 30%
i i

TB11 34% 40% Nozzle Life1500, 1,000 Hours
i

TB12 50%
. ,,,.. i , i , .,,m. i,,.

TB16 30%

TB17 34% 40% Finance Rate / 12%, 16%
li

TB18 50%
H ,,

TB20 34% 40% Diesel Fuel Use / 5%, 10%, 20%

*Note: The assumed engine efficiency is (a) based on higher heatingvalue anti (b) representsa dutycycle
ratherthan a peak efficiency. The value 28% is hypothetical,was not intended to be indicative of existing

• or future DDC engines, and was used solelyto investigatethe cost impact of a significantdrop in engine
efficiency on the economics.

Each of the parametric runs generated straight lines. Selected runs have been lotted and
are displayed in Figure 11-19.
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7.2 Results for Mine-Haul Truck Application

The mine-haul truck engine model assumes a single 2,000 hp (1.5 MW) engine. This
application produced the lower yearly savings compared with the inland waerway tow
boat application, for each of the parametric runs. As one would expect, the load factor
has a significant effect on the yearly savings. The coal engine efficiency also has a
noticeable effect on yearly savings as shown in Figure 11 versus Figure 12. Assuming a
coal cleaning cost of $1.21/MMBtu and a coal engine efficiency of 28%, the mine-haul
truck application in Salt Lake City does not break even until the diesel fuel cost is
approximately $1.14/gal (see Figure 1 I), whereas for the same coal cleaning cost and
load ,actor and a 34% engine efficiency, the break even point is $1.00 (see Figure 12).
A four percentage point improvement in efficiency yields a significant improvement in
the break even point.

Figure 11: Coal Cleaning Cost Effects for a Mine.Heul Truck with • Coal Engine Efficiency=28%

MINE HAUL TRUCK COAL ENG. COST SAVINGS
COALCLEANINGCOST/LOADFACTOREFFECTS
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COALENGINEEFFICIENCY-28%
COALCLEANINGCOSTS:$61/MMBTU,$121/MMBTU
COALCOSTS- $1.74/MMBTU

Load factor is also important: as the load factor improves from 25% to 35%, the break
even cost of diesel fuel moves from $1.00/gal. to $.95/gal. for a coal engine efficiency
of 34%. The oil engine efficiency for these runs is fixed at 34%. At a coal engine
efficiency of 34%, the mine-haul truck begins to break even at a diesel fuel cost of $1.00
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Figure12: CoalCleaningCostEffectsfor a Mine-HaulTruckwitha Coal EngineEfficiency-.34%
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andacoalcleaningcostof$1.21/MMBtu.Any reductionsincoalcleaningcostswill
increasetheyearlysavings.Table22summarizestheyearlysavingsforamine-haul
truckinSaltLakeCityfortwoenginecfficicncics,28% and34%,andcoalcleaning
costsof$1.21/MMBm and$.61/MMBtuatanassumedfuturedieselfuelcostof
$1.00/gal.Figures11and12displaytheresultsoftheenginemodelrunsforcoal
cleaningeffects.

Table 22: Coal CleaningCostEffectson AnnualSavingsfor Mine-HaulTruck
DieselFuel Cost--.$1.00/gal

28%EngineEfficiency 34%EngineEfficiency
CoalCleaningCost($/MMBtu) CoalCleaningCo_I($/MMBtu)

LoadFactor $1.21 $.61 $1.21 $.61

15% ($25,000) ($10,000) ($10,000) $5,000
t

25% ($25,000) $10,000 $2,000 $30,000

35% ($25,000) $25,000 $15,000 $50,000
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Varying the nozzle life in the engine model gives an indication of the relative effect of
maintenance costs of a high wear component of the coal engine. From Figure 13 it can
be seen that a doubling of the nozzle life has a smaller cost savings affect than reducing
the coal cleaning in half. For a load factor of 25%, the break even diesel fuel cost is
redueod from $.98/gal. to $.95/gal. by doubling the nozzle life. Table 23 summarizes
the yearly savings for the mine-haul truck application in Salt Lake City two nozzle life
values of 500 hours and 1000 hours.

Table 23: Nozzle Life Cost Effects on Annual Savings for Mine-Haul Truck
Diesel Fuel Co8t--$1 00/ga1, Coal Engine Efficiency 34%

Nozzle Life (Hours)
Load Factor 500 1.000

i i i ii

15% ($10,000) ($5,000)

25*/. $2,000 $10,000

35*/. $15,000 $25,000
iii i ii i iii i

Figure 13: Nozzle Life Cost Effects for a Mine-Haul Truck
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Varyingthefinancingram indicatestheeffectofthecostofmoney ontheannualcost
savingsgeneratedby usingacoalengineinpiaceofanoil-firedengineina mine-haul

. truckapplication.Fora loadfactorof25% anda coalengineefficiencyof34%, the
dieselfuelcostbreakevenpointis$.95/gaiforaninterestrateof12%. Table24
summarizestheannualcostsavingsforthemine-haultruckflcctinSaltLakeCitydue

• tointerestramsvaryingfrom12% to16%. Figures14displaytheresultsoftheengine
modelrunsfortheeffectson annualsavingscausedbyvaryingthefnancinginterest
rateoftheengine.

Table 24: Intarast Rata Effects on Annual Savings for Mine-Haul Truck
Diesel Fuel Coet--$1.00/gal, Coal Englna Efficlancy 34%

Interest Rates
Load Factor 12% 16%

ii i

15% $0 ($22,000)

25% $10,000 ($10,000)

35% $21,000 ($2,000)
i i ..............

Figure 14: Interest Rate Effects for 8 Mine.Haul Truck
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7.3 Results for Inland Waterway Tow Boat

The inland waterway tow boat application assumes two 1,000 HP engines. The tow boat
enginemodel resultsshow some impressive annualsavingsin comparisonto the
mine-haul truck application,largely becauseof assumedhigher loadfactors. Pittsburgh
was chosenas the refueling site for the tow boat. At estimatedslurrycosts,the break
even diesel fuel cost is reducedto $.82/gal. for a coal engineefficiencyof 34%. As the
load factor increases from 40% to 50%, the diesel fuel cost break even cost reduces to

$.79/gal. This is quite significant because diesel fuel prices increased to this level in
recent years on an intermittent basis.

Figure 15 display the effect on the diesel fuel cost break even point caused by reducing
the coal cleaning cost. A reduction in the coal cleaning cost from $1.21/MMBtu to
$.61/MMBtu at a load factor of 40% reduces the diesel fuel cost break even point from
$.82/gal to $.74/gal for a coal engine efficiency of 34%. Table 25 summarizes the effect
on annual cost savings for an assumed diesel fuel cost of $1.00/gal.

Table 25: Coal Cleaning Cost Effects on Annual Savings for Inland Tow Boat
Diesel Fuel Cost=$1.00/gal, Coal Engine Efficiency 34%

Coal Cle_zninqC,,_St($/MMBtu_
Load Factor $1.21 $.61

30% $35,000 $55,000

40% $55,000 $80,000

50% $75,000 $120,000

Varyingthenozzlelifeintheenginemodelgivesanindicationoftherelativeeffectof
maintenancecostsofa highwearcomponentofthecoalengine.Figure16displaysthe
annualsavingscausedbyusingacoalengineinplaceofanoil-firedengine.From a
comparisonofFigures15and 16,itcanbcsccnthata doublingofthenozzlelifehasa
smallercostsavingsaffectthanreducingthecoalcleaninginhalf.Forthecurrent
estimatefornozzlelifeof500 hoursandacoalengineefficiencyof34%, thebreakeven

dieselfuelcostrangesfrom$.80/gal.fora loadfactorof50% to$.86/gai.fora load
factorof30%. Table26 summarizestheyearlysavingsfortheinlandtowboat

applicationinPittsburghandtwo nozzlelifevaluesof500 hoursand 1,000hours.
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Figure 15: Coal Cleaning Cost Effects for an Inland Tow Boat
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Table 26: Nozzle Life Cost Effects on Annual Savings for Inland Tow Boat
Diesel Fuel Cost=$1.00/gal, Coal Engine Efficiency 34%

ni i

Nozzle Life(Hours}

Load Factor 500 1,000
i i i ni

30% $35,000 $45,000

40% $60,000 $70,000

50% $80,000 $98,000
, , i, i , i i

Varying the financing rate indicates the effect of the cost of money on the annual cost
savings generated by using a coal engine in piace of an oil-fired engine in an inland tow
boat application. At 12% interest rate, the diesel fuel cost break even point varies from
$.77/gal. for a load factor of 50% to $.81/gal for a 30% load factor• Table 27

• summarizes the effects on the annual cost savings for the inlandtow boat application in
Pittsburgh due to interest rates varying from 12% to 16%. Figure 17 displays the effects
on annual savings caused by varying the financing interest rate of the engine.
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Figure 16: Nozzle Life Cost Effects for a Mine-Haul Truck
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Table 27: Interest Rate Effects on Annual Savings for Inland Tow Boat
Diesel Fuel Cost:$1.00/gal, Coal Engine Efficiency 34%

Interest Rates
Load Factor 12% 16%

30% $48,000 $25,000

40% $65,000 $45,000

50% $95,000 $65.000
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Figure 17: Interest Rate Effects for an Inland Tow Boat
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7.4 Diesel Fuel Use Effects

For mostof theparametricruns,theenginemodelassumedthatthecoalengineuses
coal100% ofthetimeitisoperating.Inreality,thereisidlemode forthecoalengines.
Thecoalenginemay usedieselfuelduringthattime.Theenginemodelspreadsheet
wasmodifiedtocalculatetheeffectofusing5%, I0% and20% dieselfuel.The
spreadsheetrunswcm made assumingthebaselinevaluesforallotherparametersand
wasrunforthemine-haultruckinSaltLakeCityandtheinlandtowboatinPittsburgh.

Table28summarizestheeffectofdieselfueluseontheannualsavingsforcoalengine
efficiencyof34% andaloadfactorof25% forthemine-haultruck.Atanefficiencyof
34%,thecoalenginecostsavingsbreakcvcnpointrangesfrom$1.03/gai.at5% diesel
fueluseto$].00/gal.at20% dieselfueluse.Figure18displaysthisgraphically.

• Table 28: Diesel Fuel Use Effects on Annual Savings for Mine-Haul Truck
Load Factor=25%, Dlesel Fuel Cost=$1.00/gal, Coal Engine Efflclency 34%

. Fraction DF2: 5% 10% 20%

Annual savings: ($12,000) ($5,000) ($2,000)
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Figure 18: Diesel Fuel Use Effects for a Mine-Haul Truck
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Table 29 summarizes the effect of diesel fuel use on the annual savings for coal engine
efficiency of 34% and a load factor of 40% for the inland tow boat. At an efficiency of
34%, the coal engine cost savings break even point ranges from $.84/gal. at 5% diesel
fuel use to $.89/gal. at 20% diesel fuel use. Figure 19 displays this graphically.

Table 29: Diesel Fuel Use Effects on Annual Savings for Inland Tow Boat
Load Factor=40%, Diesel Fuel Cost=$1.00/gal, Coal Engine Efficiency 34%

Fraction Diesel Fuel Use: 5% 10% 20%

Annual savings: $28,000 $42,000 $50,000
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Figure 19: Diesel Fuel Use Effects for en Inland Tow Boat with a Coal Engine Efficiency=34%
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7.5 Conclusions

From an economic feasibility standpoint, the use of a coal engine in piace of an oil-fired
engine appears feasible in the mine-haul truck and tow boat applications and shows
significant possibilities ;or annual savings (up to $100,000 per year for boat or truck).
As technology progresses in lowering the costs in the coal cleaning area and improving
the engine component wear, it has been shown that the savings over oil-fired engine can
be dramatic. It is also important to note that it is anticipated that oil prices will rise
faster than coal prices further enhancing the annual savings.

It has been shown that the inland tow boat application has greater savings potential than
the mine-haul truck. This is because the load factor on tow boat engines is higher than
the mine-haul truck and partly because the Blue Gem coal and slurry plant costs near
Pittsburgh is less expensive than those near Salt Lake City. The nationwide potential

" for displacing fuel oil with coal is also greater for the towboat application.
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