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S t a t e  of  Kansas 
Joan Finney, Governor 4 r 

3. J 

(913) 296-1580 

Department of Health and Environment 

Reply to: 

. h i e  Young, Ph.D., Secretary 

May 11, 1992 

Michael Chan 
Acurex Environmental 
555 Clyde Avenue 
Mt. View, California 94043 

Dear Mr. Chan: 

In response to your telephone conversation with L. C. Hinther, 
enclosed is a brief summary and results of the Chanute Power Plant 
emissions test. If this information does not suffice, contact me 
with any additional data/information you may need. 

Michael J. Parhomek 
Environmental Technician 
Bureau of Air and Waste Management 

tam: Chan 
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Introduction 

This report presents the results of the gaseous emission compliance testing 

performed for the city of Chanute, Kansas at their Power Plant No. 3 facility ! 

located in Chanute. Kansas. 

I The purpose of the testing was to determine the NOx emission rates from one 

of the three Fairbanks-Morse Colt Piekstick - duel 
the two Fairbanks-Morse Colt Piestick - diesel fueled engines at Chanute's 
Power Plant No. 3. 

fueled engines and one of I - 

The testing was performed by Burns and McDonnell Engineering Company whose 

main office is located at 4800 East 63rd Street, Kansas City, Missouri 64141. 

On September 4. 1991 the NO, emission testing was performed on Engine No. 12, 

operating at 50%. 75% and 100% loads, conducting three tests for each load. 

.On September 5 ,  1991 the NO, emission testing was performed on Engine No. 11, 

operating at 60%. 75% and 100% loads, conducting three tests for each load. 

The testing was performed in accordance with EPA Reference Methods 3A, 7E, 10 

and 20 as published in the July 1, 1990 Code of Federal Regulations, Title 

40, Parts 53 to 60 and Subpart FF "Standards of Performance for Stationary 

Internal Combustion Engines" 

The testing equipment, sampling and analytical procedures are described in 

section IV of this report. The raw field data, equipment calibrations, lab 

analysis reports and equations used in determining the final results are 

presented in the Appendix. 



The emission testing was coordinated by Mr. Fred Diehl - City Engineer and 
Mr. Jim Hutchison - Chief Operator. Burns and McDonnell's test crew 

consisted of: Russell Fowler (crew chief) and Luke Corkill (technician). 

Mr. LYM Ranabargar from the State of Kansas Department of Health and 

Environment witnessed the compliance testing. 



Summary of Test Results 

The testing program for Chanute‘s Power Plant No. 3 consisted of performing three 

30 minute test runs at each load point on Unit No. 11 and on Unit No. 12. On 

Unit No. 11, the established load points tested were: 4173 KW (60% load). 5216 

KW (75% load) and 6955 KW (1OoX load). On Unit No. 12 the established load 

points tested were: 2763 KW (50% load), 4144 KW (75% load) and 5525 KW (100% 

load). 

During the first part of the full load test on Unit No. 11, the cooling system 

for the turbo exhaust was not in operation, resulting in a steady increase in NOx 

concentrations. After the cooling system was put into operation, a reduction of 

NOx concentrations was recorded. Even though the NO, emissions were slightly 

higher compared .to normal operation, the unit was still in compliance. 

Therefore, retesting at this load point was not necessary. 
- 

. .  ” .  - . .  
While testing Unit No.,12. .during Run 1 and Run 2. the CO monitor was not sending 

data to the computer data logger. There was a problem with an electrical 

connection and was resolved. Although, there are no charts plotted for CO during 

the test for Run 1 and Run 2, the data was recovered from the strip chart. 

. .  . .  

The following are tables summarizing the results of the gaseous emission tests 

performed on Chanute‘s Power Plant No. 3. 



Emissions Test Results for Unit No. 11 - 
4173 KW 1 300 
4173 KW 2 307 

312 4173 KW 3 
AVERAGE 306 

- 
332 12.4 698 
340 12.4 664 
- 345 - 12.3 - 653 
339 12.4 672 

5216 KW 1 312 339 12.3 513 
5216 KW 2 311 337 12.3 582 

AVERAGE 316 343 12.3 550 
5216 Kw 3 325 - 352 12.3 - 555 - - 

6955 KW 1 599 
6955 KW ’ -2 616 
6955 KW 3 - 598 

604 AVEIERAGE .‘ . 

639 12.0 347 
658 11.9 369 
- 638 
6 4 5  

- 11.8 - 388 
11.9 368 

Emissions Test Results for Unit No. 12 .-I 

Plant Run 
# 

2763 KW 1 
2763 KW - 2 
2763 Kw 3 
AVERAGE 

4144 KW 1 
4144 KW 2 
4144 KW 3 
AVERAGE 

5525 Kw 1 
5525 KU 2 
5525 KW 3 
AVERAGE 

- 
514 551 
519 556 

568 
521 558 

529 572 
539 582 

- 530 - 

582 - 538 - 
535 579 

536 569 
533 566 
544 - 577 - 
538 571 

Q2 m ,  
12.6 
12.7 
- 12.7 
12.7 

11.7 
11.7 - 11.7 
11.7 

11.0 
11.0 - 11.1 
11.0 

co 
fE!PF!l 

‘ 134 
146 
- 163 
148 

224 
225 
217 
222 

300 
285 
296 
294 

- 

- 

Following are the charts plotted from the computer data logger, listing the 

actual emission concentrations used in the calculations. 



Q2 SAMPLING AND ANALYTICAL PROCEDURES METHOD 3A 

Samolina Eauioment 

A Beckman Corporation portable compliance monitor Model 755 02 analyzer as shown 

in the exhibit, was used for the sampling of oxygen in the exhaust gas. 

The sampling of the flue gas takes place via a porous filter connected to a T- 

type stainless steel heated probe. The sample is then transported to the 

analyzer via a self-regulating sample line constructed of reinforced tygon 

tubing. The sample is pulled by means of a Thomas diaphragm pump with the gas 

flow being regulated by a Dvyer flow rate meter. 

Certified calibration gases are used to calibrate the analyzer. One span gas 

along with ambient air was used for the 02 analyzer. The 02-gases were based on 

a span value of 2 0 . 9  percent and verk"80-100 percent range for the high level 

gas, 40-60 percent range for the mid level gas.NO, calibration gas was used to 

zero the O2 analyzer. 

. -  

Interference gases were introduced into the analyzer prior to use in the field. 

Three interference gases were used, NOx. CO and S02. for this particular test. 

Samole Preoaration 

The sampling and conditioning portion of the system is designed to prevent 10s 

of O2 from the sample gas as follows: 

The sample is drawn through a heated, filtered probe to remove any particulate 

and condensation from reaching the monitor. A teflon sample line conveys the 



sample gas to a sample conditioner at a temperature above the dew point of the 

sample, thereby preventing condensation and subsequent losses of soluble sample 

components. An ice bath sample conditioner, which is a simple form of a heat 

exchanger, completes the sampling conditioning. The object of this device is to 

reduce the temperature of the sample to a low enough level to allow the moisture 

in the sample to be regenerated in droplet form and to prevent condensation in 

the monitor. 

The Beckman oxygen analyzer.Mode1 755 provides a continuous readout of the oxygen 

content of the flowing gas sample. The determination is based on measurement of 

the magnetic susceptibility of the sample gas. Oxygen is strongly paramagentic; 

other common gases, with only a few exceptions, are weakly diamagnetic. With the 

Model 755. the volume magnetic susceptibility of the flowing gas sample is sensed 

in the detector/magnet assembly, which in turn displays the front panel reading 

on the analyzer, the output for the strip chart recordings and the output for the 

computer data logger. 

Samplina Procedures 

Sampling was conducted from the test port located in the. stack. Prior to any 

sampling, the analyzer was set up by introducing the calibration gases one at a 

time and setting the appropriate span and zero values. This data was recorded 

on the corresponding strip charts and the computer data logger. 

The probe was then positioned in the gas stream, heated at a controlled 

temperature (248'F +/- 25OF) and the sample pump turned on. Sampling time for 



P each run was 30 minutes (10 minutes at each point) including the system response 

time. The average steady-state concentrations of 02 at the sample points was 

recorded on field test forms, recorded on the strip charts and recorded on the c 
computer data logger. These data sheets can be found in the appendix. A post- 

test zero and calibration drift test was performed on the analyzer after each 

test run. 

. .  - . . . .. 
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FIELD TEST DATA SHEET 
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Acurex 
Environmental 
C O R P O R A 1  I O N  April 22, 1992 

Mr. Glenn Keller, Executive Director 
Engine Manufacturers Association 
401 N. Michigan Avenue 
Chicago, Illinois 60611 

Dear Mr. Keller, 

Acurex Environmental Corporation is currently engaged in an update of Chapters 1 
and 3 in the document ComDilation of Air Pollutant Emission Factors (AP-42's Volume I 
Stationarv Point and Area Sources) for the US EPA's Office of Air Quality Planning and 
Standards (OAQPS). I am responsible for sections 3 and 4 of Chapter 3, entitled "Gasoline 
and Diesel Industrial Engines" and "Stationary Large Bore Diesel and Dual Fuel Engines'' 
respectively. An emission factor is the quantity (mass) of pollutants emitted divided by a 
unit of activity (e.g., g/hp-hr of NO,). The emission factors are used in making estimates 
of areawide emissions, emission estimates for a specific facility, and evaluation of emissions 
in relation to ambient air quality. 

The primary emissions of interest are uncontrolled criteria pollutant emissions that 
are already listed in AP-42 (I have enclosed a copy of the current sections 3.3 and 3.4 of 
AP-42). EPA's OAQPS would also like to include any available data on Speciated VOC's, 
Air Toxics, Greenhouse Gases, Fugitive Emissions, and Particulate Sizing (PM,,,) in this 
current update. As I mentioned, the current emission factors in AP-42 are based on 
uncontrolled data, but I would like to include a new table of emission factors that would be 
based on controlled data. 

The data needs to include as much detail as possible to enable the rating of the data 
quality by EPA guidelines (I also enclosed a copy of the page on data quality rating). 
Preferably, the data would include the actual source tests and data sheets. 

Currently, the stationary internal combustion reciprocating engines are divided by fuel 
used (gasoline, diesel, and dual fuel), rated power (20 to 250 hp for gasoline engines and 
45 to 600 hp for diesel engines) in section 3.3, and bore size (greater than 560 cubic inch 
displacement per cylinder for diesel and dual fuel engines) for in section 3.4. It has been 
suggested to me that the engines should be sorted by the rated power and fuel used to make 
AP-42 easier to use. Therefore, I would like to be able to sort the data by fuel and 
horsepower (I have a preference for data on engines greater than 600 hp due to the scarcity 
of the data). I am open to any suggestions on improving the sections 3.3 and 3.4 in AP-42. 

555 Clyde Avenue, P.O. Box 7044, Mountain View, CA 94039 (415) 961 -5700 FAX: (415) 964-6523/5145 
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I am aware of the confidentiality of the data to the individual engine manufacturers, 
and if requested, I would reference the source of the data as from the Engine Manufacturers 
Association. The data for each rated power range (maybe grouped by 100 hp increments 
and fuel) will be averaged and weighted by the estimated market share before being 
published in the revised AP-42. Therefore, I am also interested in what the estimated 
existence or market share of stationary internal combustion reciprocating engines by rated 
power and fuel in the Unites States. 

Because this phase of the update needs to be completed and published by June 1, 
1992 for compliance with the Clean Air Act, I need to submit a draft bf the revisions and 
supporting calculations by May 15, 1992. This puts a severe time constraint on my efforts, 
and any data that you can provide would be appreciated. If I can be of any assistance in 
collecting the information, please call me at (415) 961-5700, extension 3700. 

Sincerelv. 

Michael J. Chan 
Project Engineer 
Acurex Environmental Corporation 
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Acurex 
Environmental 
C O R P O R A 1  I O N  April 27, 1992 

Mr. Steve Hill 
Bay Area Air Quality Management District 
939 Ellis Street 
San Francisco, CA 94109 

Dear Mr. Hill, 

This is a request for a date and time in which Carolyn Rushforth and myself can 

come up to Bay Area AQMD to find some emissions data. Acurex Environmental 

Corporation is currently engaged in an update of Chapters 1 and 3 in the document 

ComDilation of Air Pollutant Emission Factors (AP-42's Volume I: Stationary Point and 

Area Sources) for the US EPA's Office of Air Quality Planning and Standards (OAQPS). 

Chapters 1 and 3 of AP-42 deals with stationary external and internal combustion sources. 

The primary emissions of interest are uncontrolled criteria pollutant emissions that 

are currently listed in AP-42. EPA's OAQPS would also like to include any available data 

on Speciated VOC's, Air Toxics, Greenhouse Gases, Fugitive Emissions, and Particulate 

Sizing (PMlo) in this current update. The current emission factors in AP-42 are based on 

uncontrolled data, but a new table of emission factors that would be based on controlled 

data is desirable. 

The data needs to include as much detail as possible to enable the rating of the data 

quality by EPA guidelines. Preferably, the data would also include the actual source test 

data. 

In regard to Chapter 1, any air toxics data for any sized oil, coal, and/or LPG fired 

boilers is being requested. 

555 Clyde Avenue, P.O. Box 7044, Mountain View, CA 94039 (415) 961-5700 FAX: (415) 964-6523/5145 
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In summary, the data that are being requested for a visit by Carolyn and myself is: 

(1) any emissions data (Criteria, Speciated VOC's, Air Toxics, Greenhouse Gases, Fugitive 

Emissions, and Particulate Sizing (PMlo)) for all stationary internal combustion engines 

running on gasoline, diesel, or dual fuels; and (2) any air toxics data for any sized 

oil/coal/LPG fired boilers. 

Because this phase of the update needs to be completed and published by June 1, 

1992 for compliance with the Clean Air Act, I need to submit a draft of the revisions and 

supporting calculations by May 15, 1992. This puts a severe time constraint on my efforts, 

and any data that you can provide would be appreciated. Please call me at (415) 961-5700, 

extension 3700, to confirm a date and time for our visit to Bay Area AQMD. 

Sincerelv, 

Michael J. Chan 
Project Engineer 
Acurex Environmental Corporation 
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Acurex 
Environmental 
C O R P O R A T I O N  April 27, 1992 

Mr. Steve Hill 
Bay Area Air Quality Management District 
939 Ellis Street 

,' San Francisco, CA 94109 

Dear Mr. Hill, 

This is a request for a date and time in which Carolyn Rushforth and myself can 

come up to Bay Area AQMD to find some emissions data. Acurex Environmental 

Corporation is currently engaged in an update of Chapters 1 and 3 in the document 

Com~ilation of Air Pollutant Emission Factors (AP-42's Volume I: Stationarv Point and 

Area Sources) for the US EPA's Office of Air Quality Planning and Standards (OAQPS). 

Chapters 1 and 3 of AP-42 deals with stationary external and internal combustion sources. 

The primary emissions of interest are uncontrolled criteria pollutant emissions that 

are currently listed in AP-42. EPA's OAQPS would also like to include any available data 

on Speciated VOC's, Air Toxics, Greenhouse Gases, Fugitive Emissions, and Particulate 

Sizing (PM,,,) in this current update. The current emission factors in AP-42 are based on 

uncontrolled data, but a new table of emission factors that would be based on controlled 

data is desirable. 

.The data needs to include as much detail as possible to enable the rating of the data 

quality by EPA guidelines. Preferably, the data would also include the actual source test 

data. 

In regard to Chapter 1, any air toxics data for any sized oil, coal, and/or LPG fired 

boilers is being requested. 

. " . 555 Clyde Avenue, P.O. Box 7044, Mountain View, CA 94039 (415) 961-5700 FAX: (415) 964-6523/5145 



In summary, the data that are being requested for a visit by Carolyn and myself is: 

(1) any emissions data (Criteria, Speciated VOC's, Air Toxics, Greenhouse Gases, Fugitive 

Emissions, and Particulate Sizing (PMIo)) for all stationary internal combustion engines 

running on gasoline, diesel, or dual fuels; and (2) any air toxics data for any sized 

,, oil/coal/LPG fired boilers. 

Because this phase of the update needs to be completed and published by June 1, 

1992 for compliance with the Clean Air Act, I need to submit a draft of the revisions and 

supporting calculations by May 15, 1992. This puts a severe time constraint on my efforts, 

and any data that you can provide would be appreciated. Please call me at (415) 961-5700, 

extension 3700, to confirm a date and time for our visit to Bay Area AQMD. 

Sincerely, 

Michael J. Chan 
Project Engineer 
Acurex Environmental Corporation 



Acurex 
Environmental 
C O R P O R A 1  I O N  April 22, 1992 

Mr. Clair Fancy 
Buerau of Air Regulations 
Department of Environmental Regulations 
2600 Blairstone Road 
Tallahassee, Florida 32399 

Dear Mr. Fancy, 

Acurex Environmental Corporation is currently engaged in an update of Chapters 1 
and 3 in the document Comuilation of Air Pollutant Emission Facto rs (AP-42's Volume I; 
p) for the US EPA's Office of Air Quality Planning and 
Standards (OAQPS). I am responsible for sections 3 and 4 of Chapter 3, entitled "Gasoline 
and Diesel Industrial Engines" and "Stationary Large Bore Diesel and Dual Fuel Engines" 
respectively. An emission factor is the quantity (mass) of pollutants emitted divided by a 
unit of activity (e.g., g/hp-hr of NO,). The emission factors are used in making estimates 
of areawide emissions, emission estimates for a specific facility, and evaluation of emissions 
in relation to ambient air quality. 

The primary emissions of interest are uncontrolled criteria pollutant emissions that 
are already listed in AP-42 (I have enclosed a copy of the current sections 3.3 and 3.4 of 
AP-42). EPA's OAQPS would also like to include any available data on Speciated VOC's, 
Air Toxics, Greenhouse Gases, Fugitive Emissions, and Particulate Sizing (PM,,) in this 
current update. As I mentioned, the current emission factors in AP-42 are based on 
uncontrolled data, but I would like to include a new table of emission factors that would be 
based on controlled data. 

The data needs to include as much detail as possible to enable the rating of the data 
quality by EPA guidelines (I also enclosed a copy of the page on data quality rating). 
Preferably, the data would include the actual source tests and data sheets. 

Currently, the stationary internal combustion reciprocating engines are divided by fuel 
used (gasoline, diesel, and dual fuel), rated power (20 to 250 hp for gasoline engines and 
45 to 600 hp for diesel engines) in section 3.3, and bore size (greater than 560 cubic inch 
displacement per cylinder for diesel and dual fuel engines) for in section 3.4. It has been 
suggested to me that the engines should be sorted by the rated power and fuel used to make 
AP-42 easier to use. Therefore, I would like to be able to sort the data by fuel and 
horsepower (I have a preference for data on engines greater than 600 hp due to the scarcity 
of the data). I am open to any suggestions on improving the sections 3.3 and 3.4 in AP-42. 

555 Clyde Avenue. P.O. Box 7044, Mountain View, CA 94039 (415) 961-5700 FAX: (415) 964-6523/5145 
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I am also interested in the estimated existence or market share of stationary internal 
combustion reciprocating engines by rated power and fuel in the Unites States. I would 
appreciate any information on where I can find any sources for this type of information. 

Because this phase of the update needs to be completed and published by June 1, 
1992 for compliance with the Clean Air Act, I need to submit a draft of the revisions and 
supporting calculations by May 15, 1992. This puts a severe time constraint on my efforts, 
and any data that you can provide would be appreciated. If I can be of any assistance in 
collecting the information, please call me at (415) 961-5700, extension 3700. 

Sincerely, 

Michael J. Chan 
Project Engineer 
Acurex Environmental Corporation 



3.3 Gasoline and Diesel Industrial Engines ' 

POllUtanta 

Carbon monoxide 
e/hr 
I b h  
entm 
elhphr 
kg/ ld  liter 
Iblld gal 

Exhaust hydrocarborn 
dhr 
lbhr 
entw 
dhphr 
kdld liter 
I W l d  gal 

elhr 
Ibhr 

Evaporativehydmcarbom 

(3 
b Engine cawgory 

Gasoline Diesel 

5700. 197. 
12.6 0.434 
267. 4.06 
199. 3.03 
472. 12.2 
3940. 102. 

191. 72.8 
0.421 0.160 
8.95 1.50 
6.68 1.12 
15.8 4.49 

1 3 2  375 

620 I - 
- 0.137 

3.3.1 General - This engine category covers a wide variety of industrial applications of both gasoline and diesel 
internal combustion power plants. such as fork lift trucks, mobile refrigeration units. generators. pumps. and 
portable welldrilling equipment. The rated powcr of thew engines coven a rather substantial range-from less than 
IS kW to I86 kW (20 to 250 hp) for gasoline engines and from 34 kW to 447 kW (45 tu 600 hp) for diesel engines. 
Understandably, substantial differenctr in both annual usage (hours per year) and engine duty cycla alx,  exist. It  
was nemrary. therefore. to  make reasonable assumptions concerning uugc in order to formulate emission 
factors.' 

3.3.2 Emisions - Once mzsonabk usage and duty cycks for this category were ascertained. emission values 
from each of the test engines 1 were a p g a t e d  (on the basis of nationwide engine population statistics)lo arrivc at 
the factors presented in Tabk 3.3-1.Becaus of their aggregate nature. data contained in this table must be 
applied to a population of industrial engines rather than lo an individual power plant. 

, 

The best method for caleukting emixions is on the basis of "brake specific" eminion factors (&Wh or 
Ib/bphr). Emissions arc calculated by taking the product of the brake specific emission fador. the usage m hours 
(that is. how per year or hours per day). the power available (rated power). and the load factor (thc power 
actually used divided by the power availabk). 

1/75 3.3-1 



Table 3.3-1 (continued). EMISSION FACTORS FOR GASOLINE 
AN0 DIESEL POWERED INDUSTRIAL EQUIPMENT 

EMISSION FACTOR RATING: C 

Nitrogen oxides 
dhr 
Iblhr 
qlkWh 
dhphr 
k d l d  l i ter 
I b / l d  gal 

Aldehydes 
glhr 
lblhr 
glkm 
glhphr 
k d l d  liter 
l b / l d  gal 

Sulfur oxides 
dhr 
IWhr 
glkm 
glhphr 
k d l d  liter 
l b l l d  gal 

Particulate 
glhr 
lblhr 
Ontm 
glhphr 
k g l l d  liter 
I W l d  gal 

Pollutants 

148. 
0.326 
692 
5.16 

12.2 
102. 

6.33 
0.014 
0.30 
0.22 

.0.522 
4.36 

7.67 
0.017 
0.359 
0268 
0.636 
5.31 

833 
0.021 
0.433 
0.327 
0.775 
6.47 

egoryb 
Diesel 

910. 
2.01 

18.8 
14.0 
56.2 

469. 

13.7 
0.030 
028 
0.21 
0.84 
7.04 

60.5 
0.133 
125 
0931 
3.74 

31.2 

65.0 
0.143 
1.34 
1 .oo 
4.01 

33.5 

References for Section 3.3  

1. Hare, C. T. and K. J. Springer. Exhaust Emiuiom from Uncontrolled Vehicles and Related Equipment Using 
Internal Combustion Engines. Final Report. Part 5: Heavy-Duty~Farm.Construction, and Industrial Engines. 
Southwest Research Institute. San Antonio, Texas. Prepared for Environmental Protection Agency, Rewarch 
Triangle Park, N.C., under Contract No. EHS 70-108. October 1973.105 p. 

2. Hare, C. T. Letter to C. C. Maser of the Environmental Proteaion Agmey'conaming fuel-based eminion 
rates for farm, construction, and industrial engines. San Antonio, Tex. January 14,1974. 
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3.4 STATIONARY LARGE BORE DIESEL AND DUAL FUEL ENGINES 

3.4.1 General 

The primary domestic use of large bore diesel. engines, i.e.. those 
g rea t e r  than 560 cubic  inch displacement p e r  cy l inder  (CID/CYL), is in o i l  
and gas explora t ion  and production. These engines, in groups of t h r e e  t o  
f ive ,  supply mechanical pover t o  operate  d r i l l i n g  ( ro t a ry  t ab le ) ,  mud pump- 
ing and ho i s t ing  equipment, and may a l s o  operate  pumps or a u x i l i a r y  power 
generators. 
t r i c i t y  generat ion f o r  both base and standby service. 
i r r i g a t i o n ,  ho i s t ing  and nuclear  p o w e r  p l an t  emergency cooling water pump 
operation. 

Another f requent  appl ica t ion  of  l a r g e  bore d i e s e l s  is elec- 
Smaller uses inc lude  

Dual f u e l  engines  vere developed t o  obta in  compression i g n i t i o n  
performance and t h e  economy of n a t u r a l  gas. using a minimum o f  5 t o  6 percent 
d i e s e l  fuel t o  ignite t h e  n a t u r a l  gas. Dual f u e l  l a r g e  bore  engines  (greater 
than 560 C I D / C a )  have been used aluost exclus ive ly  f o r  prime electric p w e r  
generation. 

3.4.2 Emissions and Controls  

The primary pollutant of wncern  fmm large bore diesel and dua l  fuel 
engines is NOX, which readily forma i n  t h e  h igh  temperature, pressure and 
excess air emirowneat found in these engines. 
monoxide and hydrocarbons are a l s o  emitted. 
amally be q u i t e  low because of the neglfgible  sulfur content  of d i e s e l  

Lesser amounts of cafbon 
Sul fu r  dioxide emissions VFIl 

0 fuels and natural gas. 

L 

The major v a r i a b l e s  affecting N& emissions from d i e s e l  engines are 
i n j e c t i o n  timing, manifold air temperature. engine speed, engine load  and 
ambient humidity. 
h d d i t y .  

In general, N& emissions decrease wi th  increasing 

Because N& is t h e  primary po l lu t an t  from d i e s e l  and dua l  f u e l  engines, 
control measures t o  date have been d i rec ted  mainly a t  limiting N4, emis- 
sions. 
i n j e c t i o n  r e t a rd ,  achieving reduct ions (at e i g h t  degrees o f  r e w d )  of up t o  
40 percent. Addieional N(br reductions are possible vith combined retard and 
airlfuel ratio change. Both r e t a rded  f u e l  injection ( 8 O )  and airlfuel ratio 
change of  five percent  are also effective in reducing N& emissions from 
dual  fuel engines, achieving nominal N& reduct ions of  about 40 percent  and 
marhum N% r e d u c t h  of up to 70 percent. 

The wst e f f e c t i v e  N% con t ro l  technique f o r  d i e s e l  engines  is fuel 

Other N& c o n t r o l  techniques edst but  are not considered feasible 
because of e x c e s s i v e  fuel pena l t i e s .  c a p i t a l  cost, or maintenance or opera- 
tional problems. These techniques include exhaust gas recirculation (EGR), 
combustion chamber modification. water i n j e c t i o n  and c a t a l y t i c  reduct ion.  

8/82 
. .  

3.4-1 



TABLE 3 . 4 - 1 .  EMISSION FACTORS FOR STATIONARY LARGE BORE DIESEL 
AND DUAL FUEL ENGINESa 

EMISSION FACTOR RATlNC: C 

References for Section 3 .4  

1. Standards Support And Environmental hipa ct Statement, Volume I: 
Stationary Internal Combustion Engines, EPA-450/2-78-1258, U. S. - 
Environmental Protection Agency, Besearch Triangle Park, HC, July 1979. 

Telephone commuaication betveen William E. Lamason, Office Of Air 
Quality Planning And Standards, U. S. Environmental Protection Agency, 
Research Triangle Park, NC, and John E. Wasser, Office Of Research And 
Development, U. S. Environmental Protection Agency, Research Triangle 
Park. NC, July 15, 1983. 

2. 

., . -, 

3.4-2 EMISSION FACTORS 



A - When tests are performed by a sound methodology and are reported in enough 
detail for adequate validation. These tests are not necessarily EPA reference 
method tests, although such reference methods are preferred and certainly to be 
used as a guide. 

B - When tests are performed by a generally sound methodology, but they lack enough 
detaii for adequate validation. 

C - When tests are based on an untested or new methodology or are lacking a 
significant amount of background data. 

D - When tests are based on a generally unacceptable method but the method 
may provide an ordersf-magnitude value for the source. 

The author uses the following criteria to evaluate source test reports for sound 

methodology and adequate detail: 

1. ion. The manner in which the source was operated is well 
documented in the report. The source was operating within typical parameters 
during the test. 

2. Samnlie  orocedures. If actual procedures deviated from standard methods, the 
deviations are well documented. Procedural alterations are often, made in testing 
an  uncommon type of source. When this occurs, an evaluation is made of how 
such alternative procedures could influence the test results. 

3. , S S .  Many variations can occur without warning during 
testing, sometimes without being noticed. Such variations can induce wide 
deviation in sampling results. If a large spread between test results cannot be 
explained by information contained in the test report, the data are suspect and are 
given a lower rating. 

4. Analvsis and calculationg. The test reports contain original raw data sheets. The 
nomendature and equations used are compared with those specified by EPA, to 
establish equivalency. The depth of review of the calculations is dictated by the 
reviewers' confidence in the ability and conscientiousness of the tester, which in 
turn is based on factors such as consistency of results and completeness of other 
areas of the test report. 
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[13 BlONETlCS 
Litton 

Mr. Roy Belletto 
Acurex Corporation 
485 Clyde Avenue 
Mountain View, CA 94042 

5516 Nicnolson Lane. Kensnplon. Maryland 20795 301 881.5600- Telex 89-8369 

December 10, 1980 

Dear Mr. Belletto: 

Enclosed are five copies of the final reports for  t h e  compound sample 81452 
submitted for  evaluation i n  the Ames/Salmonella and the In Vivo Rodent 
Quantal Toxicity Assays. 
EPA Level 1 guidelines. The f inal  reports have been reviewed by the Litton 
Bionetics Quality Assurance U n i t  t o  ensure compliance w i t h  GLP regulations. 
These final reports supersede the two draf t  reports sent on December 3, 
1980. There are  no significant changes between the draf t  and final versions 
of the reports. 

If you have any questions or  comments concerning the reports, please feel 
free t o  contact me a t  (301)881-5600, extension 527. I hope we may be o f  
service t o  you i n  the future. 

All studies were conducted and evaluated under 

f h p c e r e l y ,  bJ&!) Q+&b 
David J .  Brusick, P h . 0 .  
Director 
Department o f  Genetics 
and Cell Biology 

DJBfng 

Enclosures: 5394 - Ames 
5394 - Rodent Quantal 

5-123 



BIOASSAY S U M M A R Y  T A B L E  

LBI Project No. 20933 Technical Directive or Project No. 

ND = No Detectable Toxicity 
L' = Low Toxicity 
M = Moderate Toxicity 
H = High Toxicity 

E v a l u a t i o n  o f  Ai;es Sa lmone l l a  t e s t  i s  based upon m u t a g e n i c i t y  and n o t  t o x i c i t y .  * 
LEI4463 R 11 180 
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Match 1 OB Recl - 2.335 Rataset-Voc Emission Factor Tables 

VOC EFACTOR P r o f i l e  Number : 0008 
''n* EFACTOR P r o f i l e  Rescr. : Reciprocat ing Diesel Fuel Engine 

.-- EFACTOR P r o f i l e  Q u a l i t y  : C 
VOC EFACTOR P r o f i l e  Source : 
Canposite p r o f i l e  developed us ing data based on G C l M S  
analysis of fuel  combustion exha&. 
VOC EFACTOR P r o f i l e  Control  : Uncontrol led 

VOC EFACTOR P r o f i l e  Date : 01/05/89 
VOC EFACTOR P r o f i l e  Refs 
VOC EFACTRR Uni ts  : LBS PER 1000 GALLONS BURNEO 

:58 I 60 

VOC EFACTOR CAS numbers 
71-43-2 I 74-82-8 I 74-84-0 1'74-85-1 I 74-86-2 I 106-98-9 I 106-99-0 I 
115-07-1 I 
VOC EFACTOR SCC : 20200401 
VOC EFACTOR SCC Rescr ip t ion : INTERNLCOMBUSTION INRUSTRIAL LARGE BORE EN 
G l N E  DIESEL 
VOC EFACTOR SCC Assignment 
VOC EFACTOR Table 

: Or ig ina l  

VOC Speciated Emission Factor P r o f i l e  

CAS Number Name Emnision Factor 
_.._____________________________________---------------------------------------- 

71-43-2 BENZENE 1.027000 
74-82-8 METHANE 1.508000 
74-84-0 ETHANE 0.364000 
74-85-1 ETHYLENE 3.731000 
74-86-2 ACETYLENE 1.469000 
106-98-9 BUTENE 1.742000 
' '-99-0 1.3-BUTAD1 ENE 0.910000 

07-1 PROPENE 2.249000 
___________________........-...------------------------------------------------- 

A 



Match 10 DB Rec# - 32,674 Dataset-Voc Profiles 

'C PROFILE Number : 0008 
IC PROFILE Description : Reciprocating Diesel Fuel Engine 

VOC PROFILE Quality : c  
VOC PROFILE Control : Uncontrolled 

VOC PROFILE References :58 I 60 
VOC PROFILE Date : 01/05/89 
VOC PROFILE Source 
Composite profile developed using data based on.GC/MS 
analysis of fuel combustion exhaust. 
VOC PROFILE Original SCC 
20200401 I 20400402 I 
VOC PROFILE CAS numbers 
71-43-2 I 74-82-8 I 74-84-0 I 74-85-1 I 74-86-2 I 106-98-9 I 106-99-0 I 
115-07-1 I 
VOC PROFILE Table ................................................................................ 

-43-2 BENZENE 
74 -8 2 -8 METHANE 
74-84-0 ETHANE 

1 74-85-1 
74-86-2 
106-98-9 BUTENE 
106-99-0 l,)-BUTADIENE , 115-07-1 PROPENE 

ETHYLENE 
ACETYLENE 

........................................ I 

78.11 7.90 
16.04 11.60 
30.07 2.80 
28.05 28.70 
26.04 11.30 
56.10 13.40 
54.09 7.00 
42.08 17.30 ...................................... 



Match, 1 DB Rec# - 2,356 Dataset-Voc Emission Factor Tables 

,C EFACTOR Profile Descr. : Reciprocating Diesel Fuel Engine 
C EFACTOR Profile Number : 0008 

VOC EFACTOR Profile Quality : C 
VOC EFACTOR Profile Source : 
Composite profile developed using data based on GC/MS 
analysis of fuel combustion exhaust. 
VOC EFACTOR Profile Control : Uncontrolled 

VOC EFACTOR Profile Date : 01/05/89 
VOC EFACTOR Profile Refs :58 I 60 
VOC EFACTOR Units : LBS PER 1000 GALLONS BURNED 

VOC EFACTOR CAS numbers 
71-43-2 I 74-82-8 I 74-84-0 I 74-85-1 I 74-86-2 I 106-98-9 I 106-99-0 I 
115-07-1 I 
VOC EFACTOR SCC Description : INTERNLCOMBUSTION ENGINE TESTING RECIPROCATING 
VOC EFACTOR SCC : 20400402 

DIESELjKEROSENE 
VOC EFACTOR SCC Assignment : Original 
VOC EFACTOR Table ________________________________________---------------------------------------- 
VOC Speciated Emission Factor Profile ________________________________________---------------------------------------- 

S Number Name Emmision Factor ................................................................................ 
71-43-2 BEN 2 ENE 
74-82-8 METHANE 
74-84-0 ETHANE 
74-85-1 ETHYLENE 
74-86-2 ACETYLENE 
106-98-9 BUTENE 
106-99-0 1,3-BUTADIENE 
115-07-1 PROPENE ____________________-------------------- 

2.535900 
3.723600 
0.898800 
9.212700 
3.627300 
4.301400 
2.247000 
5.553300 ________________________________________ 



Match 6 DB Rec# - 38,042 Dataset-Sources 

urce Classification Code :20400402 
,C Description :INTERNLCOMBUSTION ENGINE TESTING RECIPROCATING 

DIESELjKEROSENE 
Emission Factor Units :LBS PER 1000 GALLONS BURNED 
Tot SUSp Part Emu Factor :33.50000000 
Volatile Org Comp E m  Factor :32.10000000 



Match 6 DB Rec# - 38,041 Dataset-Sources 

urce Classification Code :20400401 
. -C Description :INTERNLCOMBUSTION ENGINE TESTING RECIPROCATING 

Emission Factor Units :LBS PER 1000 GALLONS BURNED 
Tot Susp Part Emm Factor :6,47000000 
Volatile Org Comp Emm Factor :148.00000000 

GASOLINE 



Match 6 DB Rec# - 38,029 Dataset-Sources 

urce Classification Code :20300301 
- -C Description :INTERNLCOMBUSTION COMMERCL-INSTUTNL GASOLINE 

RECIPROCATING 
' Emission Factor Units :LBS PER 1000 GALLONS BURNED 

Tot SUSp Part E m  Factor :6.47000000 
volatile Org Comp ~m Factor :147.70000000 



Match 6 DB Rec# - 38,003 Dataset-Sources 

~ r c e  Classification Code :20100902 
SCC Description :INTERNLCOMBUSTION ELECTRIC GENERATN KERONAPTHA JET 
FL RECIPROCATING 

Emission Factor Units :LBS PER 1000 GALLONS BURNED 
Tot Susp Part Emm Factor :33.50000000 
Volatile Org Comp ~ m m  Factor :32.10000000 



Match 12 DB Rec# - 38,016 Dataset-Sources 

urce Classification Code :20200402 - -C Description :INTERNLCOMBUSTION INDUSTRIAL 
INE DUAL FUEL(OIL/GAS 
Emission Factor Units :LBS PER 1000 HORSEPOWER-HOURS 
Tot Susp Part Emm Factor : 2.20000000 
Volatile Org Comp Emm Factor :1.50000000 

LARGE BORE ENG 



Match 6 DB Rec# - 38,017 Dataset-Sources 

urce Classification Code :20200403 
~ -C Description :INTERNLCOMBUSTION INDUSTRIAL LARGE BORE ENG 
INE COGNTRN-DUAL FUEL 
Emission Factor Units :LBS PER 100000 BRAKE HORSE-POWER HOURS 
Tot Susp Part Emm Factor :.03500000 \ 
Volatile Org Comp Emm Factor :1.32000000 



I 

Match 12 DB Rec# - 38,015 Dataset-Sources 

urce Classification Code :20200401 - -C Description :INTERNLCOMBUSTION INDUSTRIAL 
INE DIESEL 
Emission Factor Units :LBS PER 1000 GALLONS BURNED 
Tot Susp Part Emm Factor : 5 0 . 0 0 0 0 0 0 0 0  
Volatile Org Comp Emm Factor :13.00000000 

LARGE BORE ENG 



. . . .  

'@ 

= I SURNAME 

i h s e l  Engine Mar&a6turer's Associa 
712 Lakewood C e n t & "  . 
14600 De6 o i t  Avenue- 
Clevelan $.. ,.,'Ohio 44107 

@ >'*;* 

Dear Mr .  Whaerry: "I ,.* 
s .  

........................................................................................................... 
........................................................................................................... 

. .  , r  

4.. 

Enclosed is an update of a sec t ion  t h a t  we propose t o  publis& i n  a 
supplement t o  AP-42. Compilation of A i r  Pol lu tan t  Emission Factors ,  i n  e a r l y  
1982. 
f a c t o r s  in t h i s  s ec t ion  were derived. A s  mentionEd in B i l l  Lamason's earlier 
telephone coatact with you, we would l i k e  your organizat ion 's  comments on t h e  
technical bas i s  f o r  the f a c t o r s  aad the  approach used in deriving them. 

Also included are background materials that s h w  how the emission 

> 

As you probably know. AP-42 is widely used by t he  U.S. Environmental 
Pro tec t ion  Agency (EPA), S t a t e  and l o c a l  air pol lu t ion  agencies and indus t ry  
f o r  developing emission inventor ies  and emission estimates f o r  p a r t i c u l a r  
sources. It is increasingly used as a t o o l  
ment appl ica t ions ,  including modeling, new s i e w  and enforcement. 
Eence, i b  is h p o r t a n t  twt AP-42 have as so&d a technical b a s i s  88 possible .  

i e t y  of air q u a l i t y  manage- 

We are t a rge t ing  publ ica t ion  @f Q?ds sec t ion  f o r  982. To meet 
Id  apprec ia te  keceiving your comm March 1. 1982, 

whkh a l l o v s  a p p r o x h t e l y  two months f o r  your review. Ufi3?e%vAmately, because 
of p r in t ing  l i m i t a t i o n s  in e f f e c t  at  EPA, we are unable t o  provide more than 
one copy of t h e  proposed sec t ion  and background documeat. Please d i r e c t  a l l  
review comments (ex any quest ions)  t o  James B. Southerland who is Chief of t h e  
Source Analysis Sect ion within my Division and d i r e c t l y  r e s p w s i b l e  f o r  t h e  
publ icat ion of AP-42. We thank you f o r  your time and oonsiderat ion en this 
matter. 

k t s  .deadline, we 

Sincerely yours, 

Bmeea 

cc: J. O'Connor 
J. Southerland 
B. Lamas.oa 

4 

Richard G. Rhoadp 

Monitoring and Data Analysis Division 
Director  . 

i 
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

Office of Air Quality Planning and Standards 
Research Triangle Park, North Carolina 2771 1 

M r .  Richard Ayres 
Natural  Resources Defense Council 
1725 I S t r e e t ,  NW 
S u i t e  600 
Washington, DC 20006 

Dear M r .  Ayres: 

,,Enclosed are updates of severa l  sec t ions  that  we propose t o  publ ish as 

Also included are background ma te r i a l s  t h a t  show how t h e  emission 
supplements t o  AP-42, Compilation of A i r  Po l lu tan t  Emission Factors ,  in e a r l y  
1982. 
f a c t o r s  i n  these  sec t ions  were derived. A s  mentioned i n  my earlier telephone 
contact with you, w e  would like your organizat ion 's  comments on the technica l  
b a s i s  f o r  t h e  f a c t o r s  and t h e  approach used i n  deriving them. 

A s  you probably know, AP-42 is widely used by the  U.S. Environmental 
Protect ion Agency (EPA), S t a t e  and l o c a l  air po l lu t ion  agencies and industry 
f o r  developing emission inventor ies  and emission estimates f o r  p a r t i c u l a r  
sources. 
ment appl icat ions,  including modeling, new source review and enforcement. 
Hence, i t  is important t h a t  AP-42 have as sound a t echn ica l  b a s i s  a5 poss ib le .  

It is increasingly used a s  a t o o l  i n  a v a r i e t y  of a i r  q u a l i t y  manage- 

We are ta rge t ing  publ icat ion of these  sec t ions  f o r  ear ly  1982. To meet 
t h i s  deadl ine,  w e  would apprec ia te  receiving your comments by March 1, 1982, 
which allows approximately two months f o r  your review. 
of p r i n t i n g  l i m i t a t i o n s  in e f f e c t  a t  EPA, we are unable t o  provide more than 
one copy of each proposed sec t ion  and background document. 
review comments (or  any questions) t o  James H. Southerland who is Chief of t h e  
Source Analysis Section within my Division and d i r e c t l y  responsible  f o r  t h e  
publ icat ion of AP-42. We thank you f o r  your time and considerat ion on t h i s  
matter.  

Unfortunately, because 

Please d i r e c t  a l l  

Sincerely yours, 

-,.cjl- 

& z > h o a d s  
Director  

Monitoring and Data Analysis Division 

Enclosures 

cc: J. O'Connor 
J. Southerland 
B. Lamason J 
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

Office of Air Quality Planning and Standards 
Research Triangle Park, North Carolina 2771 1 

DEC ' 8 1981 

M r .  Carl Pope 
Sierra Club 
530 Bush S t r e e t  
San'h-ancisco, Cal i fornia  94108 

D e a r  Mr. Pope: 

Enclosed are updates of several sec t ions  t h a t  we propose t o  publish as 
supp,l.qents t o  AP-42, Compilation of Air Pol lu tan t  h i s s i o n  Factors,  i n  e a r l y  
1982. Also included are background materials t h a t  show how t h e  emission fac- 
t o r s  i n  these sec t ions  were derived. A s  mentioned i n  B i l l  Lamason's earlier 
telephone contact with you, we  would l i k e  your organizat ion 's  comments on the 
technical  b a s i s  f o r  t he  f a c t o r s  and t h e  approach used i n  der iving them. 

As you probably know, AP-42 i s  widely used by t h e  U.S. Environmental 
Protect ion Agency (EPA), S t a t e  and l o c a l  a i r  pol lu t ion  agencies and industry 
f o r  developing emission inventor ies  and emission estimates f o r  pa r t i cu la r  
sources. 
ment appl icat ions,  including modeling, new source review and enforcement. 
Hence, i t  i s  important t h a t  AP-42 have as sound a technica l  b a s i s  as possible .  

It is increasingly used as a t o o l  i n  a v a r i e t y  of a i r  q u a l i t y  manage- 

We are ta rge t ing  publ icat ion of t h e s e  sec t ions  f o r  e a r l y  1982. To meet 
t h i s  deadline,  w e  would appreciate  receiving your comments by March 1, 1982, 
which allows approximately two months f o r  your review. 
of pr in t ing  l i m i t a t i o n s  i n  e f f e c t  a t  EPA, we are unable t o  provide more than 
one copy of each proposed sec t ion  and background document. 
review comments (or any questions) t o  James H. Southerland who is Chief of the 
Source Analysis Section wi th in  my Division and d i r e c t l y  responsible  f o r  the 
public.ation of AP-42. We thank you f o r  your time and considerat ion on t h i s  
matter. 

Unfortunately, because 

Please d i r e c t  a l l  

Sincerely yours, 

Richard G. Rhoads 
Direct o r  

Monitoring and Data Analysis Division 

8 Enclosures 

cc: B. Lamason. AMTB J 
J. Southerland, AMTB 



U N I T E D  STATES ENVIRONMENTAL PROTECTION A G E N C Y  
Office of Air Quality Planning and Standards 

Research Triangle Park, North Carolina 2771 1 

DEC I 8  1981 

M r .  Thomas C. Young, Executive Director 
Engine Manufacturers Association 
111 E. Wacker Drive 
Chicago, I l l i n o i s  60601 

Dear. Mr. Young: 

Enclosed i s  an update of a sec t ion  t h a t  we propose t o  publish i n  a 
supalement t o  AP-42, Compilation of A i r  Po l lu tan t  Emission Factors,  i n  e a r l y  
1982. 
f a c t o r s  i n  t h i s  sec t ion  were derived. A s  mentioned i n  B i l l  Lamason's e a r l i e r  
telephone contact with you, we  would l i k e  your organizat ion 's  comments on t h e  
technical  b a s i s  f o r  t h e  f a c t o r s  and the  approach used i n  der iving them. 

Also included are background materials t t iat  show how t h e  emission 

- 
A s  you probably know, AP-42 is widely used by the  U.S. Environmental 

Protect ion Agency (EPA), S t a t e  and l o c a l  a i r  pol lu t ion  agencies and industry 
f o r  developing emission inventor ies  and emission estimates f o r  p a r t i c u l a r  
sources. It is increasingly used as a t o o l  i n  a v a r i e t y  of a i r  q u a l i t y  manage- 
ment appl ica t ions ,  including modeling, new source review and enforcement. 
Hence, i t  i s  important t h a t  AP-42 have as sound a technical  b a s i s  as possible .  

We a r e  ta rge t ing  publ icat ion of t h i s  sec t ion  f o r  e a r l y  1982.  To meet 
t h i s  deadline,  we would appreciate  receiving your comments by March 1, 1982, 
which allows approximately two months f o r  your review. Unfortunately, because 
of pr in t ing  l i m i t a t i o n s  i n  e f f e c t  a t  EPA, we a r e  unable t o  provide more than 
one copy of t h e  proposed sect ion and background document. Please d i r e c t  a l l  
review comments (or any questions) t o  James H .  Southerland who i s  Chief of t he  
Source Analysis Section within my Division and d i r e c t l y  responsible €or t h e  
publ icat ion of AP-42. We thank you f o r  your time and considerat ion on t h i s  
matter.  

Sincerely yours, 

Richard G .  Rhoads 
Director  

Monitoring and Data Analysis Division 

Enclosure 

cc:  B. Lamason, AMTB J 
J. Southerland, AMTB 
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UNITED STATES E N V I R O N M E N T A L  PROTECTION AGENCY 

Office of Air Quality Planning and Standards 
Research Triangle Park, North Carolina 2771 1 

M r .  Alan P. Whaerry 
Diesel Engine Manufacturer's Association 
712 Lakewood Center 
14600 Det ro i t  Avenue 
Cleveland, Ohio 44107 

Dear M r .  Whaerry: 

,, Enclosed is an update of a sec t ion  t h a t  we  propose t o  publ ish i n  a 
supplement t o  AP-42, Compilation of A i r  Po l lu tan t  Emission Factors,  i n  e a r l y  
1982. 
f a c t o r s  in t h i s  sec t ion  were derived. As mentioned i n  B i l l  Lamason's e a r l i e r  
telephone contact with you, we  would l i k e  your organizat ion 's  comments on t h e  
technica l  bas i s  f o r  t h e  f a c t o r s  and the approach used i n  der iving them. 

Also included are background mater ia l s  t h a t  show how t h e  emission 

A s  you probably know, AP-42 is widely used by the  U.S. Environmental 
Protect ion Agency (EPA), S t a t e  and l o c a l  air pol lu t ion  agencies and indus t ry  
f o r  developing emission inventor ies  and emission estimates f o r  p a r t i c u l a r  
sources. 
ment appl icat ions,  including modeling, new source review and enforcement. 
Hence, i t  i s  important t h a t  AP-42 have as sound a technica l  b a s i s  as possible .  

It i s  increasingly used a s  a t o o l  i n  a va r i e ty  of air q u a l i t y  manage- 

We a r e  ta rge t ing  publ icat ion of t h i s  s ec t ion  f o r  e a r l y  1982. 
t h i s  deadline,  w e  would appreciate  receiving your comments by March 1, 1962, 
which allows approximately two months f o r  your review. Unfortunately, because 
of pr in t ing  l i m i t a t i o n s  i n  e f f e c t  a t  EPA, w e  are unable t o  provide more than 
one copy of t h e  proposed sec t ion  and background document. Please d i r e c t  a l l  
review comments ( o r  any questions) t o  James H .  Southerland who i s  Chief of t h e  
Source Analysis Section within my Division and d i r e c t l y  responsible  f o r  the 
publ icat ion of AP-42. W e  thank you f o r  your time and considerat ion on t h i s  
matter.  

To meet 

Sincerely yours, 

Richard G .  Rhoads 
Director  

Monitoring and Data Analysis Division 

Enclosures 

cc: J. O'Connor 
J. Southerland 
B. Lamason J 
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AP-42 SECTION REVIEW LOG AND COKMENT SUMMARY 

SECTION NO. 3.3.4 TITLE: L o t c  CCI ablD 
SAS PROJECT OFFICER: L A h a u t J  CONTRACTOR : &r.*rCk TaGzh 
NATURE AND SUMMARY OF REVISIONS: --pLc UJ 

(we COUGGJL OrJ i K e x C . r )  
C&t-mbd 

I 

REVIEW LOG 

Due 
D e a d l i n e  

D a t e  
R e t u r n e d  

Remarks  
( R e l a t e d  t o  General R e v i e w )  

stc ccmcc 

Number and use m o r e  pages as required. Comments s u m m a r i z e d  on reverse s i d e .  



REVIEWER COMMENT SUMMARY AND RESPONSES: (Reviewer/comments/response) 

SLC A- Lrn5L 

Use additional pages as needed 
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F A C T U R E R S  A S S O C I A T I O N  i 712 LAKEWOOD CENTER NORTH - 14600 DETROIT AVENUE 
CLEVELAND, OHIO 44107 
(216) 226-7700 *TELEX 98-5559 

A. P. WHERRY E ASSOCIATES INC., Managers 

June 23, 1982 

Mr. Richard G.  Rhoads, Director 
Monitoring and Data Analysis Division 
U.S. Environmental Protection Agency 
Office of Air Quality Planning and S t d s .  
Research Triangle Park, NC 27711 

SUBJECT: Section 3.3.4 Stationary Large Bore -.:sei & Dua 

Dear Mr. Rhoads: 

Supplement t o  AP-42 
Fuel Engines 

On March 9 ,  1982 we wrote t o  you with our comnents on the subject  docu- 
men t .  A t  a recent meeting of our  Technical Committee, we were requested 
t o  determine the current status of this project .  
knowing i t s  current s t a t u s  and whether o r  not our comments were accepted. 

We are  a l so  enclosing fo r  your information a marked up copy of 3.3.4 
which contains additional comnents received a t  our recent meeting. Look 
forward to  hearing from you. 

We would appreciate 

Very t r u l y  yours, 

ALLEX P .  WERRY 4 
APW:mjp 
dema 
Enclosure 

ccs: B. M .  Chrisman, Cooper Energy 
L .  D. Evans, Dresser-Waukesha 



i 
! 

I 

I 
! 

I 

\, 
\ 

\i 

ROUTING AND TRANSMtllAL SUP 

Do NOT UW this form as a RECORD of appmvaIs. concurrences. disposals, 
clearances, and oimilar actions 

FROM: (Name, org. symbol, Ageney/Port) Room No.-Bldg. 

Phone No. 
i 

5041-102 1 fmC!f&A', FZZM 41 (Rev. 7-76) 
FPMR (41 C!& 101-11.206 . *GPO : 1981 0 - 3 U 1 - 5 2 9  1111) 

/ I 



3.3.4 

3.3.4.1 General 

STATIONARY LARGE BORE DIESEL AND DUAL FUEL ENGRJES 

The p r i m a r y  domestic use  of l a r g e  bore d i e s e l  engines,  1.e.. 
those greater than 560 cubic  inch displacement p e r  cy l inder  (CID/CYL), 
i s  in o i l  and gas  explora t ion  and production. These engines,  i n  
groups of t h ree  t o  f i v e ,  supply mechanical power t o  opera te  d r i l l i n g  
( ro t a ry  t a b l e ) ,  mud pumping and h o i s t i n g  equipment, and may also 
opera te  p m p s  o r  a u x i l i a r y  power generators .  
app l i ca t ion  of l a r g e  bore d i e s e l s  is e l e c t r i c i t y  generat ion f o r  both 
base and standby se rv ice .  Smaller uses inc lude  i r r i g a t i o n ,  h o i s t i n g  
and nuc lear  power p l a n t  emergency cool ing water pump operat ion.  

Another f requent  

D u a l  f u e l  engines were developed t o  ob ta in  compression i g n i t i o n  
performance and t h e  economy of  n a t u r a l  gas ,  using a minimum of 5 t o  
6 percent  diesel f u e l  t o  i g n i t e  t h e  n a t u r a l  gas. 
bore engines (g rea t e r  than 560 CID/CIL) have been used almost exclu- 
s i v e l y  f o r  prime electric pover generat ion.  

3.3.4.2 Bnissions and Controls  

D u a l  f u e l  l a r g e  

The primazy p o l l u t a n t  of concern from large bore d i e s e l  and 
dual f u e l  engines i s  N k .  which r e a d i l y  forms in t h e  high temperature, 
pressure and excess a i r  environment found i n  these  engines. 
amounts of  carbon monoxide and hydrocarbons are a l s o  emitted.  
Su l fu r  dioxide emissions w i l l  u sua l ly  be  q u i t e  low because of t h e  
u e g l i g i b l e  s u l f u r  content  of d i e s e l  f u e l s  and n a t u r a l  gas. 

Lesser 

\ /  
The major v a r i a b l e s  a f f e c t i n g  NOx emissions from d i e s e l  engines 

i n j t c t i  g n q i g n i t i o n ,  t iming, manifold a i r  temperature,  engine speed. engine +turboFh,arging? 
load and ambient humidity. 
i nc reas ing  humidity. 

In genera l ,  N4, emissions decrease with 

Because NO, is t h e  primary p o l l u t a n t  from d i e s e l  a d  dual  %e:. 
engines,  c o n t r o l  measures t o  d a t e  have been d i r e c t e d  mainly a t  
l i m i t i n g  N4, emissions. The most e f f e c t i v e  N& con t ro l  technique 
f o r  diesel engines is f u e l  i n j e c t i o n  r e t a r d ,  achieving reduct ions  
( a t  e i g h t  degrees of r e t a r d )  o f  up t o  40 percent.  
reduct ions of  about 65 percent  are p o s s i b l e  wi th  combined r e t a r d  and 

Both r e t a rded  f u e l  injection (8') and air/ 
f u e l  r a t i o  change of  f i v e  nercent are a l s o  e f f e c t i v e  in[reducinx N&kdepends on t h e  
emissions from dual f u e l  engines,  achieving nominal N4, reduct ions  

v 
"0 

Maximum NOX 
J* 

do they d-Jratio change. 
mean load 

direction o f  
air / fuel  c h a n g e  
a n d  where you 
a re  on the a i r /  

p'c of about 40 percent  and maximum N% reduct ions  of up t o  70 percent.  
Y 

Other N4, con t ro l  techniques exist but  a r e  not  considered 

These techniques include 
f e a s i b l e  because of excess ive  f u e l  p e n a l t i e s ,  c a p i t a l  cos t ,  o r  fuel curve 
maintenance o r  ope ra t iona l  problems. 

I n t e r n a l  Combustion Engine Sources 3.3.4-1 



Geed 
F A C T  U R E R S A S S 0 C I A T  IO N 3 / 1 6 / 8 ~  

w i 712 LAKEWOOD CENTER NORTH * 14600 DETROITAVENUE 

CLEVELAND. OHIO 44107 
(216) 226-7700 * TELEX 98-5559 

A. P. WHERRY &ASSOCIATES INC., Man~88rs 

March 9, 1982 

M r .  R i cha rd  G. Rhoads, D i r e c t o r  
M o n i t o r i n g  and Data A n a l y s i s  D i v i s i o n  
U.S. Env i ronmenta l  P r o t e c t i o n  Agency 
O f f i c e  o f  A i r  Q u a l i t y  P lann ing  and Stds.  
Research T r i a n g l e  Park, NC 27711 

SUBJECT: S e c t i o n  3.3.4 S t a t i o n a r y  Large Bore D i e s e l  & Dual Fuel Engines 

Dear M r .  Rhoads: 

On December 18, 1981 y o u  s e n t  us an update  o f  a s e c t i o n  wh ich  you  p ro -  
posed t o  p u b l i s h  i n  a supplement t o  AP-42, Comp i la t i on  of A i r  P o l l u t a n t  
Emiss ion Fac to rs .  
t h e  f o l l o w i n g  comments: 

" I n  paragraph 3.3.4.2, i m p l i c a t i o n  i s  made t h a t  d i e s e l  emiss ions  can be 

Supplement t o  AP-42 

Our members have rev iewed t h e  document, and we submi t  

reduced by 40% u s i n g  i n j e c t i o n  r e t a r d ,  and an a d d i t i o n a l  25% ( t o  65% 
r e d u c t i o n )  by a i r / f u e l  r a t i o  change. 
t i o n s  o f  about  65 p e r c e n t  a r e  p o s s i b l e  w i t h  combined r e t a r d  and a l r / f u e l  
r a t i o  change,' s h o u l d  be d e l e t e d .  

The f o l l o w i n g  p o i n t s  a r e  r e l e v a n t  t o  t h i s  reques t .  
t h e  J u l y ,  1979 SSEIS. 

The sentence, 'maximum NO, reduc- 1 

Data i s  t a k e n  f r o m  

1.  

2. 

F i g u r e  4-30, page 4-99 (A/F e f f e c t ,  d i e s e l ) ,  shows two f a v o r -  
a b l e  responses t o  A/F r a t i o  changes (engines 77 and 60) b u t  
f a i l s  t o  show t h r e e  u n f a v o r a b l e  responses(engines 5, 15 and 
75). F u r t h e r ,  eng ine  60 had A/F  reduced i n  o r d e r  t o  reduce 
NO, wh ich  i n c r e a s e d  o p a c i t y  f rom 1.4 t o  an unacceptab le  3.6 
Bosch. 

F i g u r e  4-34, page 4-110, (AMT e f f e c t ,  d i e s e l )  shows f o u r  en- 
g ines  w i t h  s l i g h t  f a v o r a b l e  response. 
i s  q u e s t i o n a b l e  s i n c e  o p a c i t y  went f rom 12 t o  18 w i t h  AMT 
r e d u c t i o n .  

Data f rom eng ine  55 

ieseP and Gas Engines FOR POWER 
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M r .  Richard G. Rhoa 
Page 2 
March 9, 1982 

Not shown a re  engines 15 and 18 which show a reverse NO, r e -  
sponse t o  AMT reduct ion.  

Un l i ke  the gas and d u a l - f u e l  engines, t he  d i e s e l  i s  q u i t e  unresponsive t o  

t i o n  must r e f l e c t  t h i s . "  
' a v a i l a b l e  NO, c o n t r o l  techniques o t h e r  than i n j e c t i o n  r e t a r d ,  and l e g i s l a -  

I t r u s t  t h a t  o u r  comments w i l l  be h e l p f u l  t o  you. 

Very t r u l y  yours, 

ALLEN P. WHERRY 1 

APW:m.jp 
dema 

ccs: 6. M. Chrisman, Cooper Energy 
L. D. Evans, Dresser-Waukesha 



GEOMET, INCORPORATED . 15 FIRSTFIELD ROAD - GAITHERSBURG, MARYLAND 20760 
301/9486755 CABLE ADDRESS: GEOMETINC 

November 22,  1974 

Mr. Charles C. Masser 
Technical Development Section 
National Air Data Branch 
U.S.  Environmental Protection Agency 
Office of Air Quality Planning & Standards 
Research Triangle Park, North Carolina 

Dear Chuck: 

27711 

Here i s  the l a t e s t  and we hope f ina l  version of the Stationary 
Diesel/Electric Power section. 
a number o f  points:  

In t h a t  connection I would l i k e  t o  bring u p  

1. 

2. 

3. 

On the organization of Section 3.3: Sections 3.3.1 and 3.3.3 
a re  already a t  the pr in te rs  a s  you told us; i t  seems t o  us t h a t ,  
s ince u t i l i za t ion  of the engine i s  the determinant, the enclosed 
section should be a subsection of 3.3.1. Hence the numbers 
appearing on our d r a f t  a re  only suggestions, temporary, and you 
wil l  change them as you see f i t .  

To get the emission factors  i n to  the units you required,  we had 
t o  assume an average capacity per u n i t  d iese l .  You, of course, 
recognize t h a t  an ari thmetic average i n  a sample population w i t h  
a large capacity range i s  po ten t ia l ly  mis1eading;in the t e x t ;  we 
therefore  caution the  reader t o  be careful when he uses this 
section. 
t a t i v e ,  we will be happy t o  discuss them w i t h  you and i f  necessary 
revise  the emission factor .  

With  respect t o  a section on s ta t ionary  gas turbines and s ta t ionary  
d iese ls  f o r  National Gas Transmission (Section 3.3.2), we hold our 
previously expressed opinion i n  our l e t t e r  of July 31, 1974, which 
i s  i n  agreement w i t h  your comments in your l e t t e r  of September 30, 
1974: 
o f  Section 3.3.2. 

I f  you believe tha t  any of the values a re  not represen- 

the avai lable  information does not warrant the replacement 

I'm glad t h a t  you and Demetri have had such a useful conversation 
i n  resolving the d i f f i c u l t i e s  on t h i s  section. Finally,  s t i l l  no word from 
Dennis Naugle s ince my conversation w i t h  John Shipe a t  Kirt land, i n  which  
he said the material should be out i n  a few days. I plan t o  ca l l  Dennis, 
unless you want to .  

Sincerely , 

Scot t  0.  Thayer 
Senior Consulting Sc ien t i s t  



GEOMET, INCORPORATED . 15 FIRSTFIELD ROAD - GAITHERSBURG, MARYLAND 20760 
301/9484755 CABLE ADDRESS: GEOMETINC 

January 6. 1975 

M r .  Charles Masser 
Nat ional  A i r  Data Branch 
O f f i c e  o f  A i r  Q u a l i t y  Planning 

Environmental P r o t e c t i o n  Agency 
Research T r i a n g l e  Park, North Caro l i na  

Dear Mr .  Masser: 

Contract  68-02-1094, Task 8. 
wish t o  cont inue u n t i l  t he  f i n a l  product  meets your  t o t a l  s a t i s f a c t i o n  

and Standards 

27711 

Enclosed i s  one copy o f  t he  Background Documentation under 
I -am anxious t o  hear you r  comments and 

S i  nce re l y  , * D. J. Moschandreas, Ph.D. 

/ Research S c i e n t i s t  

DJM/js 

Enclosure 
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ACUREX n T Corporation 1 

Energy 8 Environmental Division 

March 20, 1981 

B i l l  Lamason (MO-13) 
OAQPS/MDAD 
U.S. EPA 
Research T r i a n g l e  Park, NC 27711 

Dear B i l l :  

Enclosed f i n d  a rev i sed  d r a f t  o f  t he  AP-42 sec t i on  on s t a t i o n a r y  l a rge -  
bore d iese l  and dual f u e l  engines a long w i t h  a d r a f t  o f  t he  background suppor t  
document j u s t i f y i n g  t h e  emission f a c t o r s  noted. These, I be l ieve ,  address 
your  comments re layed  t o  us a t  o u r  meet ing o f  March 10. 
f u r t h e r  comments you have e i t h e r  t o  Jim Laugh l in  o f  HMM Associates (782-0824), 
o r  t o  Henry Modetz o f  Acurex. 

Please r e l a y  any 

P r o j e c t  Manager 

Encl . 
cc: Oaug B e l l  (OAQPS/SOB, MD-13) 

ACUREX CORPORATION: AEROTHERM GROUP, SOUTH/EAST REGIONAL OPERATIONS 
AIRPORT ROAD AT LUMLEY ROAD, RTE. 1, BOX 423, MORRISVILLE, N.C. 27560 PHONE (919) 781-9704 



.- 3.3.4 S t a t i o n a r y  Large-Bore  D i e s e l  and Dua l -Fue l  Eng ines  

3.3.4.1 General1 - The p r i m a r y  h i g h  usage domest ic  a p p l i c a t i o n  o f  l a r g e - b o r e  

(i.e., g r e a t e r  t h a n  560 c u b i c  i n c h  d i sp lacemen t  p e r  c y l i n d e r ,  CID/CYL) d i e s e l  

eng ines  i s  o i l  and gas e x p l o r a t i o n  and p r o d u c t i o n .  

o f  t h r e e  t o  f i v e ,  s u p p l y  mechan ica l  power t o  o p e r a t e  t h e  d r i l l i n g  ( r o t a r y  

t a b l e ) ,  mud pumping, and h o i s t i n g  equipment. 

eng ines  may o p e r a t e  pumps o r  g e n e r a t o r  s e t s  f o r  a u x i l i a r y  power. 

h i q h  usage a p p l i c a t i o n  o f  l a r g e - b o r e  d i e s e l s  i s  f o r  e l e c t r i c a l  genera t i on ,  

b o t h  base and s tandby s e r v i c e .  

i r r i g a t i o n ,  h o i s t i n g ,  and n u c l e a r  power p l a n t  emergency c o o l i n g  w a t e r  pump 

o p e r a t i  on. 

These engines; i n  groups 

I n  o t h e r  i ns tances ,  t h e s e  

A secondary 

O t h e r  v a r i o u s  smal l  usage a p p l i c a t i o n s  i n c l u d e  

D u a l - f u e l  eng ines  were deve loped t o  t a k e  advantage o f  b o t h  compress ion 

i g n i t i o n  per fo rmance and i n e x p e n s i v e  n a t u r a l  qas. These eng ines  r e q u i r e  a 

minimum o f  5 t o  6 p e r c e n t  d i e s e l  f u e l  t o  i g n i t e  t h e  n a t u r a l  gas. D u a l - f u e l  

l a r g e - b o r e  eng ines  ( g r e a t e r  t h a n  560 CID/CYL) have been used a lmos t  

e x c l u s i v e l y  f o r  p r ime  e l e c t r i c  power genera t i on .  

3.3.4.2 

l a r g e - b o r e  d i e s e l  and d u a l - f u e l  eng ines  i s  NO,, wh ich  r e a d i l y  forms i n  t h e  

h i g h  temperature,  p ressu re ,  and excess a i r  env i ronment  found i n  t h e s e  engines. 

L e s s e r  amounts o f  ca rbon  monoxide and hydrocarbons  a re  emi t ted .  S u l f u r  

d i o x i d e  emiss ions  a r e  p r o p o r t i o n a l  t o  t h e  s u l f u r  c o n t e n t  o f  t h e  f u e l  and w i l l  

u s u a l l y  be  q u i t e  low because o f  t h e  n e g l i g i b l e  s u l f u r  c o n t e n t  o f  d i e s e l  f u e l s  

and n a t u r a l  gas. 

Emiss ions and C o n t r o l s 1  - The p r i m a r y  p o l l u t a n t  o f  concern  f rom 

The m a j o r  v a r i a b l e s  a f f e c t i n g  NOx e m i s s i o n s  f rom d i e s e l  eng ines  i n c l u d e  

i g n i t i o n  t i m i n g ,  m a n i f o l d  a i r  tempera ture ,  e n g i n e  speed, e n g i n e  load,  and 

ambient  humid i ty .  

humid i  t y  . 
I n  genera l ,  NOx e m i s s i o n s  decrease w i t h  i n c r e a s i n g  



Because NO, i s  t h e  p r imary  p o l l u t a n t  o f  s i g n i f i c a n c e  e m i t t e d  f rom d i e s e l  

and d u a l - f u e l  enqines, c o n t r o l  measures t o  d a t e  have been d i r e c t e d  ma in l y  a t  

l i m i t i n g  NO, emiss ions.  The most  e f f e c t i v e  NOx c o n t r o l  t e c h n i q u e  f o r  d i e s e l  

eng ines  i s  f u e l  i n j e c t i o n  r e t a r d ,  a c h i e v i n g  nominal  NOx r e d u c t i o n s  ( a t  e i g h t  

degrees o f  r e t a r d )  o f  40  percent.' 

a r e  p o s s i b l e  w i t h  combined r e t a r d  and a i r - t o - f u e l  r a t i o  change. 

f u e l  i n j e c t i o n ,  e i g h t  degrees, and a i r  t o  f u e l  r a t i o  change, f i v e  p e r c e n t  

change, a r e  a l s o  e f f e c t i v e  i n  r e d u c i n g  NO, em iss ions  f rom d u a l - f u e l  engines, 

a c h i e v i n g  nominal  NO, r e d u c t i o n s  o f  about  4 0  p e r c e n t ,  and maximum NO, 

r e d u c t i o n s  o f  about  7 0  pe rcen t .  

Maximum NO, r e d u c t i o n s  o f  about  65  p e r c e n t  

B o t h  r e t a r d e d  

O t h e r  NO, c o n t r o l  t e c h n i q u e s  e x i s t  b u t  a r e  n o t  c o n s i d e r e d  f e a s i b l e  

a l t e r n a t i v e s  because o f  excess i ve  f u e l  p e n a l t i e s ,  c a p i t a l  cos t ,  o r  maintenance 

o r  o p e r a t i o n a l  problems. These t e c h n i q u e s  i n c l u d e  exhaus t  gas r e c i r c u l a t i o n  

(EGR), combust ion chamber m o d i f i c a t i o n ,  w a t e r  i n j e c t i o n ,  and c a t a l y t i c  

r e d u c t  ion.  

Emiss ion  f a c t o r s  f o r  s t a t i o n a r y  l a r g e - b o r e  d i e s e l  and d u a l - f u e l  eng ines  

a r e  oresented  i n  T a b l e  3.3.4.1. 

References f o r  S e c t i o n  3.3.4 

1. Standards Suppor t  and Env i ronmenta l  Impact  S ta tement  Volume I - S t a t i o n a r y  
I n t e r n a l  Combustion Engines. EPA 450/2-78-125a. O f f i c e  o f  A i r  Q u a l i t y  
P l a n n i n g  and Standards, Research T r i a n g l e  Park,  NC. J u l y  1979. 



TABLE 3.3.4-1 Emiss ion  F a c t o r s  f o r  S t a t i o n a r y  Large-Bore 
D i e s e l  and Dua l -Fue l  Eng inesa 

S u l f u r  
D i o x i d e d  

N i t r o g e n  Carbon 

( a s  ~ 0 2 ) b  Methane Nonmethane 
Ox ides  Monoxide 

D i e s e l  Eng-4 

1 b/103hp-hr 11 

g/hp-hr  15 

g/kW-hr 500 

1 b/103gale 

9/1 e 

Dual Fue l  Engines 

1 b/103hp-hr 18 

g /hp-hr  8.0 

g/kW-hr 11 

6.4 

2.9 

3.9 

130 

16 

0.07 0.63 

0.03 0.29 

0.04 0.39 

1 13 

0.2 1.6 

5.9 

2.7 

3.6 

4.7 1.5 

2.1 0.7 

2.9 0.9 

3.2 

4.3 

150 

18 

- 

0.70 

0.32 

0.43 

aRepresen ta t i ve  u n c o n t r o l l e d  l e v e l s  f o r  each f u e l  a r e  de termined by w e i g h t i n g  
d a t a  f rom s e v e r a l  manufac turers .  W e i q h t i n g  i s  based on t h e  percentage o f  
t o t a l  horsepower s o l d  by each m a n u f a c t u r e r  d u r i n g  a f i v e  y e a r  pe r iod .  

bThese f a c t o r s  a r e  f o r  eng ines  o p e r a t e d  a t  r a t e d  l o a d  and speed. 

cNonmethane VOC accoun ts  f o r  90 p e r c e n t  o f  t o t a l  VOC f r o m  d i e s e l  eng ines  b u t  

dBased on an assumed s u l f u r  c o n t e n t  o f  1 p e r c e n t  by we igh t  f o r  d i e s e l  f u e l  
D u a l - f u e l  

o n l y  25  p e r c e n t  o f  t o t a l  VOC e m i s s i o n s  f r o m  dua l  f u e l  engines. 

and 0.46 g/scm (0.20 g r / s c f )  f o r  p i p e l i n e  q u a l i t y  n a t u r a l  gas. 
SO2 emiss ions  based on 5 p e r c e n t  o i l - f i r i n g  and 95 p e r c e n t  g a s - f i r i n g .  
Emiss ions  shou ld  be a d j u s t e d  based on f u e l  r a t i o .  

eThese f a c t o r s  a r e  c a l c u l a t e d  f r o m  t h e  above f a c t o r s  assuming a h e a t i n g  va lue  
o f  40 MJ/1 (145,000 B t u / g a l )  f o r  o i l ,  4 1  MJ/scm (1100 B t u / s c f )  f o r  n a t u r a l  
gas ,  and a n  average fue l  consumpt ion  o f  9.9 MJ/kW-hr (7000 B t u l h p - h r ) .  



BACKGROUND INFORMATION FOR DEFINING 
EMISSION FACTORS FOR STATIONARY LARGE-BORE 

DIESEL AND DUAL-FUEL ENGINES 

U n c o n t r o l l e d  emiss ion  f a c t o r s  f o r  NO,, CO, and  VOC ( b o t h  t o t a l  and 

nonmethane) f o r  s t a t i o n a r y  l a r g e - b o r e  d i e s e l  and d u a l - f u e l  eng ines  were 

d e r i v e d  f r o m  eng ine  m a n u f a c t u r e r - s u p p l i e d  data.  These d a t a  e x h i b i t e d  some 

v a r i a b i l i t y  i n  emiss ions  f rom eng ines  o f  d i f f e r e n t  des igns.  To account  f o r  

t h i s  v a r i a b i l i t y ,  a sa les -we igh ted  average approach was used. The procedure  

adopted  was t o  compute a we igh ted  average u n c o n t r o l l e d  emiss ion  l e v e l  f o r  

enq ines  i n  t h e  d i e s e l  and d u a l - f u e l  c a t e q o r i e s .  The we iqh ted  l e v e l s  a r e  based 

on  s a l e s  of eng ine  horsepower d u r i n g  t h e  p a s t  5 y e a r s  f o r  domest ic  

a p p l i c a t i o n s .  

c omp u t  a t  i on. 

Sa les  o f  horsepower t o  s tandby  s e r v i c e s  were exc luded from t h e  

F i q u r e s  1 t h r o u g h  6 show u n c o n t r o l l e d  e m i s s i o n  l e v e l s  f o r  NO,, CO, and 

VOC ( w i t h  nonmethane VOC n o t e d  where measured), t a k e n  f rom eng ine  

m a n u f a c t u r e r ' s  data.  On each f i q u r e  t h e  d a t a  a r e  d i f f e r e n t i a t e d  by  eng ine  

d e s i q n  type. Eng ine  t y p e s  no ted  a r e  two-s t roke ,  b l o w e r  scavenged (2-BS), 

two-  and f o u r - s t r o k e  tu rbocharged  (2-TC, 4-TC), and f o u r - s t r o k e  n a t u r a l l y  

a s p r i a t e d  (4-NA). 

and h u m i d i t y  where s u f f i c i e n t  d a t a  e x i s t e d .  

NO, e m i s s i o n  d a t a  were c o r r e c t e d  f o r  ambient  t empera tu re  

A l s o  no ted  i n  t h e  f i g u r e s  a r e  t h e  sa les -we igh ted  average emiss ions  

f a c t o r s  c a l c u l a t e d .  

summarized i n  Tab le  1. Note  t h a t  t h e  sa les -we igh ted  average VOC e m i s s i o n  

f a c t o r s  shown i n  F i q u r e s  5 and 6 a r e  f o r  t o t a l  VOC emiss ions.  These a r e  s p l i t  

i n t o  methane and nonmethane VOC i n  T a b l e  1 by  n o t i n g  t h a t  90 p e r c e n t  o f  t h e  

VOC e m i t t e d  from d i e s e l  eng ines  and 25 p e r c e n t  o f  t h e  VOC f r o m  d u a l - f u e l  

eng ines  i s  nonmethane. 

These emiss ion  f a c t o r s  f o r  NO,, CO, and VOC a r e  
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TABLE 1. Sales-Weighted Average Emission Fac tors  f o r  S ta t i ona ry  
Large-Bore D iese l  and Dual-Fuel Engines (g/hp-hr)  

, co voc ( a s  ~ ) b  so2c 
Methane Nonmethane 

NO, 
Fuel (as N O Z ) ~  

D iese l  11 2.9 0.03 0.29 3.2 

Dual -Fuel 8.0 2.7 2.1 0.7 0.32 

a A t  ra ted  load and speed. 

bNonmethane VOC accounts f o r  90 percent  o f  t o t a l  VOC f rom d i e s e l  engines and 
25 percent  o f  t o t a l  VOC from dua l - fue l  engines. 

s u l f u r  content  o f  1 percent  by weight  f o r  d iese l  f u e l ,  0.46 g/scm 
(0.20 g r / s c f )  f o r  na tu ra l  gas; heat ing  value o f  40 MJ/1 (145,000 B tu /ga l )  
f o r  d iese l  f u e l ,  4 1  MJ/scm (1100 B t u / s c f )  f o r  n a t u r a l  gas; average f u e l  
consumption o f  7.4 MJ/hp-hr (7000 Btu/hp-hr) ;  and dua l - fue l  f i r i n g  5 percent  
d i e s e l  and 9 5  percent  na tu ra l  gas. 

CBased on: 

. -  



T a b l e  1 a l s o  shows SO2 e m i s s i o n  f a c t o r s .  SO2,emiss ions  a r e  s o l e l y  a 

f u n c t i o n  o f  f u e l  s u l f u r  con ten t .  The e m i s s i o n  f a c t o r s  i n  T a b l e  1 assume t h e  

s u l f u r  c o n t e n t  o f  d i e s e l  f u e l  i s  one p e r c e n t  by we igh t ,  and o f  n a t u r a l  gas i s  

0.46 g/scm (0 .20  g r / s c f ) .  

4 0  MJ/1 (145,000 B t u / g a l ) ,  and o f  n a t u r a l  gas t o  be 4 1  MJ/scm (1100 B t u / s c f ) .  

Average f u e l  consumption i s  assumed t o  be 7.4 MJ/hp-hr (7000 B t u / h p - h r ) ,  and 

d u a l - f u e l  eng ines  a r e  assumed t o  b u r n  5 p e r c e n t  d i e s e l  and 95  p e r c e n t  n a t u r a l  

gas on a h e a t  i n p u t  bas i s .  

The h e a t i n g  v a l u e  o f  d i e s e l  i s  assumed t o  be 
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u/&c< 3.3.4 S t a t i o n a r y  La rge -Bore  D i e s e l  and Dua l -Fue l  E n g i n e s  

3.3.4.1 

( i .e.,  g r e a t e r  t h a n  560 c u b i c  i n c h  d i s p l a c e m e n t  p e r  c y l i n d e r ,  CID/CYL) 

d i e s e l  eng ines  i s  o i l  and gas e x p l o r a t i o n  and p r o d u c t i o n .  These eng ines ,  i n  

g roups  o f  t h r e e  t o  f i v e ,  s u p p l y  m e c h a n i c a l  power t o  o p e r a t e  t h e  d r i l l i n g  

( r o t a r y  t a b l e ) ,  mud pumping, a n d  h o i s t i n g  equipment.  

e n g i n e s  may o p e r a t e  pumps o r  g e n e r a t o r  s e t s  f o r  a u x i l l a r y  power. A secondary  

h i g h  usage a p p l i c a t i o n  o f  l a r g e - b o r e  d i e s e l s  i s  f o r  e l e c t r i c a l  g e n e r a t i o n ,  b o t h  

base and s tandby s e r v i c e .  O t h e r  v a r i o u s  s m a l l  usage a p p l i c a t i o n s  i n c l u d e  

i r r i g a t i o n ,  h o i s t i n g ,  and  n u c l e a r  power p l a n t  emergency c o o l i n g  w a t e r  pump 

o p e r a t i o n .  

General1 - The p r i m a r y  h i g h  usage domes t i c  a p p l i c a t i o n  o f  l a r g e - b o r e  qc I L  
GL&h 

I n  o t h e r  i n s t a n c e s ,  t h e s e  

D u a l - f u e l  eng ines  were deve loped  t o  t a k e  advantage o f  b o t h  compress ion  

I i g n i t i o n  pe r fonnance  and i n e x p e n s i v e  n a t u r a l  gas. These eng ines  r e q u i r e  a 

minimum o f  5 t o  6 p e r c e n t  d i e s e l  f u e l  t o  i g n i t e  t h e  n a t u r a l  gas. These 

l a r g e - b o r e  eng ines  ( g r e a t e r  t h a n  560 CID/CYL) have been used a l m o s t  

' e x c l u s i v e l y  f o r  p r i m e  e l e c t r i c  power  g e n e r a t i o n .  

3.3.4.2 

l a r g e - b o r e  d i e s e l  and d u a l - f u e l  e n g i n e s  i s  NO,, wh ich  r e a d i l y  forms i n  the 

h i g h  tempera ture ,  p ressu re ,  and excess  a i r  e n v i r o n m e n t  f o u n d  i n  t h e s e  eng ines .  

L e s s e r  amounts o f  c a r b o n  monoxide and h y d r o c a r b o n s  a r e  e m i t t e d .  S u l f u r  

d i o x i d e  emiss ions  a r e  p r o p o r t i o n a l  t o  t h e  s u l f u r  c o n t e n t  o f  t h e  f u e l  and w i l l  

u s u a l l y  b e  q u i t e  l ow  because  o f  the n e g l i g i b l e  s u l f u r  c o n t e n t  o f  d i e s e l  f u e l s  

and n a t u r a l  gas. 

Emiss ions  and C o n t r o l s 1  - The p r i m a r y  p o l l u t a n t  o f  c o n c e r n  f r o m  

The m a j o r  v a r i a b l e s  a f f e c t i n g  NOx e m i s s i o n s  f rom d i e s e l  e n g i n e s  i n c l u d e  

i g n i t i o n  t i m i n g ,  m a n i f o l d  a i r  t e m p e r a t u r e ,  e n g i n e  speed, e n g i n e  l o a d ,  and  

amb ien t  h u m i d i t y .  I n  g e n e r a l ,  NOx e m i s s i o n s  i n c r e a s e  w i t h  i n c r e a s i n g  

- huinidi  ty. 

.. . ,. 



Because NO, i s  t h e  p r i m a r y  p o l l u t a n t  o f  s i g n i f i c a n c e  e m i t t e d  f r o m  d i e s e l  

a n d  d u a l - f u e l  eng ines ,  c o n t r o l  measures t o  d a t e  have been d i r e c t e d  m a i n l y  a t  

l i m i t i n g  NO, emiss ions .  The most  e f f e c t i v e  NO, c o n t r o l  t e c h n i q u e  f o r  d i e s e l  

e n g i n e s  i s  f u e l  i n j e c t i o n  r e t a r d ,  a c h i e v i n g  nomina l  NO, r e d u c t i o n s  ( a t  e i g h t  

deg rees  o f  r e t a r d )  o f  40  p e r c e n t .  

p e r c e n t  a r e  p o s s i b l e  w i t h  combined r e t a r d  and a i r - t o - f u e l  r a t i o  change. 

r e t a r d e d  f u e l  i n j e c t i o n ,  e i g h t  degrees ,  a n d  a i r  t o  f u e l  r a t i o  change, f i v e  

p e r c e n t  change, a r e  a l s o  e f f e c t i v e  i n  r e d u c i n g  NO, e m i s s i o n s  from d u a l  f u e l  

eng ines ,  a c h i e v i n g  nomina l  NO, r e d u c t i o n s  of abou t  4 0  p e r c e n t ,  a n d  maximum NO, 

r e d u c t i o n s  o f  about  70 p e r c e n t .  

Maximum NO, r e d u c t i o n s  o f  abou t  65  

B o t h  

O t h e r  NO, c o n t r o l  t e c h n i q u e s  e x i s t  b u t  a r e  n o t  c o n s i d e r e d  f e a s i b l e  

a l t e r n a t i v e s  because o f  e x c e s s i v e  f u e l  p e n a l t i e s ,  c a p i t a l  c o s t ,  o r  ma in tenance  

o r  o p e r a t i o n a l  problems. These t e c h n i q u e s  i n c l u d e  e x h a u s t  gas r e c i r c u l a t i o n  

(EGR), combus t ion  chamber m o d i f i c a t i o n ,  w a t e r  i n j e c t i o n ,  a n d  c a t a l y t i c  -. 

r e d u c t i o n .  

Emiss ion  f a c t o r s  f o r  s t a t i o n a r y  l a r g e - b a s e  d i e s e l  and d u a l - f u e l  eng ines  

a r e  p r e s e n t e d  i n  T a b l e  3.3.4.1. 

Re fe rences  f o r  S e c t i o n  3.3.4 

1. Standards Suppor t  and E n v i r o n m e n t a l  I m p a c t  S ta temen t  Volume I - S t a t i o n a r y  
I n t e r n a l  Combust ion Engines. EPA 450/2-78-125a. O f f i c e  o f  A i r  Q u a l i t y  
P l a n n i n g  and S tandards ,  Research  T r i a n g l e  Park ,  NC. J u l y  1979. - 
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B i l l  Lamason (MD-13) 
0 AQ PS /M DAD 
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P lease  r e l a y  any f u r t h e r  comments you  may have t o  e i t h e r  Jim 

S i n c e r e l y ,  

. Water lahd 
o j e c t  Manager 

E n c l o s u r e  

cc: Doug B e l l  (OAQPS/SDB, MD-13) 
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3.3.4 S ta t i ona ry  Large-Bore D i e s e l  and Dual -Fuel  Engines 

3.3.4.1 General1 - The pr imary h igh  usage domest ic a p p l i c a t i o n  o f  l a rge -bo re  

-1 , l .  

(i.e., g r e a t e r  than 560 c u b i c  i n c h  d isp lacement  p e r  c y l i n d e r ,  CID/CYL) d i e s e l  

engines i s  o i l  and gas e x p l o r a t i o n  and p roduc t i on .  These engines; i n  groups 

of t h ree  t o  f i v e ,  supp ly  mechanical power t o  operate t h e  d r i l l i n g  ( r o t a r y  

t a b l e ) ,  mud pumping, and h o i s t i n g  equipment. 

engines may opera te  pumps o r  genera tor  s e t s  f o r  a u x i l i a r y  power. 

h i g h  usage a p p l i c a t i o n  o f  l a rge -bo re  d i e s e l s  i s  f o r  e l e c t r i c a l  generat ion,  

b o t h  base and standby serv ice.  Other  v a r i o u s  smal l  usage a p p l i c a t i o n s  i n c l u d e  

i r r i g a t i o n ,  h o i s t i n g ,  and nuc lea r  power p l a n t  emergency c o o l i n g  wa te r  pump 

ope r a t  ion.  

I n ~ o t h e r  instances,  t h e s e  

A secondary 

Dua l - fue l  engines were developed t o  take  advantage o f  b o t h  compression 

i g n i t i o n  performance and inexpensive n a t u r a l  gas. These engines r e q u i r e  a 

minimum o f  5 t o  6 pe rcen t  d i e s e l  f u e l  t o  i g n i t e  t h e  n a t u r a l  gas. Dua l - fue l  

l a rge -bo re  engines ( g r e a t e r  than 560 CID/CYL) have been used almost 

e x c l u s i v e l y  f o r  pr ime e l e c t r i c  power genera t ion .  

3.3.4.2 

l a rge -bo re  d i e s e l  and d u a l - f u e l  engines i s  NO,, which r e a d i l y  forms i n  t h e  

h i g h  temperature, pressure,  and excess a i r  environment found i n  these engines. 

Lesser  amounts o f  carbon monoxide and hydrocarbons are  emit ted.  S u l f u r  

d i o x i d e  emissions are  p r o p o r t i o n a l  t o  t h e  s u l f u r  content  o f  the  f u e l  and w i l l  

u s u a l l y  be q u i t e  low because o f  t h e  n e g l i g i b l e  s u l f u r  con ten t  o f  d i e s e l  f u e l s  

and na tu ra l  gas. 

Emissions and Con t ro l s1  - The pr imary  p o l l u t a n t  o f  concern f rom 

The major  v a r i a b l e s  a f f e c t i n g  NOx emiss ions from d i e s e l  engines i n c l u d e  

i g n i t i o n  t im ing ,  m a n i f o l d  a i r  temperature,  eng ine  speed, engine load, and 

ambient humid i ty .  

h umi d i ty . 
I n  genera l ,  NO, emiss ions  decrease w i t h  i n c r e a s i n g  

I 



. . 
-, 

Because NO, i s  t h e  pr imary p o l l u t a n t  o f  s i g n i f i c a n c e  emi t ted  f rom d i e s e l  

and 'dua l - fue l  engines, c o n t r o l  measures t o  d a t e  have been d i r e c t e d  m i n l y  a t  

l i m i t i n g  NO, emissions. The most e f f e c t i v e  NO, c o n t r o l  technique f o r  d i e s e l  

eng ines  i s  f u e l  i n j e c t i o n  re ta rd ,  ach iev ing  nominal NO, reduc t i ons  ( a t  e i g h t  

degrees o f  r e t a r d )  o f  40  percent .  

a r e  p o s s i b l e  w i t h  combined r e t a r d  and a i r - t o - f u e l  r a t i o  change. Both  r e t a r d e d  

f u e l  i n j e c t i o n ,  e i g h t  degrees, and a i r  t o  f u e l  r a t i o  change, f i v e  percent  

Maximum NO, reduc t i ons  o f  about 65 percent  

change, a r e  a l s o  e f f e c t i v e  i n  reducing NO, emiss ions from d u a l - f u e l  engines, 

a c h i e v i n g  nominal NO, reduc t i ons  o f  about 40  percent ,  and maximum NO, 
f o  / 

k47,. 
/- ,fi P O k *  +I o+ 

U d +  L blcg %;:>@ r e d u c t i o n s  o f  about 70 percent .  

Other  NO, c o n t r o l  techn iques  e x i s t  b u t  a r e  not~cwside.cedL%&Ak 

a+ te rna t i ves  because o f  excess ive f u e l  p e n a l t i e s ,  c a p i t a l  cost ,  o r  maintenance 

o r  ope ra t i ona l  problems. These techniques i n c l u d e  exhaust gas r e c i r c u l a t i o n  

(EGR) ,  combustion chamber m o d i f i c a t i o n ,  water  i n j e c t i o n ,  and c a t a l y t i c  

r e d u c t  ion. 

' 

Emission f a c t o r s  f o r  s t a t i o n a r y  l a rqe -bo re  d i e s e l  and d u a l - f u e l  engines 

a r e  w e s e n t e d  i n  Tab le  3.3.4.1. 

References f o r  S e c t i o n  3.3.4 

1. Standards Support  and Environmental  Impact Statement Volume I - r t a t i o n a r y  
I n t e r n a l  Combustfon Engines. EPA 450/2-78-125a. O f f i c e  o f  A i r  Q u s l i t y  
P lann ing  and Standards, Research T r i a n g l e  Park,  NC. J u l y  1979. 



r TABLE 3.3.4-1 Emission F a c t o r s  f o r  S t a t i o n a r y  Large-Bore - 
D i e s e l  and Dual-Fuel  Engi nesa 

7 
f l 4 3 i l U 6  f 

N i  t rogen Carbon voc S u l f u r  

(as N O Z ) ~  Methane Nonmethane 
Oxides Monoxide (as C)C D iox ided 

D iese l  Eng-4 6.4 0.07 0.63 7.0 

1 b/103hp-hr 11 2.9 0.03 0.29 3.2 

g/hp-hr 1 5  3.9 0.04 0.39 4.3 

g/kW-hr 500 130 1 13 150 

1 b/103gale 16 0.2 1.6 18 

.- - I - - - g/1e - 

Dual Fuel  Engines 

1 b/103hp-hr 18 5.9 4.7 1.5 0.70 

d h p - h r  8.0 2.7 2.1 0.7 0.32 

g/kW-hr 11 3.6 2.9 0.9 0.43 

aRepresentat ive u n c o n t r o l l e d  l e v e l s  f o r  each f u e l  a r e  determined by we igh t i ng  
da ta  from severa l  manufacturers.  Weigh t ing  i s  based on t h e  percentage o f  
t o t a l  horsepower s o l d  by each manufac turer  d u r i n g  a f i v e  y e a r  per iod .  

bThese f a c t o r s  a re  f o r  engines operated a t  r a t e d  load and speed. 

CNonmethane VOC accounts f o r  90 pe rcen t  o f  t o t a l  VOC f rom d i e s e l  engines b u t  
o n l y  25 percent  o f  t o t a l  VOC emiss ions f rom dual  f u e l  engines. 

dBased on an assumed s u l f u r  con ten t  o f  1 p e r c e n t  by weight  f o r  d i e s e l  f u e l  
and 0.46 g/scm (0.20 g r / s c f )  f o r  p i p e l i n e  q u a l i t y  n a t u r a l  gas. Dua l - fue l  
SO2 emissions based on 5 percent  o i l - f i r i n g  and 95 percent  g a s - f i r i n g .  
Emissions should be ad jus ted  based on f u e l  r a t i o .  

eThese f a c t o r s  a re  c a l c u l a t e d  f rom t h e  above f a c t o r s  assuming a h e a t i n g  value 
o f  40 MJ/1 (145,000 B t u / g a l )  f o r  o i l ,  4 1  MJ/scm (1100 B t u / s c f )  f o r  n a t u r a l  
gas, and an average f u e l  consumption o f  9.9 MJ/kW-hr (7000 Btu/hp-hr) .  
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BACKGROUND INFORMATION FOR DEFINING 
E M I S S I O N  FACTORS FOR STATIONARY LARGE-BORE 

DIESEL AND DUAL-FUEL ENGINES 

U n c o n t r o l l e d  emiss ion f a c t o r s  f o r  NO,, CO, and VOC ( b o t h  t o t a l  and 

nonmethane) f o r  s t a t i o n a r y  l a rge -bo re  d i e s e l  and d u a l - f u e l  engines were 

d e r i v e d  from engine manufacturer-suppl  i ed data. These data e x h i b i t e d  some 

v a r i a b i l i t y  i n  emiss ions from engines o f  d i f f e r e n t  designs. 

t h i s  v a r i a b i l i t y ,  a sa les-weighted average approach was used. 

adopted was t o  compute a weighted average u n c o n t r o l l e d  emission l e v e l  f o r  

engines i n  t h e  d i e s e l  and dua l - fue l  ca tegor ies .  The weighted l e v e l s  are based 

on  sa les  o f  engine horsepower du r ing  t h e  p a s t  5 years  f o r  domest ic 

a p p l i c a t i o n s .  

c omp u t  a t  i on. 

To account f o r  

The procedure 

Sales o f  horsepower t o  standby s e r v i c e s  were excluded from t h e  

F igu res  1 th rough 6 show u n c o n t r o l l e d  emiss ion l e v e l s  f o r  NO,, CO, and 

VOC ( w i t h  nonmethane VOC noted where measured), t a k e n  from engine 

manufac turer ' s  data. 

des ign  type. Engine t y p e s  noted are  two-st roke,  b lower  scavenged (2-8S), 

two- and f o u r - s t r o k e  turbocharged (2-TC, 4-TC), and f o u r - s t r o k e  n a t u r a l l y  

a s p r i a t e d  (4-NA). 

and humid i t y  where su f 'T i c ien t  da ta  ex is ted.  

On each f i g u r e  t h e  data a r e  d i f f e r e n t i a t e d  by engine 

NO, emiss ion data were c o r r e c t e d  f o r  ambient temperature 

A lso  noted i n  t h e  f i g u r e s  are t h e  sa les-weighted average emissions 

f a c t o r s  c i lcculated. 

summarized i n  Tab le  1. 

f a c t o r s  shown i n  F i g u r e s  5 and 6 a r e  f o r  t o t a l  VOC emissions. These 'a re  s p l i t  

i n t o  methane and nonmethane VOC i n  Table 1 h.y n o t i n g  t h a t  90 pe rcen t  o f  the  

VOC e m i t t e d  from d i e s e l  engines and 25 pe rcen t  o f  t h e  VOC f rom dua l - fue l  

These emission f a c t o r s  f o r  NO,, CO, and VOC a r e  

Note t h a t  t h e  sa les-weighted average VOC emiss ion 

eng ines  i s  nonmethane. 
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TABLE 1. Sales-Weighted Average Emiss ion  F a c t o r s  f o r  S t a t i o n a r y  
Large-Bore D i e s e l  and Dual -Fuel  Engines (g/hp-hr)  

co VDC ( a s  ~ ) b  s02c 
Methane Nonmethane 

NO, 
Fuel  ( a s  N O Z ) ~  

O i  esel 11 2.9 0.03 0.29 3.2 

Dual -Fuel  8.0 2.7 2.1 0.7 0.32 

a A t  r a t e d  l oad  and speed. 

bNonmethane VOC accounts f o r  90 percen t  o f  t o t a l  VOC f rom d i e s e l  engines and 

CBased on: 

25 percent  o f  t o t a l  VOC f rom d u a l - f u e l  engines. 

(0.20 g r / s c f )  f o r  n a t u r a l  gas; h e a t i n g  va lue  o f  40 MJ/1 (145,000 B tu /ga l )  
f o r  d i e s e l  f u e l ,  4 1  MJ/scm (1100 B t u / s c f )  f o r  n a t u r a l  gas; average f u e l  
consumption o f  7.4 MJ/hp-hr (7000 Btu /hp-hr ) ;  and d u a l - f u e l  f i r i n g  5 pe rcen t  
d i e s e l  and 95 percent  n a t u r a l  gas. 

s u l f u r  con ten t  o f  1 pe rcen t  by we igh t  f o r  d i e s e l  f u e l ,  0.46 g/scm 



c 
Table 1 a lso  shows SO2 emiss ion f a c t o r s .  SO2 emissions are  s o l e l y  a 

f u n c t i o n  o f  f u e l  s u l f u r  content .  The emiss ion f a c t o r s  i n  Table 1 assume t h e  

s u l f u r  content  o f  d i e s e l  f u e l  i s  one percent  by weight,  and o f  n a t u r a l  gas i s  

0.46 g/scm (0.20 g r / s c f ) .  

4 0  MJ/1 (145,000 B tu /ga l ) ,  and o f  n a t u r a l  gas t o  be 4 1  MJ/scm (1100 Btu /sc f ) .  

Average fue l  consumption i s  assumed t o  be 7.4 MJ/hp-hr (7000 Btu/hp-hr) ,  and 

d u a l - f u e l  engines a r e  assumed t o  burn 5 pe rcen t  d i e s e l  and 95 percent  n a t u r a l  

gas on a heat  i n p u t  bas is .  

The hea t ing  value o f  d i e s e l  i s  assumed t o  be 



ACUREX n Corporation 
Energy 8 Environmental Division 

April 2 9 ,  1981 

Bill  Lamason (MD-13) 
OAQPS/MDAD 
U.S. E P A  
Research Triangle Park, N C  27711 

Dear B i l l :  

Enclosed find the f inal  d r a f t  of the AP-42 section on s ta t ionary large- 
bore diesel  and d u a l  fuel engines along with a draf t  of the background support 
document jus t i fy ing  the emission factors  noted.  
comments you have e i the r  t o  Jim Laughlin of HMM Associates (782-0824), o r  t o  
Henry Modetz of Acurex. 

Please relay any fur ther  

Sincerely,  

Larrv R .  Waterland 
Project Manager 

Encl. 

cc: Doug Bell (OAQPS/SDB, MD-13) 

ACUREX CORPORATION: AEROTHERM GROUP, SOUTH/EAST REGIONAL OPERATIONS 
AIRPORT ROAD AT LUMLEY ROAD, RTE. 1, BOX 423, MORRISVILLE. N.C. 27560 PHONE (919) 781-9704 



BACKGROUND INFORMATION FOR DEFINING 
E M I S S I O N  FACTORS FOR STATIONARY LARGE-BORE 

DIESEL AND DUAL-FUEL ENGINES 

U n c o n t r o l l e d  e m i s s i o n  f a c t o r s  f o r  NO,, CO, and VOC ( b o t h  t o t a l  and 

nonmethane) f o r  s t a t i o n a r y  l a r g e - b o r e  d i e s e l  and d u a l - f u e l  eng' , nes were 

d e r i v e d  f r o m  e n g i n e  m a n u f a c t u r e r - s u p p l i e d  data. These d a t a  e x h i b i t e d  some 

v a r i a b i l i t y  i n  em iss ions  f rom eng ines  o f  d i f f e r e n t  des igns .  To account  f o r  

t h i s  v a r i a b i l i t y ,  a sa les -we igh ted  average approach was used. The p rocedure  

adopted  was t o  compute a we igh ted  average u n c o n t r o l l e d  e m i s s i o n  l e v e l  f o r  

eng ines  i n  t h e  d i e s e l  and d u a l - f u e l  c a t e g o r i e s .  The w e i g h t e d  l e v e l s  a r e  based 

on  s a l e s  o f  e n g i n e  horsepower d u r i n g  t h e  p a s t  5 y e a r s  f o r  domest ic  

a p p l i c a t i o n s .  

comput a t  ion.  

Sa les  o f  horsepower t o  s tandby  s e r v i c e s  were exc luded  from t h e  

F i g u r e s  1 t h r o u g h  6 show u n c o n t r o l l e d  e m i s s i o n  l e v e l s  f o r  NO,, CO, and 

VOC ( w i t h  nonmethane VOC n o t e d  where measured),  t a k e n  f rom e n g i n e  

m a n u f a c t u r e r ' s  da ta .  

d e s i g n  type. Eng ine  t y p e s  n o t e d  a r e  t w o - s t r o k e ,  b l o w e r  scavenged (2-BS), 

two-  and f o u r - s t r o k e  t u r b o c h a r g e d  (2-TC, 4-TC), and f o u r - s t r o k e  n a t u r a l l y  

a s p r i a t e d  (4-NA). 

and h u m i d i t y  where s u f f i c i e n t  d a t a  e x i s t e d .  

On each f i g u r e  t h e  d a t a  a r e  d i f f e r e n t i a t e d  by e n g i n e  

NO, e m i s s i o n  d a t a  w e r e  c o r r e c t e d  f o r  ambien t  t e m p e r a t u r e  

A l s o  n o t e d  i n  t h e  f i g u r e s  a r e  t h e . s a l e s - w e i g h t e d  average emiss ions  

f a c t o r s  c a l c u l a t e d .  

summarized i n  T a b l e  1. 

f a c t o r s  shown i n  F i g u r e s  5 and 6 a r e  f o r  t o t a l  VOC emiss ions .  These a r e  s p l i t  

i n t o  methane and nonmethane VOC i n  T a b l e  1 by  n o t i n g  t h a t  90 p e r c e n t  o f  t h e  

VOC e m i t t e d  f r o m  d i e s e l  eng ines  and 25  p e r c e n t  o f  t h e  VOC f r o m  ' d u a l - f u e l  

eng ines  i s  nonmethane. 

These e m i s s i o n  f a c t o r s  f o r  NO,, CO, and VOC a r e  

Note  t h a t  t h e  s a l e s - w e i g h t e d  average VOC e m i s s i o n  
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TABLE 1. Sa les-Weigh ted  Averaqe E m i s s i o n  F a c t o r s  f o r  S t a t i o n a r y  
Large-Bore  D i e s e l  and Dua l -Fue l  Eng ines  (g /hp -h r )  

co VOC ( a s  CH4)b s o p  
Methane Nonmethane 

NO, 
Fue l  (as N O Z ) ~  

O i  e s e l  11 2.9 0.03 0.29 3.2 

Dual-Fuel  8.0 2.7 2.1 0.7 0.32 

a A t  r a t e d  l o a d  and speed. 

bNonmethane VOC accoun ts  f o r  9 0  p e r c e n t  o f  t o t a l  VOC f r o m  d i e s e l  eng ines  and 

CBased on: 

25 p e r c e n t  o f  t o t a l  VOC f r o m  d u a l - f u e l  engines. 

s u l f u r  c o n t e n t  o f  1 p e r c e n t  by w e i g h t  f o r  d i e s e l  f u e l ,  0.46 g/scm 
(0.20 g r / s c f )  f o r  n a t u r a l  gas; h e a t i n g  v a l u e  o f  40 MJ/1 (145,000 B t u / g a l )  
f o r  d i e s e l  f u e l ,  4 1  MJ/scm (1100 B t u / s c f )  f o r  n a t u r a l  gas; average f u e l  
consumpt ion  o f  7.4 MJ/hp-hr (7000 B t u / h p - h r ) ;  and d u a l - f u e l  f i r i n g  5 p e r c e n t  
d i e s e l  and 95 p e r c e n t  n a t u r a l  gas. 



Table 1 a l s o  shows SO2 emiss ion fac to rs .  SO2 emissions a r e  s o l e l y  a 

f u n c t i o n  o f  f u e l  s u l f u r  content.  The emiss ion f a c t o r s  i n  Table 1 assume t h e  

s u l f u r  content  o f  d i e s e l  f u e l  i s  one percent  by weight, and of  n a t u r a l  gas i s  

0.46 g/scm (0.20 g r / s c f ) .  

40 MJ/1 (145,000 Btu /ga l ) ,  and o f  n a t u r a l  gas t o  be 4 1  MJ/scm (1100 Btu/scf ) .  

Average f u e l  consumption i s  assumed t o  be 7.4 MJ/hp-hr (7000 Btu/hp-hr) ,  and 

dua l - fue l  engines a re  assumed t o  burn 5 percent  d i e s e l  and 95 pe rcen t  n a t u r a l  

gas on a heat i n p u t  basis.  

The hea t ing  value o f  d i e s e l  i s  assumed t o  be 



3.3.1 Stationary Diesel Engines for  Electr ical '  U t i l i t y  Power Plants 

3.3.1.1 General - Stationary diesel  engines find application i n  the 
e l e c t r i c  u t i l i t y  industry,  i n  natural gas transmission, and in var ious.  
process industr ies .  Diesel engines used in the e l e c t r i c  power plants 
usually operate under constant and  continuous conditions. There i s ,  
however, a smaller number o f  diesels  for  peaking o r  standby power ser- 
vice. The l iquid fuel diesels  generally use a l i g h t  d i s t i l l a t e  o i l ,  
such as No. 2 ;  the gas d iese ls ,  or dual-fuel d i e se l s ,  use a combina- 
t ion of natural gas (between 80 t o  95 percent of the heat input) and 
l iquid fuel which i s  used t o  i n i t i a t e  igni t ion.  

3.3.1.2 Emissions .- Emission data on s ta t ionary engines for  e lec t r ica l  
u t i l i t y  power plants have been gathered and analyzed i n  references 1 and 
2 .  
considerable range in  terms o f  absolute values, and varies in terms in 
which the emissions a re  expressed. 
and converted t o  uniform uni ts .  The emission factors  given indicate a 
representative value based on a s e r i e s  of assumptions on the type of 
engine, on the average power capacity per engine (average ,from a sample 
population of 446 engines),  and on the relationship between uni t  power 
capacity and emission rates  ( a  l i nea r  re la t ionship i s  u t i l i z e d ) .  
emission r a t e s  r e fe r  t o  four-cycle engines for  both the l iquid and the 
gas d iese ls ;  more data i s  required i n  order t o  obtain the emissions as 
functions of the charging mechanism and the number of cycles per engine. 

The information provided on emissions from diesel engines shows a 

In this section the data i s  reorganized 

The 

In continuous power in s t a l l a t ions ,  diesel engines usually operate a t  

In the re la t ive ly  few peaking in s t a l l a t ions ,  the uni t  operates for 

The emission factors  provided i n  t h i s  section 

BO t o  90 percent o f  t h e i r  rated power for  about 6,000 t o  8,000 hours per 
year. 
several hours per day near f u l l  load. The standby uni t s  generally run  
for  1 t o  3 hours per week. 
re fer  t o  constant conditions. Table 3.3.1-1 l i s t s  the emission factors  
for  diesel engines. The average power capacity per engine i s  assumed t o  
be 1678 Bhp and  2585 B h p ,  for  o i l  and gas diesels  respectively.  The gas 
low-heat value u t i l i zed  for  conversion purposes i s :  
950 Btu /SCF;  the heat value for  d i s t i l l a t e  o i l  No. 2 i s  141 ,000 Btu/gal. 
Finally we assume an  80 t o  20 percent d i s t r ibu t ion  o f  dual fuel d iese ls  
t o  l iquid d iese ls ,  

The emission factors  provided in Table 3.3.1-1 should be used w i t h  
caution since they are based on the indicated average power capacity per 
u n i t  engine. 

Gas - LHV = 



i I 

i' 

TABLE 3.3.1-1. E M I S S I O N  FACTORS FOR ELECTRIC UTILITY DIESELS 

Emission Factors  ( lbm/hr )  a t  Constant Condi t ions 
Pol 1 u t a n t  E n t i r e  Popu la t ion  Gas Diesel  O i l  D iesel  . . 

43.44 46.74 30.22 
10.55 11.40 7.14 co 

HC 14.24 17.67 0.51 

NOX 

Pol 1 u t a n t  

co 
HC 

Composite Fac tors ,  Fuel Basis 

(lbm/106 ft3 gas)* ~ b ~ / 1 0 ~  ga l  o i l ) * *  
2,850 338 

703 81 

1,045 5.5 

* Emissions f o r  dual f u e l  d i e s e l s  (95 percent  n a t u r a l  gas). 

** Emissions f o r  l i q u i d  f u e l  d iese ls .  

References f o r  Sec t ion  3.3.1 

1. McGowin, Char les R. S t a t i o n a r y  I n t e r n a l  Combustion Engines i n  the  
Un i ted  States.  She l l  Development Co. Prepared f o r  t h e  Environmental 
P ro tec t i on  Agency - Technology Ser ies.  A p r i l  1973. 

2. Roessler, W.U., A. Muraszew, and R.D. Kopa. Assessment o f  the  App l i -  
c a b i l i t y  f o  Automotive Emission Cont ro l  Technology t o  S ta t i ona ry  
Engines. The Aerospace Corporat ion,  Urban Programs D i v i s i o n .  Prepared 
f o r  the  Environmental P r o t e c t i o n  Agency - Technology Ser ies.  J u l y  
1974. 



3.3 -f 
lizE-- 

C a t a l y s t  T e s t s  Completed on Large-Bore 
S t a t i o n a r y  I .C. Eng ines  

A. 0.  L i t t l e ,  Inc .  (€PA C o n t r a c t  68-02-2664) and s u b c o n t r a c t o r s ,  Cooper Energy 
S e r v i c e s  and Fairbanks-Morse, have r e c e n t l y  completed t e s t s  on exhaus t  
c a t a l y s t  NOx c o n t r o l  t e c h n o l o g y  f o r  b o t h  n a t u r a l  gas and d i e s e l  eng ines .  The 
f o l l o w i n g  c o n c l u s i o n s  were drawn f rom t h e  r e s u l t s  o f  t h e  e x p e r i m e n t a l  program: 

1 .  

2. 

4 3. 

4. 

5. 

7. 

Under i d e a l  c o n d i t i o n s  (adequate space v e l o c i t y  and c o n t r o l  o f  
exhaus-perature, NH3 l e v e l ,  and p a r t i c u l a t e s ) ,  97-98 p e r c e n t  
NUx r e d u c t i o n  c o u l d  be o b t a i n e d  w i t h  t h r e e  d i f f e r e n t  base me ta l  
c a t a l y s t s .  

NO r e d u c t i o n  o f  d i e s e l  exhaust  was comparable t o  gas eng ine  
exkaus t ,  w i t h  sma l l  amounts o f  accumula ted  s o o t  enhanc ing  t h e  
c a t a l y s t  per fo rmance a t  h i g h e r  tempera tures .  

D i e s e l  soo t  must, however, be reduced t o  sma l l  amounts f o r  
t h e  exhaust  t o  be t r e a t e d  by NH3 r e d u c t i o n .  
o f  s u b s t a n t i a l  soo t  l a y e r s  i m p a i r s  c a t a l y s t  performance. 

D i f f e r e n t  c a t a l y s t s  e x h i b i t e d  space v e l o c i t y  t h r e s h o l d s  
f o r  o p e r a t i o n .  

NH3/NOx r a t i o  s h o u l d  be c o n t r o l l e d  between 1.0 and 1.1 f o r  
b e s t  r e s u l t s .  
l o w e r  va lues  l e a v e  NOx r e d u c t i o n  incomple te .  

Extended runs  on two  c a t a l y s t s  and two eng ines  i n d i c a t e  t h a t  
r e a l i s t i c  l ong - te rm c a t a l y s t  per fo rmance w i l l  be i n  t h e  75-85 
p e r c e n t  NUx r e d u c t i o n  range. 

A s p e c i a l  d i s p e r s i v e  i n f r a r e d  a n a l y z e r  f o r  "3 was deve loped 
f o r  t h i s  s tudy  and o f f e r s  p romise  as a r e a l  t ime-measur ing  
d e v i c e  f o r  feedback c o n t r o l  o f  NH3 a d d i t i o n .  

Accumula t ion  

H i g h e r  va lues  g i v e  i n c r e a s e d  NH3 emiss ions  and 

(J.H. Wasser, FTS: 629-2476) 
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ACUREX n “r Corporation 
Energy a Environmental Division 

April  29,  1981 

B i l l  Lamason (MD-13) 
OAQPS/MDAD 
U.S. EPA 
Research Tr iangle  Park,  NC 27711 

Dear B i l l :  

Enclosed f i n d  the f i n a l  d r a f t  of the AP-42 sec t ion  o n . s t a t i o n a r y  l a r g e -  
bore d i e se l  and dual fuel  engines  along w i t h  a d r a f t  of the background suppor t  
document j u s t i f y i n g  t h e  emission f a c t o r s  noted.  
comments you have e i t h e r  t o  J i m  Laughlin of  HMM Assoc ia tes  (782-0824),  o r  t o  
Henry Modetz of Acurex. 

Please r e l a y  any f u r t h e r  

S i n c e r e l y ,  

Lar ry  R. Waterland 
P r o j e c t  Manager 

1 

Encl. 

cc :  Doug Bell (OAQPS/SDB, MD-13) 

ACUREX CORPORATION: AEROTHERM GROUP, SOUTH/EAST REGIONAL OPERATIONS 
AIRPORT ROAD AT LUMLEY ROAD, RTE. 1, BOX 423, M0RRISVILLE.N.C. 27560 PHONE (919) 781-9704 



3 . 3 . 4  STATIONARY LARGE-BORE DIESEL AND DUAL-FUEL ENGINES 

3 . 3 . 4 . 1  General1 

The primary high usage domestic a p p l i c a t i o n  of large-bore (1.e. .  
g r e a t e r  than 560 cubic  inch displacement  per  c y l i n d e r ,  CID/CYL) d i e s e l  
engines is o i l  and gas  e x p l o r a t i o n  and product ion.  These engines ,  in 
groups of t h r e e  t o  f i v e ,  supply mechanical power t o  o p e r a t e  t h e  d r i l l i n g  
( r o t a r y  t a b l e ) ,  mud pumping, and h o i s t i n g  equipment. I n  o t h e r  i n s t ances ,  
these  engines may ope ra t e  pumps o r  gene ra to r  s e t s  f o r  a u x i l l i a r y  power. 
secondary high usage a p p l i c a t i o n  of large-bore d i e s e l s  is f o r  e l e c t r i c a l  
genera t ion ,  both base and s tandby s e r v i c e .  Other va r ious  s m a l l  usage 
app l i ca t ions  include i r r i g a t i o n ,  h o i s t i n g ,  and nuc lear  power p l a n t  
emergency cool ing  water  pump ope ra t ion .  

A 

Dual-fuel engines  were developed t o  take advantage of bo th  
compression i g n i t i o n  performance and inexpensive n a t u r a l  gas .  
engines r e q u i r e  a minimum of 5 t o  6 percent  d i e s e l  f u e l  t o  i g n i t e  t h e  
n a t u r a l  gas.  Dual-fuel large-bore engines  ( g r e a t e r  than  560 CID/CYL) 
have been used almost exc lus ive ly  f o r  prime e l e c t r i c  power genera t ion .  

3 . 3 . 4 . 2  Emissions and Controls1 

These 

The primary p o l l u t a n t  of concern from large-bore d i e s e l  and dual-fuel  
engines is NOx, which r e a d i l y  forms in t h e  h igh  temperature ,  p re s su re ,  and 
excess  a i r  environment found in t h e s e  engines .  Lesser  amounts of carbon 
monoxide and hydrocarbons a r e  e m i t t e d .  Su l fu r  d ioxide  emissions are pro- 
po r t iona l  t o  t h e  s u l f u r  conten t  of t h e  f u e l  and will u s u a l l y  be q u i t e  low 
because of t h e  n e g l i g i b l e  s u l f u r  con ten t  of d i e se l  f u e l s  and n a t u r a l  gas.  

The major v a r i a b l e s  a f f e c t i n g  NOx emissions from d i e s e l  engines  

I n  g e n e r a l ,  Nox emissions dec rease  wi th  
include i g n i t i o n  t iming, manifold a i r  temperature ,  engine speed, engine 
load ,  and ambient humidity. 
increas ing  humidity.  

Because NO, is t h e  primary p o l l u t a n t  of s i g n i f i c a n c e  e m i t t e d  from 
d i e s e l  and dual-fuel  engines,  c o n t r o l  measures t o  d a t e  have been d i r e c t e d  
mainly a t  l i m i t i n g  NOx emissions.  
nique f o r  d iese l  engines  is f u e l  i n j e c t i o n  r e t a r d ,  ach iev ing  nominal NOx 
reduct ions  (at  e i g h t  degrees  of r e t a r d )  of 4 0  percent .  
t i o n s  of about 65 percent  are p o s s i b l e  w i t h  combined r e t a r d  and a i r - to-  
f u e l  r a t i o  change. Both r e t a rded  f u e l  i n j e c t i o n ,  e i g h t  degrees ,  and a i r -  
to-fuel  r a t i o  change, f i v e  percent  change, are a l s o  e f f e c t i v e  in reducing 
NOx emissions from dual-fuel  engines ,  ach iev ing  nominal NO, reduct ions  of 
about 4 0  percent ,  and maximum NOx r educ t ions  of about 70  percent .  

The most e f f e c t i v e  NO, c o n t r o l  tech- 

Maximum NO, reduc- 

O t h e r  NOx c o n t r o l  techniques e x i s t  bu t  are not considered f e a s i b l e  
a l t e r n a t i v e s  because of excess ive  f u e l  p e n a l t i e s ,  c a p i t a l  c o s t ,  OK main- 
tenance or opera t iona l  problems. These techniques inc lude  exhaust  gas  
r e c i r c u l a t i o n  (EGR),  combustion chamber modi f ica t ion ,  water  i n j e c t i o n ,  
and c a t a l y t i c  reduct ion .  

Emission f a c t o r s  f o r  s t a t i o n a r y  large-bore d i e s e l  and dual-fuel 
engines  are presented in Table 3 . 3 . 4 . 1 .  

I n t e r n a l  Combustion Engine Sources 3 .3 .4  



Reference f o r  S e c t i o n  3 . 3 . 4  

1 .  Standards Support and Environmental Impact Statement Volume I - 
Stat ionary  Interna l  Combustion Engines, EPA 450/2-78-125a, Office of 
Air Qual i ty  Planning and Standards, Research Tr iang le  Park, NC.  July 
1979. 

3 . 3 . 4  EMISSION FACTORS 



OFFICE OF voc A I R  A N D  W A 3 T f j W A G E M E N T  Nit rogen  Carbon 

( a s  N02)b Methane Nonmethane 
Oxides Monoxide ( a s  CH4)= Dioxided 

Diesel Engines 

l b /  1O3hp-h 

g/hp-h 

g/kW-h 

1b/lO3gale 

g/1e 

Dual Fuel Engines 

1 b/ 103hp-h 

g/hp-h 

g/kW-h 

24  

11 

15  

500 

60 

18 

8.0 

11 

6.4 

2.9 

3.9 

130 

16 

5.9 

2.7 

3.6 

0.07 

0.03 

0.04 

1 

0.2 

4.7 

2.1 

2.9 

0.63 7.0 

0.29 3.2 

0.39 4.3 

13 150 

1.6 18 

1.5 0.70 

0.7 0.32 

0.9 0.43 

agepresenta t ive  uncon t ro l l ed  l e v e l s  f o r  each f u e l  are determined by 
weighting da ta  from s e v e r a l  manufacturers .  Weighting is  based on the 
percentage of t o t a l  horsepower s o l d  by each manufacturer dur ing  a f i v e  
yea r  per iod.  

h h e s e  f a c t o r s  a r e  f o r  engines  ope ra t ed  a t  r a t e d  load and speed.  

=Nomethane VOC accounts  f o r  90 pe rcen t  of t o t a l  VOC from d i e s e l  engines  
but  only 25 percent  of t o t a l  VOC emissions from dua l  f u e l  engines .  

dBased on an assumed s u l f u r  con ten t  of 1 percent  by weight f o r  d i e s e l  
f u e l  and 0.46 g/scm (0.20 g r / s c f )  f o r  p i p e l i n e  q u a l i t y  n a t u r a l  gas .  
Dual-fuel SO2 emissions based on 5 percent  o i l - f i r i n g , a n d  95 percent  
gas- f i r ing .  Emissions should be ad jus t ed  based on f u e l  r a t i o .  

eThese f a c t o r s  are c a l c u l a t e d  from t h e  above f a c t o r s  assuming a hea t ing  
value of 40 M J / 1  (145,000 Btu /ga l )  f o r  o i l ,  41  MJ/scm (1100 Btu / sc f )  
f o r  n a t u r a l  gas ,  and an average f u e l  consumption of 9.9 MJ/kW-h (7000 
BTU/hp-h) . 

I n t e r n a l  Combustion Engines 3.3.4 




