
UnitedStates Mflce of Alr Qmffty EPA453R-93032 
Envi~uunantalh o t d o n  Pbnning 4Standards 

Rese& T&wb Park NC 27711 
Jdy 1993 

Alternative Control 

Techniques Document --

NOx Emissions from 
Stationary Reciprocating 

Internal Combustion 
Engines 





ALTERNATIVE CONTROL TECHNIQUES DOCUMENTS 


This report is issued by the Emission Standards ~ivision, 


Office of Air Quality Planning and Standards, U. S. Environmental 

Protection Agency, to provide infomation to State and local air 

pollution control agencies. Mention of trade names and 


commercial products is not intended to constitute endorsement or 
recornendation for use. Copies of this report are available--as 

supplies pennit--from the Library Services Office (MD-35). 


U. S. Environmental Protection Agency, Research ~riangle Park, 


North Carolina 27711 ( [919] 541-2777) or, for a nominal fee, 

from the National Technical Information Services, 5285 Port Royal 

Road, springfield, Virginia 22161 ( [ 800 ]  553-NTIS). 





TABLE OF CONTENTS 


1.0 INTRODUCTION . . . . . . . . . . . . . . . . . . . .  

2.0 SUMMARY . . . . . . . . . . . . . . . . . . . . . .  


2.1 UNCONTROLLED NO EMISSIONS . . . . . . . . . . .  

2.2 CONTROL TECHNIQ~SAND ACHIEVABLE NO, EMISSION 


REDUCTIONS . . . . . . . . . . . . . . . . . .  

2.2.1 Control Techniques for Rich-Burn SI 


Engines . . . . . . . . . . . . . . .  

2.2.2 Control Techniques for Lean-Burn SI 


Engines . . : . . . . . . . . . . . .  

2.2.3 Control Techniques for Diesel and 


Dual-Fuel CI Engines . . . . . . . . .  

2.3 CONTROL TECHNIQUES COSTS AND COST EFFECTIVENESS 


2.3.1 Costs and Cost Effectiveness for 

Rich-Burn SI Engines. . . . . . . . .  


2.3.2 Costs and Cost Effectiveness for 

Lean-Burn SI Engines . . . . . . . . .  


2.3.3 Costs and Cost Effectiveness for Diesel 

Engines . . . . . . . . . . . . . . .  


2 . 3 . 4  Costs and Cost Effectiveness for 

Dual-Fuel Engines . . . . . . . . . .  


3.0 DESCRIPTION OF INTERNAL COMBUSTION ENGINES 

AND INDUSTRY APPLICATIONS . . . . . . . . . .  

3.1 OPERATING DESIGN CONSIDERATIONS . . . .  


3.1.1 Ignition Methods . . . . . . . .  

3.1.2 Operating Cycles . . . . . . . .  

3.1.3 Charging Methods . . . . . . . .  


3.2 TYPESOFFUEL . . . . . . . . . . . . .  

3.2.1 Spark-Ignited Engines . . . . .  

3.2.2 Coqression-Ignited Engines . . 


3 . 3  INDUSTRY APPLICATIONS . . . . . . . . .  

3.3.1 Enginesizes . . . . . . . . . .  

3.3.2 Oil and Gas Industry . . . . . . . . . .  

3.3.3 General Industrial and Municipal Usage . 

3 . 3 . 4  Agricultural Usage . . . . . . .  

3 .3 .5  Electric Power Generation . . .  


3.4 REFERENCES . . . . . . . . . . . . . .  

4 . 0  CHARaCTERIZATION OF NO EMISSIONS . . . . . . . . .  


4.1 FORMATION OF EMISSIONS. . . . . . . . . . . .  

4.1.1 The Formation of NO . . . . . . . . .  

4.1.2 Formation of Other bssions . . . . .  


4.2 FACTORS THAT INFLUENCE NO KMISSIONS ; . . . .  

4.2.1 Engine Design and BPerating Parameters . 

4.2.2 Fuel Effects . . . . . . . . . . . . . .  


. . . . . . .  4 .2 .3  Ambient Conditions . . . . . . . . . . .  

4.3 UNCONTROLLED EMISSION LEVELS . . . . . . . . .  

4.4 REFERENCES FOR CHAPTER 4 . . . . . . . . . . .  


iii 






TABLE OF CONTENTS (continued) 


ease 

6.3.3 Control Costs for A/F Adjustment and 


Ignition Timing Retard . . . . . . . . 
6.3.4 Control Costs for SCR Applied to 


Lean-Burn SI Engines . . . . . . . .. . 
6.3.5 Control Costs for Conversion- to 


Low-Emission Combustion . . . . . :. 
6.4 CONTROL COSTS FOR COMPRESSION IGNITION (CI) 


ENGINES . . . . . . . . . . . . . . . . . . . 
6.4.1 Control Costs For Injection Timing Retard 

6.4.2 Control Costs for Conversion to 


Low-Emission Combustion . . . . . . . 
6.5 REFERENCES FOR CHAPTER 6 . . . . . . . . . . . . 


7.0 ENVIRONMENTAL AND ENERGY IMPACTS . . . . . . . . . . 

7.1 AIRPOLLUTION. . . . . . . . . . . . . . . . . 


7.1.1 NO Emission Reductions for Rich-Burn SI 

Lgines . . . . . . . . . . . . . . . 

7.1.2 NO Emission Reductions for Lean-Burn Sf 

Engines . . . . . . . . . . . . . . . 

7.1.3 NO Emission Reductions for Diesel CI 

Sngines . . . . . . . . . . . . . . . 

7.1.4 NO Emission Reductions for Dual-Fuel CI 

ffngines . . . . . . . . . . . . . . . 

7.1.5 Emissions Trade-offs . . . . . . . . . . 

7.2 SOLIDWASTEDISPOSAL . . . . . . . . . . . . . 

7.3 ENERGY CONSUMPTION . . . . . . . . . . . . . . 

7.4 REFERENCES FORCHAPTER7 . . . . . . . . . . . 


APPENDIX A 

APPENDIX B 




LIST OF FIGURES 


Figure 2-1. 


Figure 2 - 2 .  

Figure 2-3. 


Figure 2 - 4 .  

Figure 2 - 5 .  

Figure 2 - 7 .  

Figure 2-8. 


Figure 2-9. 


Figure 2-10. 


Figure 2-11. 

Total capital costs for NO, control 

techniques supplied to rich-burn 

SI engines. . . . . . . . . . . . .-. . 


Total annual c o s t s  for NO' control techniques
applied to rich-burn h engines 

(8,000 hr/yr). . . . . . . . . . . . . .  


Cost effectiveness for NO, control techniques 

applied to rich-burn engines 

(8,000 hr/yr)  . . . . . . . . . . . . . .  


Total capital costs for NO control 

techniques applied to fean- burn 

SXengines. . . . . . . . . . . . . . .  


Total  annual costs f o r  NO control techniques 
applied to lean-burn 31 engines 

( 8 , 0 0 O h r / y r ) .  . . . . . . . . . . . . .  


Cost effectiveness for NO control techniques 

applied to lean-burn 51 engines 

(8,OQObr/yr), . . . . . . . . . . . . .  


Total capital costs fo r  NO control 
techniques applied to &el engines. . 

Total annual costs for NOx control techniques 

applied to diesel engmes (8,000 hr /yr )  

Cost atfectiveness tor NOx control techniques 

applied to diesel englnes (8,000 hr /yr )  

Total capital costs for NO control 

techniques applied to &a1 -fuel engines 

Total annual costs f o r  NO, control techniques 
applied to dual-fuel enginee 

(8,00Ohr/yr). . . . . . . . . . . . . .  


Figure 2-12. Cost effectiveness for NO, control techniques 
applied to dual-free engines 

(8,000 hr/yr) . . . . . . . . . . . . . .  




Figure 3-1. 


Figure 3 - 2. 

Figure 3 - 3. 

Figure 4-1. 


Figure 4-2. 


Figure 5-1. 


Figure 5-2. 


Figure 5-3. 


Figure 5-4. 


Figure 5-5. 


Figure 5 - 6 .  

Figure 5-7. 


Figure 5-8. 


Figure 5 - 9 .  

LIST OF FIGURES (continued) 


Pase 


Two-stroke, compression ignition 

(blower-scavenged)IC engine cycle. Two 

strokes of 180° each of crankshaft 
 , 

rotation, or 360° rotation per cycle . . 
The four-stroke, spark ignition IC engine 


cycle. Four strokes of 180° each of 

crankshaft rotation, or 720°  of rotation 
percycle . . . . . . . . . . . . . . .  


Turbocharged, intercooled, large-bore 

ICengine . . . . . . . . . . . . . . .  


Effect of air/fuel ratio on NO,, CO, and HC 

emissions . . . . . . . . . . . . . . .  


Impact of different fuels on NO, and CO 

emissions 


The effect of air-to-fuel ratio on NO,, 

CO, and HC emissions . . . . . . . . . .  


Parametric adjustments and the effect of 

ignition timing retard for a rich-burn 

engine model . . . . . . . . . . . . . .  


Parametric adjustments and the effect of 

ignition timing retard for a second 

rich-burn engine model . . . . . . . . .  


Stratification of the air/fuel charge using 

a prestratified charge control system . 

Schematic of a prestratified charge system . 
Schematic of a nonselective catalytic 


reduction system design with a single 

catalytic reactor . . . . . . . . . . .  


Schematic of a nonselective catalytic 

reduction system design with two 

catalytic reactors . . . . . . . . . . .  


LOW-emission engine combustion chamber 

configurations . . . . . . . . . . . . .  


Low-emission engine combustion chamber with 

a precombustion chamber . . . . . . . .  


vii 




LPST OF FIGURES (continued) 


Figure 5-10. The effect of A/F adjustment on NOx 
emissions for two lean-burn englne 

modela. . . . . . . . . . . . . . . . .  5-44 


Figure 5-11. The effect of A/F adjustment on NOx 
emissions f o r  four identical lean-burn 
engines . . . . . . . . . . . . . . . .  5-46 


Figure 5-12. The effect of A/F adjustment on emissions and 
fuel efficiency for a lean-burn engine . 5 - 4 8  

Figure 5-13. The effect of ignition timing retard on NO, 

emissions for four 'dentical 

lean-burn engines. 4 k .  . . . . . . . . .  5-50 


Figure 5-14. The effect of ignition timing on emissions 

and fuel efficiency for a lean-burn 

engine. 
. . . . . . . . . . . . . . . .  5-52 


Figure 5-15. Schematic of a selective catalytic 

reduction system. . . . . . . . . . . .  5-56 


Figure 5-16. Cutaway view of a honeycomb catalyst 

configuration . . . . . . . . . . . . .  5-57 


Figure 6-1. Total capital and annual costs and cost 

effectiveness for A/F adjustment in 

rich-burn engines, based on installation 

of an automatic A/F adjustment system and 

controls. . . . . . . . . . . . . . . .  6- 12 


Figure 6-2. Total capital and annual costs and cost 

effectiveness for ignition timing retard 

in rich-burn engines, based on 

iastal1,ation of an electronic ignition 

system. . . . . . . . . * . . . . . . .  


Figure 6-3. Total capital and annual costs and cost 

effectiveness for A/F adjustment and 

ignition timing retard in rich-burn 

engines, based on installation of 

automatic A/F adjustment system and 

controls and an electronic ignition 

system. . . . . . . . . . . . . . . . .  


viii 




. .. . . 
, . 

, . 
, .  . . 

. .  , <  
. , 

. . 
. . 

- .  
. . . , ,. . . . , . 

, , 
1 , 

. .  -
- . 

I . , . ... .. -



LIST OF FIGURES (continued) 


Pase 


Figure G-13. Total capital and annual costs and cost 

effectiveness for ignition timing retard 

in lean-burn SI engines, based on 

installation of an electronic ignition 


- .  system. . . . . . . . . . . . . . . . .  

Figure 6-14. Total capital and annual costs and cost 


effectiveness for A/F adjustment and 

ignition timing retard in lean-burn SI 

engines, based on addition of a new 

turbocharger and an electronic ignition 

system. . . . . . . . . . . . . . . . .  


Figure 6-15. Installed costs for selective catalytic 

reduction estimated by catalyst vendors 

for gas-fired, lean-burn engines . . . .  

Figure 6-16. Total capital and annual costs and cost 

effectiveness for selective catalytic 

reduction for lean-burn SI engines, 

including a continuous emission 

monitoring system. . . . . . . . . . . .  


Figure 6-17. Total, capital and annual costs and coat 

effectiveness for injection timing retard 

in diesel engines, based on installation 

of an electronic ignition system. . . .  

Figure 6-18. Total capital and annual costs and cost 

effectiveness for injection timing retard 

in dual-fuel engines, based on 

installation of an electronic ignition 

system. . . . . . . . . . . . . . . . .  


Figure 6-19. Installed capital costs for selective 

catalytic reduction estimated by catalyst 

vendors for diesel and dual-fuel engines 


Figure 6-20. Total capital and annual costs and cost 

effectiveness for selective catalytic 

seduction for diesel engines, including a 
continuous emission monitoring system . 

Figure 6-21, Total capital and annual costs and cost 
effectiveness for selective catalytic 

reduction Eor dual-fuel engines, 
including a continuous emission 

-monitoring system . . . . . . . . . . .  




- - 

LIST FIGURES (continued) 

Ease 

Figure 6-22. Total capital and annual ~ f i ~ r a2nd cost 
t 



TABLE 2-1. 


TABLE 2 -2. 

TABLE 2-3. 


TABLE 2 - 4 .  

TABLE 2-5. 


TABLE 2-6. 


TABLE 2 - 7 .  

TABLE 2 - 8 .  

TABLE 2 - 9 .  

TABLE 2 - 1 0 .  

'FABLE 2-11. 


TABLE 2-12. 

TABLE 2-13. 


LIST OF TABLES 

AVERAGE HEAT RATES AND UPJCONTROLLED NO 

EMISSION FACTORS FOR RECIPROCATI~ 

ENGINES . . . . . . . . . . . . . . . .  


EXPECTED RANGE OF NO EMISSION REDUCTIONS AND 

CONTROLLED EMISHION LEVELS FOR CONTROL 

TECHNIQUES APPLIED TO RICH-BURN S'I. 

ENGIbJES (NATURAL GA§ FUEL) . . . . . . .  


POTENTIAL NO REDUCTIONS FOR RICH-BURN 

SI E N G I ~ S(NATURAL GAS FUEL) . . . . .  

EFFECTS OF NO CONTISOL TECHNIQUES ON

R I C H - e dSI ENGINES . . . . . . . . . .  


EXPECTED W G E  OF NO EMISSION REDUCTIONS AND 
CONTROLLED B M I S ~ O NLEVELS FOR CONTROL 
TECHNIQUES APPLIED TO LEAN-BURN SI 

ENGINES (NAT%TRAt GAS FWF,L) . . . . . . .  


POTENTIAL NO REDUCTIONS FOR LEAN-BURN 
SI E N G I ~ S. . . . . . . . . . . . . . .  


EFFECTS OF NO CONTROL TECHNIQUES ON 

L W - B ~ SI ENGINES . . . . . . . . . .  


EXPECTED RAJYGE OF NO EMISSION REDUCTIONS AND 
CONTROLLED EMISBION LEVELS FOR CONTROL 
TECHNIQUES APPLIED TO DIESEL AND 
DUAL-FUEL ENGINES . . . . . . . . . . .  


POTENTIAL NO, .REDUCTIONSFOR DIESEL ENGINES . 
ROTENTIAL NO, REDUCTIONS FOR DUAL-FUEL 


ENGINES . . . . . . . . . . . . . . . .  

EFFECTS OF NO CONTROL TECHNIQUES ON 


DIESEL A d  DUAL-FUEL ENGINES . . . . . .  
COSTS AND COST EFFECTIVENESS SUMMARY FOR NOx 

CONTROL TECHNIQUES APPLIED TO RICH-BURN 

SI ENGINES . . . . . . . . . . . . . . . .  


COSTS AND COST EFFECTIVENESS SUtMARY FOR NOx
CONTROL TECHNIQUES APPLIED,TO LEAN-BURN 

$1 ENGINES . . . . . . . * . . . . . . .  


xii 




LIST OF TABLES (continued) 

TABLE 2-14. COSTS AND COST EFFECTIVENESS SUMMARY FOR NOx 
CONTROL TECHNIQUES APPLIED TO DIESEL 
ENGINES . . . . . . . . . . . . . . . .  

TABLE 2-15. COSTS AND COST EFFECTIVENESS SUMMARY FOR 
NO CONTROL TECHNIQUES APPLIED TO .
DUL-FUEL ENGINES . . . . . . . . . . .  

TABLE 3-1. OIL AND GAS INDUSTRY APPLICATIONS OF 
STATIONARY IC ENGINES CIRCA 1979 . . . .  

TABLE 3-2. GENE= INDUSTRIAL AND MUNICIPAL APPLICATIONS 
OF STATIONARY IC ENGINES CIRCA 1979 . . 

TABLE 3-3. AGRICULTURAL APPLICATIONS OF STATIONARY 

IC ENGINES CIRCA 1979 . . . . . . . . .  


TABLE 3-4. ELECTRICAL POWER GENERATION BY STATIONARY 

IC ENGINES CIRCA 1979 . . . . . . . . .  


TABLE 4-1. AVERAGE NO, EMISSIONS FOR IC ENGINES . . . .  
TABLE 5-1. RANGE OF EMISSIONS RESULTING FROM A/F 


ADJUSTMENT FOR ONE MANUFACTURER'S 

RICH-BURN, MEDIUM-SPEED ENGINES . . . .  

TABLE 5-2. ACHIEVABLE CONTROLLED EMISSION LEVELS USING 

A/F ADJUSTMENT . . . . . . . . . . . . .  


TABLE 5-3. CONTROLLED EMISSION LEVELS FOR PSC 

INSTALLATIONS IN THE SOUTH COAST AIR . 

QUALITY MANAGEMENT DISTRICT . . . . . .  
TABLE 5-4. CONTROLLED EMISSION LEVELS AND CORRESPONDING 


ENGINE POWER DERATE FOR PSC* 
INSTALLATIONS . . . . . . . . . . . . .  


TABLE 5-5. EMISSION SUMMARY OF RICH-BURN ENGINES 

FOLLOWING RETROFIT TO LOW-EMISSION 

COMBUSTION USING A PRECOMBUSTION CHAMBER 


TABLE 5-6. ACHIEVABLE CONTROLLED EMISSION LEVELS FOR NEW 

LOW-EMISSION ENGINES DEVELOPED FROM 

RICH-BURN ENGINE DESIGNS . . . . . . . . .  


xiii 




TABLE 5 - 7 ,  


TABLE 5 - 8 . 


TABLE 5-9. 


TABLE 5-10. 


TABLE 5-11" 


'FABLE 5-12. 


TABLE 5-13* 

TABLE 5-14. 

'GABLE 5-15. 


TABLE 6-1. 


TABLE 6 - 2 .  

TABLE 6-3. 


TABLE 7-1. 


TABLE 7 - 2 .  

TABLE 7-3. 


TABLE 7 - 4 .  

LIST OF TABLES (continued) 


ACHIEVABLE NO KMISSION REDUCTIONS FOR 

LEAN-BUBEJ BNGINES USING A COMBINATION OF 

' 

A/F ADJUSTMENT PLND IGNITION TIMING 

RETARD . . . . . . . . . . . . . . . . . . 
. . 

GAS -FUELED sca APPLICATIONS AND OPERATING 
EXPERIENCE FOR ONE CATALYST VENDOR . . .  

ACHIEVABLE EMISSION LEVELS FOR NEW AND 
RETROFIT LOW-EMISSION ENGINES DEVELOPED 

FROM L M - B U R N  DESIGNS . . . . . . . . .  


EFFECT OF FUEL INJECTION TIMING RETARD ON 

EMISSIONS AND FUEL CONSUMPTION FOR 
DIESEL ENGINES . . . . . . . . . . . . .  


DIESEL+FWELED SCR APPLICATIONS FOR ONE 

CATALYST VENDOR * . . . . . . . . . . .  


RESULTS OF RETARDING THE INJECTION TIMING FOR 

ONE D m - F U E L  ENGINE MODEL . . . . . . .  


EMISSIONS COMPLIANCE TEST RESULTS FOR A 
DUAL-FUEL ENGINX USING SCR . . . . . . .  


NOMINAL EMISSION LEVELS COMPARING 

OPEN-CHAMBER AND PRECOMBUSTION CHaMBER 
DESIGNS FOR DUAL FUEL ENGINES . . . . .  

EMISSION TEST RESULTS FOR A LOW-EMISSION. 

DUAL-FUEL ENGINE RETROFIT WITH 'A 

PRECOMBUSTION CHAMBER . . . . . . . . .  


TOTAL W I T A L  COST COMPONENTS AND FACTORS . . 
TOTAL ANNUAL COST ELEMENTS AND FACTORS . . .  
UNCONTROLLED NO EMISSION FACTORS FOR COST 

R P P E C T I ~ S S~ C U L A T I O N S  . . . . . . .  

RICH-BURN SI ENGINES . . , . . . . . . . . .  

LEAN-BURN $1 ENGINES . . . . . . . . . . . .  

NO, EMISSION REDUCTIONS FOR DIESEL CI ENGINES 

DUAL-FUEL Cf ENGINES . . . . . . . . . . . .  


Paue 


5 - 5 4  


5- 62 


5 - 6 8  


5 - 72 


5 - 7 5  


5 - 77 


5 - 7 9  


5-82 


5-83 


6-3 


6 - 5 


6-7 


7-3 


7-5 


7-6 


7-8 


xiv 




LIST OF TABLES (continued) 


TABLE 7 - 5 .  EFFECTS OF NO CONTROL TECHNIQUES ON CO AND 
HC EMISSPONS . . . . . . . . . . . . . .  


TABLE 7 - 6 .  EFFECTS OF NO CONTROL TECHNIQUES ON FUEL 
C O N S U M P T ~AND POWER OUTPUT . . . . . .  - 7-12 









1.0 INTRODUCTION 


Congress, in the Clean Air Act Amendments of 1990 (-1, 

amended Title I of the Clean Air Act (CAA) to address ozone 

nonattainmeat areas. A new Subpart 2 was added to Part D of 


Section 103. Section 183(c) of the new Subpart 2 provides that: 


[wlithin 3 years after the date of the enactment of the 

CAAA, the Administrator shall issue technical documents 
which identify alternative controls for all categories of 

stationary sources of ...oxides of nitrogen which emit or 
have the potential to emit 25 tons per year or more of such 

air pollutant. 


These documents are to be subsequently revised and updated as 


determined by the Administrator. 


Stationary reciprocating engines have been identified as a 


category that emits more than 25 tons of nitrogen oxide (NO,) per 


year. This alternative control techniques (ACT) document 


provides technical information for use by State and local 

agencies to develop and implement regulatory programs to control 


NO, emissions from stationary reciprocating engines. Additional 


ACT documents are being developed for other stationary source 


categories. 


Reciprocating engines are used in a broad scope of 
applications. It must be recognized that the alternative control 


techniques and the corresponding achievable NO, emission levels 


presented in this document may not be applicable for every 


reciprocating engine application. The size and design of the 


engine, the operating duty cycle, site conditions, and other 


site-specific factors must be taken into consideration, and the 


suitability of an alternative control technique must be 

determined on a case-by-case basis. 




The information in this ACT document was generated through a 

literature search and from information provided by engine 


manufacturers, control equipment vendors, engine users, and 


regulatory agencies. Chapter 2.0 presents a s-ry of the 

findings of this study. Chapter 3.0 presents information on 


engine operation and industry applications. Chapter 4.0 contains 


a discussion of NO, formation and uncontrolled NO, emission 


factors. Alternative control techniques and achievable 


controlled emission levels are included in Chapter 5.0. The cost 


and cost effectiveness of each control technique are presented in 


Chapter 6.0. Chapter 7.0 describes environmental and energy 


impacts associated with implementing the NO, control techniques. 




2.0 SUMMARY 

This chapter presents a summary of uncontrolled nitrogen 


oxide (NO,) emissions factors. NO, emission control techniques. 


achievable controlled NOx emission levels, and the costs and cost 


effectiveness for NO, control techniques applied to stationary 


reciprocating internal combustion (IC) engines. The extent of 


applicability and the effects of NO, control techniques on engine 


operating parameters and carbon monoxide (CO) and hydrocarbon 


(HC) emissions are also summarized for each control technique. 


In this document, emissions are stated in units of grams per 

horsepower-hour (g/hp-hr) . parts per million by volume ( P P ~ ). 
and pounds per million British thermal units ( l b / ~ ~ ~ t u ) .  
All 


emission levels stated in units of ppmv are corrected to 

15 percent oxygen (02),unless stated otherwise. Emission rates 


were requested from engine manufacturers in units of g/hp-hr. 


Published reports and test data often report emission levels in 


either g/hp-hr or ppmv. Conversion factors presented in 


Chapter 4 are used throughout this document to convert g/hp-hr to 

ppmv and vice-versa. Where HC emission levels are not speciated, 

it is expected that the emission levels presented correspond to 


nomethane hydrocarbon (NMHC) levels rather than total 


hydrocarbon (THC)levels. 


Information for both spark-ignition (SI) and compression- 


ignition (CI) engines are presented f o r  operation on gaseous and 

oil fuels. Gasoline-fueled engines are not included in this 


document due to limited stationary applications and available 

information for these engines. 




This document presents information by engine type 

( i . ,  rich-burn SI, lean-burn SI, and diesel and dual-Fuel 


engines). A rich-burn engine is classified as one with an 


air-to-fuel ratio (A/F) operating range that is near 


stoichiometric or fuel-rich of stoichiometric and can be adjusted 


to operate with an exhaust oqgen concentration of 1 percent or 

less, A lean-burn engine is classified as one with an A/F 

operating range that is fuel-lean of stoichiometric and cannot be 


adjusted to operate with an exhaust concentration of less than 1 

percent. A l l  naturally aspirated, four-cycle SI engines and some 

turbocharged, four-cycle SI engines are rich-burn engines. All 


other engines, including all two-cycle SI engines and all CI 


engines, are lean-burn engines. 

Some control techniques discussed in this document require 


that additional equipment be installed on the engine or in the 

engine exhaust. Issues regarding the point of responsibility for 


potential engine mechanical malfunctions or safety concerns 


resulting from the use of the control techniques presented are 


not evaluated in this document. 

Section 2.1 presents a summary of uncontrolled NO, 


emissions. Section 2.2 presents a summary of the performance and 

achievable controlled NO, emissions of each control technique. A 


summary of the total capital and annual costs and cost 

effectiveness of each control technique is presented in 


Section 2.3, 


2.1 UNCONTROLLED NO, EMISSIONS 


The operating temperatures and pressures in IC engines 

produce NOx missions. Thermal NO, is the predominant mechanism 


by which NOx is formed in IC engine. because most engines burn 

fuels that contain little or no nitrogen and, therefore, fuel NO, 


formation is minimal. 

Puel rates and uncontrolled NO, emission levels for SI and 


c1 engines were provided by engine manufacturers. These fuel and 

emission rates were averaged for a range of engines sizes and are 

presented in Table 2-1. For rich-burn SI engines, average 

tmcontrolled NOx emission factors range from 13.1 to 16.4 ghp-hr  

2-2 




TABLE 2-1. AVERAGE HEAT RATES AND UNCONTROLLED NO, EMISSION 

FACTORS FOR RECIPROCATING ENGINES 

Avemge Average A v m g t  NOx 
Average 

NOx 
Weigbkd average for each engine typed 

Engine 
size, hp 

No of 
engin= 

heat 
rate, 

Btu/hp-hP 

NOx 

g/hphP 

emissions, 

el51 

emiasion 
h, 

IblMMBmC 
NOx, 

gthphr 

Nox, 
PPmV 

@15% oZb 
NOx, 

lblMMBtu 

LEAN-BURNSI ENGlNES 

0-400 7 8760 7.9 580 1.99 
401-1000 17 7660 18.6 1360 5.35 
1001-2000 43 7490 17.8 1300 5.23 16.8 1230 5.13 
2001400 30 7020 17.2 1260 5.40 
4001 + 25 6660 16.5 1200 5.46 

DIESEL ENGINES 

0-200 12 6740 11.2 820 3.66 
201400 8 6600 11.8 860 3.94 
401-1000 22 6790 13.0 950 4.22 
1001-2000 14 6740 11.4 830 3.73 12.0 880 3.95 
2001400 6 6710 11.4 830 3.74 
4001 + 6 6200 12.0 880 4.26 

DUAL-FUELENGINES 

700-1200 5 6920 10.0 730 3.18 
1201-2000 3 7220 10.7 780 3.26 
2001400 5 6810 8.4 610 2.72 8.5 620 2.72 
4001 + 4 6150 4.9 360 1.75 

'LCalculated from figures comspondhg to InternOtioaal SCaadards OrgraizPtion @SO)coaditiona, as provided by engine 
manufactum. 

b~alculatedhorn ghphr figures using he conversion factors from Cbprm 4. 
'1blMMBtu = (g/hphr) x (lb1454g) x (1IHt.t Rnu) x (1,000,000). 
k g h t e d  average is calculated by dCplying the avemge NO, emission barn by UIO l v m k  of cnginea for each engine 
size and dividing by the tatrl number of eagiaes. For example, for chul-fuel en*, the weighted avenge ip calculatsd 
PB: 




(880 to 1,100 ppmv). or 3.54 to 4.87 lb/MMBtu. Lean-burn SI 


engine average NOx emission levels range from 7.9 to 18.6 g/hp-hr 


(580 to 1,360 ppmv), or 1.99 to 5.46 lb/MMBtu. Average NO, 


emission levels from diesel engines range from 11.2 to 13.0 g/hp-


hr (820 to 950 ppmv). or 3.66 to 4.26 lb/MMBtu. Duel-fuel engine 

average NO, emission levels range from 4.9 to 10.7 g/hp-hr 


(360 to 7 8 0  ppmv), or 1.75 to 3.26 lb/MMBtu. 
Weighted averages were also calculated for NO, emission 


levels from each engine type. These weighted averages show that 


SI engines have the highest NO, emission rates, at 16.8 and 


15.8 g/hp-hr (1.060 and 1,230 ppmv), or 5.13 and 4.64 lb/MMBtu 
for lean-burn and rich-burn engines, respectively. The weighted 


average for diesel engines is 12.0 q/hp-hr (880 ppmv), or 


3.95 lb/bNBtu. Dual-fuel engines have the lowest weighted NO, 


emission rate. at 8.5 g/hp-hr (620 ppmv) , or 2.72 lb/MMBtu. 

2.2 CONTROL TECHNIQWS AND ACHIBVABLE NOx EMISSION REDUCTIONS 

The control techniques included in this document for each 


engine type are listed below: 


-sines Lean-burn SI ensines 

A/F adjustment (AF) A/F adjustment 
~gnition timing retard (PR) Ignition timing retard 

A/F adjustment plus ignition A/F adjustment plus ignition 
timing retard tirning retard 

erestratif ied charge (PSC@) Selective catalytic reduction 
Nonselective catalytic (SCR)  
reduction (NSCR) Low-emission combustion 

bow-emission combustion (L-E) 


In jec t ion  timing retard (PR) Injection timing retard 
Selective catalytic reduction Selective catalytic reduction 


LOW-emission combustion 


The performance of each control technique is summarized in 


this section, including applicability and the extent of 


application, achievable controlled NO, emission levels. and the 

effect on engine performance and CO and HC emissions. Controls 


that apply to rich-burn SI engines are discussed in 




Section 2.2.1; lean-burn SI engines in Section 2.2.2; and diesel 


and dual-fuel engines in Section 2.2.3. These control techniques 


are discussed in greater detail in Chapter 5. 


h
2.2.1 Go 1 h i  SI Ensin a 

A summary of the achievable NO, emission reductions for 


rich-burn SI engines is presented in Tables 2-2 and 2;3. The 

effects of these control techniques on.other emissions, fuel 


consumption, and power output are presented in Table 2-4. 


2.2.1.1 u. Adjusting the A/F toward fuel-rich operation 
reduces the oxygen available to combine with nitrogen, thereby 


inhibiting NOx formation. The low-oxygen environment also 


contributes to incomplete combustion, which results in lower 


combustion temperatures and, therefore, lower NO, formation 


rates. The incomplete combustion also increases CO emissions 


and, to a lesser extent, HC emissions. Combustion efficiency is 

also reduced, which increases brake-apecific fuel consumption 


(BSFC). Excessively rich A/F1s may result in combustion 


instability and unacceptable increases in CO emissions. 


The A/F can be adjusted on all new or existing rich-burn 


engines. Sustained NO, reduction with changes in ambient 


conditions and engine load, however, is best accomplished with an 


automatic A/F control system. 


The achievable NOx emission reduction ranges from 


approximately 10 to 40 percent from uncontrolled levels. Based 


on an average uncontrolled NO, emission level of 15.8 g/hp-hr 

(1,060 ppmv), the expected range of controlled NO, emissions is 

from 9.5 to 14.0 g/hp-hr (640 to 940 ppmv). Available data show 

that the achievable NO, reduction using AJ? varies tor each engine 

model and even among engines of the same model, which suggests 

that engine design and manufacturing tolerances influence the 


effect of AF on NO, emission reductions. 


2.2.1.2 s. Ignition timing retard delays initiation of 
combustion to later in the power cycle, which increases the 


volume of the combustion chamber and reduces the residence time 


of the combustion products. This increased volume and reduced 

residence time offers the potential for reduced NO, formation. 




TABLE 2 - 2 .  EXPECTED RANGE OF NO EMISSION REDUCTIONS AND 
CONTROLLED EMISSION L m L S  FOR C O ~ O LTECHNIQUES APPLIED TO 


RICH-BURN SI ENGINES (NATURAL GAS FUEL) 

%e unconhlld emission mm shown is a repemwive average for rich-bum SI engines. The actual 
uncontmlled emission rare will  vary h m  engine to engine. 

b ~ u m n t dconbUed NO, emission level offered by conbl equipment supplier. 
C G u ~ t e e dNOx d o n  efficiency offered by catdyd vendors. 
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TABLE 2-3. POTENTIAL NO REDUCTIONS FOR RICH-BURN SI ENGINES
(~bGAS FUEL) 

RICH-BURN ENGINES 

Average Average Potential NOx reduction, tondyrb 
Engine uncontrolled unc01~troll.d I I I 

size, NO, emission NOx emission Parametric - Low-emission 
hp level, ghp-ha level, tonslyr adjustment8 P X d  NSCRe combustiond ' 

100- 13.9 1.39 - 5.57 12.2 12.5 12.2 

500 69.6-
1,000 

1,500 

2,000 15.8 

3,000 

4,000 

6 , m  

8.000 

aThe uncontrolled emission rate shown is a representative average for rich-burn SI q i n t 9 .  The actual 
uncontrolled emission rate will vary from engine to engine. 

b~otentialNOx reductions corttspond to 8,WO a m l  operating h m .  NO, reductions for other utilktion 
rates can be estimated by multiplying the value in the table by the actual annual operating hours and dividing 
by 8,000. 
'NO, reductions for parametric adjustments (AP,W,and AF + lR)correspond to-a mduction efficiency range 
of 10 to 40 percent from uncontrolled levels. 

~ xd ~ reductions for PSC and lowcmission combustion co-nd to a controlled omission level of 2 ghp-hr. 
'NO, reductions for NSCR correspond to a reduction efficiency of 90 percent. 



TABLE 2 - 4 .  EFFECTS OF NO, CONTROL TECHNIQUES ON-
RICH-BURN & ENGINES 

RICH-BURN ENGINES 

Effect on CO Effect on HC Effect on Effect on power 
Control technique emissions emissions , fuel consumption output= 

AF increase increase OtoSperceut noneb 

- (1 to 33 ghp-hr) (0.2 to 0.3 ghp-hr) , increase 

IR minimal m i d i d  0 to 7 percent noneb 
increase 

PSC increase increase 2 percent increase 5 to 20 percent 
(53.0 ghp-hr) (s2.0 @PW reduction 

NSCR increw minimale 0 to 5 percent 1 to 2 percent 
( 537 glhp-b)f (s3.3 @P-W increase reduction 

L-E hem incieass variableg none 

a ~ trated l d .  
bSevm adjustment or retard may d u c e power output. 
m e  incmse is expected to b less than that shown for All? adjustment. 
d~ source reported a 5 percent power reduction at rated load. 
e~ccodingto a VCAPCD test repm ~jaunmary. 
f ~ m mVCAPCD data base, consisteat with 4.3M ppmv CO emission limit. 
gh most engines the effect is a decrease in fuel consumption of 0-5 percent. 



The extent to which the ignition timing can be retarded to reduce 


NO, emissions varies for each engine, as IR increases exhaust 


temperatures, which may adversely impact exhaust valve life and 


turbocharger performance, and extreme levels of IR may result in 


combustion instability and a loss of power. Brake-specific fuel 


cpnsumption increases. Limited data suggest that moderate levels 

of IR has little effect on CO and HC emj,saion levels. 


Ignition timing can be adjusted on all new or existing-

rich-burn engines. Sustained NO, reduction with changes in 

ambient conditions and engine load, however, is beet accomplished 


using an electronic ignition control system. 


The achievable NO, emission reduction ranges from virtually 


no reduction to as high as 40 percent. Based on an average 

uncontrolled NO, emission level of 15.8 g/hp-hs (1,060 ppmv), the 


expected range of controlled NO, emissions is from 9.5 to 15.8 


g/hp-hr (640 to 1,060 ppmv). Available data and information 

provided by engine manufacturers show that, like AF, the 


achievable NO, reductions using IR are engine-specific. 


2.2.1.3 AF and IR. The combination of AF and IR can be 
used to reduce NOx emissions. Available data and information 

from engine manufacturers suggest that the achievable NO, 


emission reduction for the combination of control techniques is 


approximately the same as for AF alone (i-e., 10 to 40 percent) 

but offers some flexibility in achieving these reductions. Since 

parametric adjustments affect such operating characteristics as 


fuel consumption, response to load changes, and other emissions 

(especially C O ) ,  the combination of AF and IR offera the 

potential to reduce NO, emissions while minimizing the impact on 


other operating parameters. 


2.2.1.4 , This add-on control technique facilitates 
combustion of a leaner A/F. The increased air content acts as a 
heat sink, reducing combustion temperatures. thereby reducing NO, 


formation rates. Because this control technique is installed 

upstream of the combustion process, PSC@ is often used with 

. . 

engines fueled by sulfur-bearing gases or other gases (e.g., 




sewage or landfill gases) that may adversely affect some catalyst 

materials. 


Prestxatified charge applies only to four-cycle, carbureted 


engines. Pre-engineered, noff-the-shelfwkits are available for 


most new or existing candidate engines, regardless of age or 

size. According to the vendor, PSC" to date has been installed 


an engines ranging in size up to approximately 2,000 hp. 

The vendor offers guaranteed controlled NO, emission levels 


of 2 g/hp-hr (140 g p m ) ,  and available test data show numerous 
controlled levels of 1 to 2 g/hp-hr (70 to 140 ppmv). The extent 

to which NO, emissions can be reduced is determined by the extent 


ts which the air content of the stratified charge can be 

increased without excessively compromising other operating 


parameters such as power output and CO and HC emissions. The 


leaner A/F effectively displaces a portion of the fuel with air, 

which may reduce power output from the engine. For naturally 


aspirated engines, the power reduction can be as high as 20 


percent, according to the vendor. This power reduction can be at 


least partially offset by modifying an existing turbocharger or 

installing a turbocharges on naturally aspirated engines. In 


general, CO and HC emission levels increase with PsC@, but the 
degree of the increase is engine-specific. The effect on BSFC is 

a decrease for moderate controlled NO, emission levels ( 4  to 

7 g/hp-hr, or 290 to 500 pprnv), but an increase for controlled 
NOx emission levels of 2 g/hp-hr (140 ppm) or less. 

2.2.1.5 NSCR. Nonselective catalytic reduction is 
essentially the sane catalytic reduction technique used in 
automobile applications and is also referred to as a three-way 


catalyst system because the catalyst reactor simultaneously 

reduces NOX, CO, and HC to water (HZO), carbon dioxide (COZ), and 
diatomic nitrogen (N2). The chemical stoichiornetry requires that 
O2 concentration levels be kept at or below approximately 

0.5 percent, and most NSCR system require that the engine be 

operated at fuel-rich ~/Fls, As a result, CO and HC emissions 
typically increase, and BSFC also increases due to the fuel-rich 




operation and the increased backpressure on the engine from the 


catalyst reactor. 


Nonselective catalytic reduction applies only to carburet& 


Sustained NO, reductions are achieved with changes in ambient 

conditions and operating loads only with an a u t o m t i c ~ / ~ 
control 


-

system, and a suitable A/P controll.er-isnot available for fuel-


injected engines. In addition, there is limited experience with 


fuels other than natural gas (e.g., sewage gas, landfill gas, and 


gases containing hydrogen sulfide [H2S] ) . ,  as these fuels contain 

constituents that may mask or poison the catalyst. 


Catalyst vendors quote NO, emission reduction efficiencies 


of 90 to 98 percent. Based on an average uncontrolled NO, 

emission level of 15.8 g/hp-hr (1,060 p p m )  , the t&xpected range ' 

of controlled NO, emissions is from 0.3 to 1.6 g/hp-hr (20 to 110 


ppmv). Numerous test reports support this NOx reduction 
efficiency range, but the corresponding CO emission levels range 


up to 37 g/hp-hr (4,500 ppmv) in some cases. Where controlled 


NOx emission levels result in unacceptable CO emission rates, an 


oxidation catalyst may be required to reduce these emissions. 


The predominant catalyst material used in NSCR applications 


is a platinum-based metal catalyst. The spent catalyst material 


is not considered hazardous, and most catalyst vendors accept 


return of the material, often with a salvage value that can be 

credited toward purchase of replacement catalyst. 


2.2.1.6 H. Engine manufacturers have developed low- 
emission combustion designs (often referred to as torch ignition, 


or jet cell combustion) that operate at much leaner A/Fts than do 


conventional designs. These designs incorporate improved swirl 

patterns to promote thorough air/fuel mixing and may include a 


precombustion chamber (PCC). A PCC is an antechamber that 
ignites a relatively fuel-rich mixture that propagates to the 

main combustion chamber. The high exit velocity from the PCC 

promotes mixing and complete combustion of the lean A/F in the 


main chamber, effectively lowering combustion temperatures and, 


therefore, NO, emission levels. 




Low-emission combustion designs are available from engine 
manufacturers for most new $1 engines, and retrofit kits are 


available for some existing engine models. For existing engines, 

the modifications required for retrofit are similar to a major 
engine overhaul. and include a turbocharger.addition or upgrade 

and new intake manifolds, cylinder heads, pistons, and ignition 


system. The intake air and exhaust systems must alsb be modified 
or replaced due to the increased a i r  flow requirements. 

Controlled NOx emission levels reported by manufacturers for 


L-E are generally in the 2 g/hp-hr (140 ppm) range, although 
lower levels may be quoted on a case-by-case basis. Emission 
test reports show controlled emission levels ranging from 1.0 to 


2.0 g/hp-hr (70 to 140 pprm~). Informatian provided by ' 

manufacturers shows that, in general, BSFC decreases slightly for 

L-E compared to rich-burn designs, although in some engines the 


BSFC increases. An engine's response to increases in load is 


adversely affected by L-E, which may make this control technique 

unsuitable for m e  installations, such as stand-alone power 

generation applications. The effect on CO and HC emissions is a 


slight increase in most engine designs. 

2.2.2 Control Technimes for L e a n - B u r n  SI Enqines 

The control techniques available for lean-burn SI engines 


are discussed in chis section. A sunmary of the achievable NO, 

emission reductions for lean-burn SI engines using these control 


techniques is presented in Tables 2-5 and 2 - 6 .  The effects of 

these contra1 techniques on other emiesions, fuel consumption, 


and power output are presented in Table 2 - 7 .  

2.2.2.1 Adjusting the A/F toward fuel-lean operation 

increases the volume of air in the combustion process. which 

increases the heat capacity of the mixture. lowering combustion 

temperatures and reducing NOx formation, bimited data suggest CO 


emissions increase slightly, and MC emissions also increase. 

Combustion efficiency is reduced, and BSFC increases. 




11 

TABLE 2-5. EXPECTED RANGE OF NO EMISSION REDUCTIONS AND 

CONTROLLED EMISSION LEVELS FOR C O ~ ~ R O L 
TECHNIQUES APPLIED TO 


LEAN-BURN SI ENGINES (NATURAL GAS F'UEL) 

It I I I 

Average unwnmUed NOx emission E-ted controlled NOx emission 
levela levels 

' 

Control Achievable NO, 
technique gn"' I PPmV reduction, % %hp-hr PPmV 

AF + IR 16.8 1,230 20 - 40 10.1 - 13.4 740 - 980 

SCR 16.8 1,230 90" 1.7 125 

%e unwntr0Ue.d emission rrrc shown is a repr#reatrtive a v q  for lcm-tmnSIwginea. The actual uncontrolled 
emission rate will vary &om engine to engine. 

b~ulvulteedNO^ reduction ovpilnble firom most d y s t  v h .  
C G u & ~  controlled NOx emission level available h m  cngh manufPaurers. 



TABLE 2 - 6 .  POTENTIAL NO, REDUCTIONS 
FOR LEAN-BURN Sf E~~GINES 

I J  

BThe uncontrolled emission rate. shown is a repmatative average for lean-burn SI engines. The actual 
uaconhlled emission rate will vary from engine to eagiae. 

b~otenti.lNO, reductions to-nd to 8,MO mad o@g h o w .  NO, reductions for other utilization 
rates can be estimated by multiplying the vdue in the table by thc actual ~nnualoperating houn and dividing 
by 8,000. 

'NOx reductions for pammetric adjustments correspond ta a reduction efficiency range of 5 to 35 percent from 
vracontmlled levels. 

~ ,d ~ reductions for SCR eo-d to a duction efficiency of 90percent. 
'NO, ductions for low-emissioncombustion correspond to o controlled emission level of 2 g/hphr. 



TABLE 2 - 7 .  EFFECTS OF NO CONTROL' TECHNIQUES ON 
LEAN-BURN ST ENGINES 

LEAN-BURN ENGINES 

Effect on CO Effect on HC I Effect on power 
Control technique emissions emissions 

slight inertase 

minimal o to 5 percent I noneb 

increase 1
-

AF and IR 

SCR minimal minimal 

' ~ trated load. 
b~ev t readjustment or retard may reduce power output. 
CThe increase is expected to be less than that shown for AIF adjustment.
dOaa source reported a 5 percent power reduction at nttd load. 
%most engines the effect is a decrease in fuel consumption of 0 to 5 percent. 



Excessively lean A / F f s  may result in combustion instability and 

lean misfire. 


The A/F can be adjusted in the field on most lean-burn 
engines. Pump- and blower-scavenged engines, however, have no 
provisions f o r  AF. To supply the increased volume of a i r  needed 
for AF, a turbocharges may be required for existing naturally 

aspirated engines, and modification or replacement of the 


turbocharger may be required f o r  turbocharged engines. An 

automatic control system to regulate the delivered volume of air 

is also required tor sustained NOx reduction with changes in 


ambient conditions and engine loads. 

The achievable NO, emission reduction f o r  AP ranges from 

approximately 5 to 30 percent. Based on an average uncontrolled 


NO, emission level of 16.8 g/hp-hr (1,230 p p m ) ,  the expected 
range of controlled NO, emissions is from 11.8 to 16.0 g/hp-hr 
(860 to 1,170ppmv) . Available data show that the achievable NO, 

reduction using AF varies for each engine model and even among 

engines of the same model, which suggests that engine design and 


manufacturing tolerances iniluence the effect of AF on NOx 

erniseion reduction. 


2 , 2 . 2 . 2  IR, Ignition timing retard in lean-burn SI engines , 

has similar effects on NO, formation and engine performance to 
those discussed f o r  rich-burn engines i n  Section 2.2.1.2. 
Limited data for IR in lean-burn engines show no definite trend 

far CO emissions f o r  moderate levels of IR and only a slight 
incseaee in HC emissions. 

Like rich-burnengines, PR can be performed on all new or 

existing lean-burn engines. Sustained NO, reductions, however, 


require an electronic ignition control system to automatically 
-

adjust the timing for changes in ambient conditions and engine 
load. 


The achievable NO,. emission reduction using IR ranges from 


virtually no seduction to as high as 20 percent. Based on an 


average uacontrolled NO, emission level-of-16.8-g/hp-hr (1,230 


ppmv), the expected range of controlled NO, emissions is from 

13.4  to 16.8 g/hp-hr (980 to 1,260 ppmv). Available data and 



- - 

information provided by engine manufacturers show that the 


achievable NO, reductions using IR are engine-specific. 

2.2.2.3 AF and IR. The combination of AF and IR can be 


used to reduce NO, emissions. Limited data and information 


available on the combination of control techniques suggest that, 


as is the case for each control technique used independently, the 


achievable NO, emission reduction is engine-specific.. Based on 


available d a ~ aand information from engine manufacturers, it is 


estimated that the achievable NO, emission reduction for the 


combination of control techniques is 20 to 40 percent. Based on 


an average uncontrolled NO, emission level of 16.8 g/hp-hr (1,230 


ppm), the expected range of controlled NO, emissions is from 

10.1 to 13.4 g/hp-hr (740 to 980 ppmv). 


The effect ~f each control technique used independently is a 


slight increase in CO and HC emissions, and it is expected that 


the combination of controls would produce similar results. Since 


parametric adjustments affect such operating characteristics as 


fuel consumption, response to load changes, and other emissions, 


the combination of AF and IR offers the potential to reduce NO, 


emissions while minimizing the impact on these operating 

parameters. 


2.2.2.4 . Selective catalytic reduction is an add-on 

control technique that injects ammonia (NH3) into the exhaust, 


which reacts with NOx to form N2 and H20 in the catalyst reactor. 


The two primary catalyst formulations are base-metal (usually 


vanadium pentoxide) and zeolite. Spent catalysts containing 


vanadium pentoxide may be considered a hazardous material in some 


areas, requiring special disposal considerations. Zeolite 


catalyst fomulations do not contain hazardous materials. 


Selective catalytic reduction applies to all lean-bum SI 


engines and can be retrofit to existing installations except 

where physical space constraints may exist. There is limited 

operating experience to date, however, with these engines. A 


total of 23 SCR installations with lean-burn SI engines were 

-

identified in the United States from information provided by 


catalyst vendors, in addition to over 40 overseas installations. 
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To date there is also little experience with SCR in variable load 

applications due to ammonia injection control limitations, 


Several vendors cite the availability of injection systems, 

however, designed to operate in variable load applications. 

Injection systems are available for either anhydrous or aqueous 

ammonia. As is the case for NSCR catalysts, fuels other than 
pipeline-quality natural gas may contain contaminants that mask 

or poison the catalyst, which can render the catalyst ineffective 

in reducing NO, emissions. Catalyst vendors typically guarantee 

a 90 percent NO, reduction efficiency for natural gas-fired 

applications, with an ananonia slip level of 10 ppm or less. One 
vendor offers a NO, reduction guarantee of 95 percent for gas-

fired installations. Based on an average uncontrolled NO, 

emission level of 16.8 g/hp-hr (1,230ppmv), the expected 
controlled NO, emission level is 1.7 g/hp-hr (125 ppm) . 
Emission test data show NO, reduction efficiencies of 


approximately 65 to 95 percent for existing installations. 

Ammonia slip levels were available only for a limited number of 

installations for manually adjusted amnonia injection control 

systems and ranged from 20 to 3 0  ppmv. Carbon monoxide and HC 

emission levels are not affected by implementing SCR. The engine 


BSFC increases slightly due to the backpressure on the engine 

caused by the cata lyst  reactor. 

2.2.2.5 u.Low-emission combustion designs are available 

from engine manufacturers for most new lean-burnSI engines. The 

required engine modifications, effect on engine performance, 

achievable controlled NO, emission levels, and effect on CO and 

HC emissions are essentially the same as for rich-burn engines 
and are discuesed in Section 2.2.f36. 

2-2.3 Control Teebiaues for Dieae l  and Dual-Fuel CI Enaines 

The control techniques available for CI engines are 

discussed in this section. A summary of the achievable NO, 
emission reductions for diem1 and dual-fuel engines using these 

. control techniques is presented in Tables 2 - 8 ,  2-9,and 2-10. The 

effect sf these control techniques on other emissions, fuel 




TABLE 2 - 8 .  EXPECTED RANGE OF NO EMISSION REDUCTIONS AND 
CONTROLLED EMISSION LEVELS F ~ RCONTROL TECHNIQUES 

APPLIED TO DIESEL AND DUAL-FUEL ENGINES 
rl n 

DIESEL ENGINES IIII I I 

Average unconirolled NO, embizion Expected controlled NO, emission 
lever levels 

Control Achiwrbb NO, 
technique glhphr ppmv - reduction, I @phr PPmv 

r 

11 SCR 12.0 875 1 80 - 9ob 1.2 - 2.4 90 - 175 

DUAL-FUEL ENGINES 

IR 8.5 620 20 - 30 6.0 - 6.8 430 - 500 

SCR .8.5 620 80 - 90b 0.8 - 1.7 600-125 

L-E 8.5 620 75 2.0C 150 

%The uncontrolled emission rates shown am r-ve average8 for diesel and dual-fuel engines. The actual 
uncontrolled emission rate vkea  h m  engine to engine. 

b~uptpntetdNOx reduction available h m  most d y s t  vendors. 
C G u a . - c o n t r o U e dNO, emission level available h m  engine m~aufPcturcra. 



I II DIESEL ENGINES 
I I 

Engine 

Average 
uneontmlled NOx 

emission level, 

Average 
uncontmlled NO, 

emission level. 

Potential NO, reduction, tondYrb 
I 

s iz ,  hp ghp-hra 

loo 
500 

8The uncontrolled emission rate showa is a repmtative average for diesel engines. The actual unwntrolled 
emission rate will vrvy from engine to engine. 

h t e n t i d  NOx reductions cormpond to 8 . m  auaual opratiag hours. NO, reductions for other utiliistion 
rates cacl be estimated by multiplying the value iu the table by the actual annual operatkg hours and dividing 
by 1,000. 
'NO, ductions for injection petard cofiespond to a reduction efficiency range of 20 to 30 percent from 
uncontrolled levels. 

~ xd ~ reductions for SCR co-nd to a duction efficiency of 90percmt. 



TABLE 2 - 1 0 .  POTENTIAL NO, REDUCTIONS 
FOR DUAL-FWEL E N ~ N E S  

Ih 
DUAL-FUEL ENGINESI I I I 

Avtragc 
uncontrolled NOx 

Avcrage 
uncontrolled . Potential NO, duction,  to& 

Engine size, emission level, NO, emission Injection Low-emission 

hp g h ~ e  level, tonslyr retardc sCRd combustione 

700 52.4 - 10.5 - 15.7 47.2 40.1 

1,ooo 74.9 15.0 - 22.5 67.4 57.3 

1,500 112 22.5 - 33.7 101 85.9 

W O O  8.5 .. 150 30.0 - 44.9 135 115 

3,m 225 44.9 - 67.4 202 172 

4,000 300 59.9 - 89.9 270 229 

6,000 449 89.9 - 135 404 344 

8,000 599 120 - 180 539 458 

aThc uncontrolled emission rate shown is a representative average for dual-fuel engines. The actual 
uncontrolled emission rate will vaxy fmm engine to engine. 

b~otcntialNOX reductions cornSPQad to 8,000 aunual &rating hours. NOx reductions for other utilization 
rates can be estimated by multiplying the value in the table by the actual annual operating hours and dividing 
by 8,000. 

'NO, reductions for injection retard corrwpond to a reduction efficiency range of 20 to 30 percent from 
uncontrolled levels. 

~ xd ~ reductions for SCR correspond to a reduction efficiency of 90 percent. 
eNO, reductions for low+mission combustion correspond to a controlled emission level of 2 ghp-hr. 



consumption, and power output is presented in Table 2-11 for 


diesel and dual-fuel engines. 

2.2.3.1 U. Injection timing retard in CI engines reduces 

NO, emissions by the same principles as those for SI engines and 


is discussed in Section 2.2.1.2. Injection timing can be 


adjusted on all new or existing CI engines. sustained NO, 


reductions, however, require an electronic injection control 


system to automatically adjust the timing for changes in ambient 

conditions and engine load. 


Available data and information provided by engine 


manufacturers show that the achievable NO, reductions using IR is 


engine-specific but generally ranges from 20 to 30 percent. 


Based on an average uncontrolled NO, emission level for diesel 

engines of 12.0 g/hp-hs (875 p p m ) ,  the expected range of 
controlled NO, emissions is from 8.4 to 9.6 g/hp-hr (610 to 

700 pprmr) . For dual-fuel engines, the average uncontrolled NO, 

emission level is 8.5 g/hp-kr (620 ppmv) and the expected range 
of controlled NO, emissions is from 6.0 to 6.8 g/hp-hr (430 to 


500 p p m ), 

Limited data for ignition retard show no definite trend for 


CO and HC emissions for moderate levels of ignition retard in 

diesel engines and a slight increase in these emissions in dual- 


fuel engines. The BSFC increases with increasing levels of IR 


for both diesel and dual-fuel engines- Excessive timing retard 


results in combustion instability and engine misfire. 

2.2.3.2 m, Selective catalytic reduction applies to all 

CI engines and can be retrofit to existing installations except 


where physical space constraints may exist. Ae is the case with 


S% engines, however, there is limited operating experience to 

date with theae engines. W total of 9 SCR installations with 

diesel engines and 27 installations with dual-fuel engines were 

identified in the United States by catalyst vendors. 


Approximately 10 overseas SCR installations with CI engines were 

identified, including one fueled with heavy oil. To date there 


is also little experience with SCR in variable load applications 




TABLE 2-11. EFFECTS OF NO CONTROL TECHNIQUES ON 
DIESEL AND DUAL-~UEL ENGINES 

DIESEL ENGINES 


Effat on CO Effect on HC Effect on Effect on power 
Control tbchnique emissions , emissions fuel consumption outputa 

IR variedb variedc 0 to 5 ptrcent noned 

increase 

SCR m i a i d  minimal 0.5 percent 1 to 2 pereent 
increase reduction 

DUALFUEL ENGINES 

iacrease iacreest 0 to 3 percent noned 
(13 to 23 percent) (6 to 21 ptrcent) increase 

SCR minimal minimal 0.5 percent 1 to 2 percent 
increase reduction 

I 0 to 3 percent 
inc-

none 

a ~ trated load. 
b~aaEdfrom a 13.2 pennt  dec- to a 10.8 percent increase for limited test results. 
'Ranged from a 0 to 76.2 percent i n c ~for limited tcst results. 
dSeven adjustment or retard may reduce power output. 
eMay be slight increase at decrease, depending on engine model and manufacturer. 



due to ammonia injecti'on control limitations, as discussed in 


Section 2.2.2.4. 


Some base-metal catalysts utilize a guard bed upstream of 

the catalyst to catch heavy hydrocarbons that would otherwise 

deposit on the catalyst and mask the active surface. In the past 


some catalysts were also susceptible to poisoning by sulfur (the 

maximum sulfur content of No. 2 'diesel oil is 0.5 percent) , but 
sulfur-resistant catalyst formulations are now available. 


Zeolite catalyst vendors typically guarantee a NOx reduction 


efficiency for CI engines of 90 percent or higher, with an 


ammonia slip of 10 ppmv or less, Base-metal catalyst vendors 


quote guarantees for CI engines of 80 to 90 percent NO, 


reduction, with mania s l i p  levels of 10 ppnrv or less. Based on 

an average uncontrolled NO, emission level of 12.0 g/hp-hr 


(875 ppmv) for diesel engines, the expected range of controlled 
NO, emissions is from 1.2 to 2.4 g/hp-hr (90 to 175 ppmv). For 

dual-fuel engines, the average uncontrolled NOx emission level is 

8.5 g/hp-hr (620 ppmv) and the expected range of controlled NO, 


emissions is from 0.8 to 1.4 g/hp-hr (60 to 125 p p m ) .  
Limited emission test data show NO, reduction efficiencies 


of approximately 88 to 95 percent for existing installations, 


with ammonia slip levels ranging from 5 to 30 ppmv. Carbon 


monoxide and MC emission levels are not affected by implementing 


SCR.. The engine BSFC increases approximately 1 to 2 percent due 


to the backpressure on the engine caused by the catalyst reactor. 


2 . 2 , 3 . 3  . No L-E designs were identified for diesel 

engines, but L-E is available from engine manufacturers for a 


limited number of dual-fuel engines. Where available, these 


designs generally apply to both new engines and retrofit 

applications. Like SI engines, the L-E designs use a PCC (see 

Section 2.2.1.6), which ignites a very lean mixture in the main 

chamber. The pilot diesel oil is reduced from 5 to 6 percent of 

the total fuel delivery of conventional designs to approximately 


1 percent, and is injected into the PCC. Engine modifications 


required for retrofit applications are similar in scope to a 
major engine averhaul, and may also require modifications or 




1 percent, and is injected into the PCC. Engine modifications 


required for retrofit applications are similar in scope to a 


major engine overhaul, and may also require modifications or 


replacement of the turbocharger and intake and exhaust systems to 


supply the increased volume of combustion air required for L-E. 


Controlled NO, emission levels for L-E reported by 


manufacturers are generally in the 2 g/hp-hr (140ppmv) range, 


although lower levels may be quoted on a case-by-case basis. 


Emission test reports show controlled emission levels ranging 


from 1.0 to 2.0 g/hp-hr (70 to 140 ppmv). These controlled 


emission levels apply only to the dual-fuel operating mode; the 


emissions from the diesel operating mode are not reduced. 


Information provided by manufacturers shows that BSFC increases 


slightly for L-E compared to conventional engines. The effect of 


L-E on CO and HC emissions varies by engine manufacturer, and no 


definite trend could be established from the limited data 


available. 


2.3 CONTROL TECHNIQUES COSTS AND COST EFFECTIVENESS 


Total capital and annual costs and cost effectiveness for 


the control techniques are presented in this section, in 1993 


dollars, for each engine type. Costs and cost effectiveness for 


rich-burn and lean-burn ST engine control techniques are 


presented in Sections 2 . 3 . 1  and 2.3.2, respectively. Sections 

2 . 3 . 3  and 2.3.4 present costs and cost effectiveness for diesel 

and dual-fuel engines, respectively. 


Total capital costs include the purchased equipment costs 


and direct and indirect installation costs. Total annual costs 


consist of direct operating costs (materials and labor for 


maintenance, operation, incremental fuel and utilities, and 


consumable material replacement and disposal) and indirect 


operating costs (plant overhead, general administration, and 


recovery of capital costs). These cost components are discussed 

in Chapter 6. 


The total capital costs for parametric adjustment control 


techniques (i.e., AF, IR, or a combination of these controls) 






replacement of the turbocharger and intake and exhaus 

supply the increased volume of combustion air require 


Controlled NO, emission levels for L-E reported 


-manufacturers are generally in the 2 g/hp-hr (140 
A- -m a 
&.-

although lower levels may be quoted on a case-by-case 


Emission test reports show controlled emission levels 

. -from 1.0 to 2.0 g/hp-hr (70 to 140 ppmv). These cone-

d
emission levels apply only to the dual-fuel operatins
-

emissions from the diesel operating mode are not reduc 


Information provided by manufacturers shows that BSFC 


slightly for L-E compared to conventional engines. Th 


.L-E on CO and HC emissions varies by engine manufactur 


definite trend could be established from the limited d 


available. 


2.3 CONTROL TECHNIQUES COSTS AND COST EFFECTIVENESS 

Total capital and annual costs and cost effectiver 


the control techniques are presented in this section. i 


dollars, for each engine type. Costs and cost effecti~ 


rich-burn and lean-burn SI engine control techniques ar 

presented in Sections 2.3.1 and 2.3.2. respectively. S 

2.3.3 and 2.3.4 present costs and cost effectiveness fo 


and dual-fuel engines, respectively. 
-
Total capital costs include the purchased equipmen 


and direct and indirect installation costs. Total annur 

consist of direct operating costs (materials and labor f 

maintenance, operation, incremental fuel and utilities, 


consumable material replacement and disposal) and indirs 


operating costs (plant overhead, general administration. 


recovery of capital costs). These cost components are d 


in Chapter 6. 


The total capital costa for parametric adjustment c( 


techniques (i.e., A??, IR, or a combination of these cont: 
include the cost of installing automatic control systems 

necessary hardware and control equipment to implement thf 

control techniques are described in Chapter 6. Some exis 
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Figure 2-1. Total capital costs for NO, control techniques 
applied to rich-bum $1 engines. 
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Figure 2 - 2 .  Total annual costs for NO control techniques 
applied to rich-burn SI engines r e , 000 hr/yr) . 
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Figure 2-3. Cost effectiveness for NO control techniques 
applied to rich-burn engines (k.000 hr/yr). 
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TABLE 2-12. COSTS AND COST EFFECTIVENESS SUlBULElY FOR NOx CONTROL TECHNIQUBS 
APPLIED TO RICH-BURN SI ENGINES 


Total capital wsts ($1.000) 

L-E, L-E, 
Engine size, 1 medium- low s@ 

h~ M IR AF + IR PSC wlo @ PSC w / W 8  NSCR I speed engines engines 
I 

39-1 16 343-489 
! 116-207 489-665 
, 207-482 465-1.190 

482-756 1,190-1,710 
N A ~  1.710-3.100 

Total annual costs ($1 

Cost effectiveness ($/ton)C 

80-580 830-2,900 750-2,900 810-2,900 1,300-7,200 1,500-7,400 1,260-6,900 480-1,200 2,000-8,800 
501-1,000 700-830 600-750 6U1-810 750-1,300 900-1,500 750-1,260 420-480 1,350-2,000 

1,OO1-2,500 500-700 420-500 470-620 300-750 370-900 395-750 375320 940-1,350 
2,501-4,000 480-500 400-420 460-470 200-300 250-370 3 15-395 360-375 840-940 
4,001-8,000 430-480 360-400 4 10-460 150-300 150-250 240-315 . N A ~  760-840 

aPSC may result in significant engine power output deviation, as discussed in Chapter 5. 
b~~ - Medium-speed engines are namanufactured for this range of engines. 
C8,000hrlyr. 



of lost product. The associated cost of any power derate should 


be considered on a case-by-case basis and added to the costs 

shown for P S C ~ .  

The capital costs for L-E retrofit range from $39,000 to 


$756,000 for medium-speed engines ranging in size from 80 to 


4,000 hp. For low-speed engines, the capital costs range from 


.'$343,000 to $3,100,000 for engines ranging in size from 80 to 
8,000 hp. 


2.3.1.2 Total Annual Costs for Rich-Burn SI Ensines. Total 


annual coats are shown in Figure 2-2 and for parametric 


adjustments range from $6,300 to $138,000. Parametric 


adjustments have the lowest total annual costs, primarily because 


of their relatively low capital costs. The total annual costs 


for PSC@ and NSCR are comparable, especially for engines rated at 
2,000 hp or less, ranging from $70,000 to $111,000. For engines 


over 2,000 hp, the total annual costs for PSC" range from $90,000 

to $150,000, and for NSCR range from $110,000 to $244,000. The 


total annual costs for L-E retrofit of medium-speed engines are 

comparable to or lower than either PSCm or NSCR for engines up to 


approximately 2,500 hp, ranging from $12,000 to $514,000. The 


total annual costs are higher for L-E retrofits for medium-speed 


engines over 2,500 hp, ranging to $177,000 for a 4,000 hp engine, 

but as noted above, these engines are generally rated at less 

than 2,800 hp. The highest total annual costs are for L-E 

retrofits for low-speed engines, ranging from $85,000 to 


$737,000. 


2.3.1.3 cost Effectiveness for Rirh-Burn SI Ensines. Cost 


effectiveness for control techniques applied to rich-burn SI 


engines is shown in Figure 2-3. Figure 2-3 shows that, despite 


the wide range of capital and annual costs for the control 

techniques, the range of cost effectiveness, in $/ton of NO, 

removed, is comparable for all control techniques. In general, 


this is because the control techniques with the lowest capital ' 

and a m a l  costs achieve the lowest NO, reductions, and the 

control techniques with the highest capital and annual costs 


generally achieve the highest NO, reductions. 
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For parametric adjustments, the cost effectiveness ranges 


from a high of $2,90O/ton for the smallest engines (80 hp) to 

under $LOOO/ton for engines larger than approximately 250 hp. 

For engines larger than 2,500 hp, the cost effectiveness for 

parametric adjustments is less than $500/ton. The cost 
effectiveness for NSCR and PSC* with and without turbocharger 

modifications is comparable, ranging from $1,300 to $7,400 per 


ton for engines up to 500 hp and less than $3,00O/ton for engines 

larger than approximately 250 kp (the cost effectiveness axis in 
Figure 2-7 is limited to $3,50O/ton for greater clarity in the 0 

to $3,00O/ton range). The cost effectiveness for either PSC@ or 


NSCR is less than $1,00O/ton for engines larger than 800 hp and 


decreases further to below $500/ton tor engines above 1,800 hp. 
For L-E, the cost effectiveness for medium-speed engines ranges 


from a high of $1,20O/ton for an 80 hp engine to $500/ton or less 

for engines greater than 500 hp. The cost effectiveness range 


fa r  L-E retrofit is considerably higher for low-speed engines due 
to the higher capital costs involved and ranges from a high of 


$8,eOo/ton for an $0 hp engine to $2,00O/ton for a 500 hp engine. 
The cost effectiveness is $2,00O/ton or less for L-E retrofit for 


engines greater than 2,000 hp. 


2.3.2 
* 
Total capital and annual costs and cost-effectiveness 


figures for control techniques applied to lean-burn SI engines 


are presented in Figures 2 - 4 ,  2-5, and 2-6, respectively, and are 

susmnarized in Table 2-13. Dual plots are used where necessary to 
expand the Y-axis to separate cumea with similar cos t -

effectivenese ranges. 


2.3.2.1 m+t=lCostq. Capital costs are presented in 

Figure 2 - 4  and are lowest for parametric adjustment controls, 
ranging from $12,000 to $24,000 far IR and $74,000 to $130,000 

for AJ?. The cost for Z4.F applied to lean-burn engines includes 

turbocharger modifications and is considerably higher than AF for 


rich-burn engines. Where AF can be implemented for lean-burn 
engines without the requirement for turbocharger moditications. 
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. . . . Fousands).. 

Figure 2 - 4 .  Total capital costs for NO, control techniques
applied to lean-burn Sf engines. 



(Thousands) 


Figure 2-5. Total annual costs for NO control  techniques
applied to lean-burn SI engines 78,000 hr/yr) . 
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Figure 2-6. Cost effectiveness for NO control techniques 
applied to lean-burn $1 engines 78 ,000  hr/yr). 



TABLE 2-13. COSTS AND COST EFFECTIVENESS SUMMARY FOR NOx CONTROL TECHNIQUES 
APPLIED TO LEAN-BURN SI ENGINES 


Total capital costs ($1.000) 

LE* 

Engine size, bp AF IR AF&XR SCR 
medium-speed 

engines 
L-E, low-sped 

engines 

200-500 74-75 12 84-86 324-346 61-116 385-489 
501-1,000 75-71 12-16 86-92 346-382 1 16-20? 489-665 

1,Wl*2,50Q 
2,5014,000 
4,001-11,000 

78-86 
84-94 
94-130 

16 
15-24 
24 

92-1W 
100-1 16 
116-151 

382-491 
491-600 
600-1,110 

207-482 
482-756 

NAB 

665-t,IgO 
1,190-1,710 
1,710-4,150 

. . 
Total annul costs ($1,~00)~ 

Cost effectiveness ($/ton)b 

200-500 1,700-3,700 1,300-2,400 1,500-3,500 2,900-6,800 410-590 1,800-3,600 
501-1,ooO 980-1 ,700 950-1,300 750-1,500 1,700-2,900 350-410 1,200-1,800 

t ,001-2,500 550-980 650-950 630-750 890-1,700 3 10-350 840-1,200
2,501-4,000 510-550 610-700 600-630 700-890 300-310 750-840 
4,001-11,000 330-510 500-610 400-600 490-700 N A ~  650-750 

'NA - Wiurn-speed engines are not manufactured for this range of engines. 
b8,000hrlyr. 



the Costs would be comparable to those shorn for rich 

Section 2.3.1.1. 


The total capital costs for SCR range from $324,000 to 


$1.110.000. The total capital costs for L-E retrofit range from 


$61.000 to $756,000 for medium-speed engines ranging in size from 


200 to 4,000 hp. For low-speed engines. the capital costs range 


from $385.000 to $4..150.000 for engines ranging in size from 200 

to 11,000 hp. 


2.3.2.2 Total Annual Costs for Lean-Burn SI Ensines. Total 


annual costs are shown in Figure 2-5. Annual costs for IR range 

from $7.200 to $81.000 and for A3 range from $22.000 to $106,000. 


For SCR. the annual costs range from $180,000 to $717.000. The 

annual costs for L-E applied to medium-speed engines range from 


$15.000 to $158.000 for engines up to 4.000 hp and for low-speed 


engines range from $94,000 to $935,000 for engines up to 


11,000 hp. 


2.3.2.3 Cost Effectiveness for Lean-Burn SI Ensines. Cost 


effectiveness fox control techniques applied to lean-burn Sf 


engines is shown in Figure 2-6. As is the case for rich-burn 


engines. despite the wide range of capital and annual costs for 


the control techniques, the range of cost effectiveness, in $/ton 


of NO, removed. is generally comparable for all control 

techniques. For parametric adjustments, the cost effectiveness 


ranges from a high of $3,70O/ton for the smallest engines 


(200 hp) to under $1,00O/ton for engines larger than 


approximately 1,000 hp. For L-E applied to medium-speed engines, 


the cost effectiveness ranges from a high of $590/ton for a 


200 hp engine to $500/ton or less for engines larger than 500 hp. 


The cost effectiveness for SCR ranges from $490 to $6,800 per ton 


and for L-E retrofit to low-speed engines ranges from $650 to 


$3,600 per ton. The cost effectiveness for SCR and L-E retrofit 

to low-speed engines is comparable for engines above 

approximately 2.000 hp and is less than $1,00O/ton for either 


control technique for engines in this size range. 

- .  ...- --. 



2.3.3 Costs and Cost Effectiveness for Diesel Enaines 
Total capital and annual costs and cost-effectiveness 


figures for control techniques applied to diesel engines are 


presented in Figures 2-7, 2-8, and 2-9. respectively, and are 

summarized in Table 2-14. 


2.3.3.1 Caaital Costs. Capital costs are presented in 


Figure 2-7 and range from $12,000 to $24,000 for IR and from 

$195,000 to $967,000 for SCR, 

2.3.3.2 T.Totalot 


annual costs are shown in Figure 2-8. Annual costs for IR range 


from $6,200 to $78,000 and for SCR range from $145,000 to 

$523,000. 


2.3.3.3 C ~ S cos t  . 

effectiveness for NO, control techniques applied to diesel 

engines is shown in Figure 2-9. For IR, cost effectiveness 

ranges from a high of $2,90O/ton for an 80 hp engine to $370/ton 

for an 8,000 hp engine and is under $1,00O/ton for engines larger 
than approximately 400 hp. The cost effectiveness f o r  SCR ranges 

f r o m  $690 to $19,000 per ton (the cost effectiveness axis in 
Figure 2-9 is limited to $8,008 for greater clarity in the 0 to 


$3,000 range). For engines larger than 750 hp, the cost 

effectiveness for SCR is $3,00O/ton or less and is less than 


$1,000/ton for engines larger than 3,200 hp. 

2 . 3 . 4  0 

Total capital and annual casts and cost-effectiveness 


figures for control techniques applied to duel-fuel engines are 

presented in Figures 2-10, 2-11, and 2-12, respectively, and are 

surcunarized in T a b l e  2-15. Dual plots are used where necessary to 
expand the Y-axis do separate cuwes with similar cost-

effectiveness ranges. 

2.3.4,1 Ca $ 2 . Total capital costs are presented 

in Figure 2-10 and are lowest for IR, ranging from $12,000 to 


$24,000. The total capital coste for SCR range from $255,000 to 

$967,000. The capital costa for L - E  retrofit for dual-fuel 

engines range from $720,0130 to $4,000,000 for engines ranging in 

size from 700 to 8,000 hp. 




POWER OUTPUT, HP 


Figure 2 - 7 .  Total capital costs for NOx control techniques 
applied to diesel engines. 
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Figure 2-8. Total annual costs for NO control techniques 

applied to diesel engines ( 8 , 8 0 0  hr/yr). 
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Figure 2-9. Cost effectiveness for NO control techniques 

applied to diesel engines (8,%00 hr/yr). 
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Figure 2-10. Total capital costa for NOx control techniques 

applied to dual-fuel englnes. 
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Figure 2 - 11. Total annual costs for NOx control techniques 
applied to dual-fuel engines (8 ,000  hr/yr).  
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Figure 2-12. Cost effectiveness for NO control techniques 
applied to dual - fue l  engines (k.000 hr/yr) . 
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2.3.4.2 Total Annual Costs for Dual-Fuel Enuines. Total 


annual costs are shown in Figure 2-11 and for IR range from 

$10,000 to $57,000 for engines rated from 700 to 8,000 hp. Total 


annual costs for SCR range from $170,000 to $478,000 and for L-E 

retrofit range from $182,000 to $1,020,000. 


2.3.4.3 Cost Effectiveness for Dual-Fuel Enaines. Cost 


effectiveness for control techniques applied to dual:fuel engines 


is shown in Figure 2-12. For IR, the cost effectiveness i s  less 

than $1,00O/ton for all engines sizes, ranging from a high of 


$990/ton for the smallest engine (700 hp) to $480/ton for an 

8,000 hp engine. The cost effectiveness for SCR ranges from $890 


to $3,600 per ton and is less than $3,00O/ton for engines larger 

than approximately 800 hp. For L - E l  the cost effectiveness 

ranges from $2,200 to $4,600 per ton and is less than $3,00O/ton 

for engines greater than approximately 2,000 hp. 










3.0 DESCRIPTION OF INTeRNAfi COMBUSTION ENGINES 
AND INDUSTRY APPLICATIONS 

Stationary reciprocating internal combustion (IC) engines 


are used in a wide variety of applications where mechanical work 

is performed using shaft power. These engines operate on the 


same principles as conmon automotive IC engines. They can be 

fueled with gasoline, diesel oil, natural gas, sewage (digester) 


gas, or landfill gases. In soare engines certain mixtures of 

these fuels may be used. They can be built to meet a wide range 


of speed and load requirements, installed rapidly, and 


instrumented for remote operation if desired. The size of IC 

engine ranges from approximately 1 horsepower (hp, <1 kilowatt 
[kW]) to over 10,000 hp (7.5 megawatt [MW] ) . The smallest of 

these engines are typically mobile engines converted for 

stationary application at construction sites, fa-, and 


households. The use of larger engines ranges from large 

municipal electrical generators to industrial and agricultural 


applications for mechanical and electric power production.1 


This chapter describes the physical components and operating 


designs of IC engines, the types of fuel used, and the 

applications of these engines in industry and agriculture. 


Section 3.1 describes the operating design considerations, 


including ignition methods, operating cycles, and fuel charging 

methods. Section 3.2 discusses and compares spark-ignited and 

coqression-ignited engines. Section 3.3 reviews available 

information on the applications of stationary IC engines in the 

oil and gas industry, in other industries and agriculture, and 


for electrical power generation. References are given in 

Section 3.4. 




3.1 OPERATING DESIGN CONSIDERATIONS 


All reciprocating IC engines use the same basic process. A 


combustible fuel-air mixture is compressed between a movable 

piston and its surrounding cylinder and head and is then ignited. 


The energy generated by the combustion process drives the piston 


downward. The piston's linear motion is converted via a 


crankshaft to rotary power. The piston returns (reciprocates), 


forcing out the spent combustion (exhaust) gases, and the cycle 


is repeated. 

Reciprocating IC engines are classified primarily by the 


method of ignition and the type of fuel used, secondarily by the 

combustion cycle and the fuel-charging method, and finally by the 


horsepower produced. These parameters are discussed below. 

3.1.1 Isnjtion Methods 


Two methods of igniting the fuel-air mixture are used in IC 


engines: spark ignition ($1) and compression ignition (CI). The 


ignition method is closely related to the type of fuel used and 

the thermodynamic cycle involved. 


All gasoline or natural gas engines (Otto Cycle) are SI 

engines. The fuel is usually premixed with air in a carburetor 

(for gasoline) or in the power cylinder (for gaseous fuels), then 

ignited in the cylinder by a spark (electrical discharge) across 

a spark plug. 


A l l  diesel-fueled engines (Diesel Cycle) are CI engines. 

Air is introduced into the cylinder and compressed. High-

pressure compression raises the air temperature to the ignition 

temperature of the diesel fue l .  The diesel fuel is then injected 
into the hot air and spontaneous ignition occurs. 


There are variations of each of these two basic types of 


engines. Some CI engines are designed to use both diesel oil and 

gas. Inject ion of diesel oil into a compressed air-gas mixture 
initiates combustion. Such dual-fueled engines are usually 

designed. to burn any diesel oil-gas mixture from 100 percent to 

5 percent oil, based an heating valuea. Various methods of 
carburetion or fuel injection are used in $1 engine designs to 



mix gasoline or natural gas with combustion air. which is ignited 
A 

with a spark in the cylinder.4 

The CI engines usually operate at a higher compression ratio 

(the ratio of the cylinder volume when the piston is at the 

bottom of its stroke to the volume when it is at the top) than Sf 


engines because fuel is not present during compression; hence 

there is no danger of premature autoignition. Since engine 

thermal efficiency rises with increasing pressure ratio, CI 
engines are more efficient than SI engines. 

3.1.2 O~eratinaCvcl-


For reciprocating IC engines, the combustion process may be 

accomplished with either a two-stroke or tour-stroke cycle of the 

piston, a stroke being a movement of the piston from one end of 

the cylinder to the other end. Two-stroke and four-stroke 


operating cycles are described below. 

A two-stroke cycle completes the power cycle in one 


revolution of the crankshaft, as shown in Figure 3-1. In the 


first stroke, air or an air and fuel mixture is drawn or forced 

into the cylinder by a low-pressure blower as the piston moves 

away from the bottom of the cylinder and toward the top. As the 

piston nears the top of the cylinder, the charge is compressed 

and ignited. In the second stroke, the piston del ivers  power to 
the crankshaft as it is forced downward through the cylinder by 

the high gas pressure produced following ignition and combustion. 
Eventually, the piston passes and uncovers exhaust ports (or 

exhaust valves open), and the combustion gases exit. As the 

piston begins the next cycle, exhaust gas continues to be purged 
from the cylinder, partially by the upward motion of the piston 

and partially by the scavenging action of the incoming fresh air. 
Finally. all ports are covered again (and/or valves closed), and 

the next charge of air or air and fuel is compressed in the next 

cycle. 


Two-stroke engines have the advantage of a higher 

horsepower-to-weightratio compared to four-stroke engines when 

both operate at the-'s--*eed. In addition, when ports are used 
instead of valves, the mechanical design of the engine is 



mguie 3 - I -0- .tiok@, clmpre~sion ignition (b1-r. .,awnged) 
-0 strokes of  180° each of f r a s h a f t  

IC , or 3.0. rotation p a  cycle .  



simplified. However, combustion can be better controlled in a 

four-stroke engine, and excess air ratios to purge the cylinder 


are not as great as in a two-stroke engine. Therefore, four- 


stroke engines tend to be slightly more efficient and may emit 

less pollutants (primarily unburned hydrocarbons) than two-stroke 

engines.5 

A four-stroke cycle completes the power cycle in two 

r e ~ ~ l u t i ~ n s 
of the crankshaft, as shown in Figure 3-2. The 

sequence of events can be summarized as follows: 
1. Intake stroke--The downward motion of the piston through 


the cylinder in a naturally aspirated engine or an exhaust-driven 

blower in a turbocharged engine draws or forces air or. an air and 

fuel mixture into the cylinder. 


. 2. CoIt'Qression stroke--An upward motion of the piston 

compresses the air or air and fuel mixture, reducing its volume 

and thereby raising its temperature. Compression ratios range 

from 11:l to 18:l for a diesel engine and 7 : 1  to 10:1 for 

gasoline and natural gas engines. 

3 .  Ignition and power (@%pansion) stroke--Combustion of the 

air-fuel mixture increases the temperature and pressure in the 


cylinder, driving the piston downward and delivering power to the 

crankshaft. 


4.. Exhaust stroke--An upward movement of the piston expels 


3.1.3 Chaminu Methods 


Three methods are comnonly used to introduce or charge the 

air or air-fuel mixture into the cylinder(s) of an IC engine. 

These charging methods are natural aspiration, blower-scavenging, 

and turbocharging or supercharging. These charging methods are 
discussed below. 


3.1.3.1 Narural Amiration. A naturally aspiratedengine 
uses the reduced pressure created behind the moving piston during 


the intake stroke to induct the fresh air  c m g e ,  and two-stroke 
engines subsequently use the fresh air to assist in purging the 

exhaust gases by a scavenging action. This process tends to be 

somewhat inefficient, however, on both counts. In particular, 
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Figure 3-2. The four-stroke, spark ignition IC engine cycle. 
Pour strokes of 180° each of crankshaft rotation, or 720' of 

rotation per cycle. 



the volume of air drawn into the cylinder by natural aspiration 


is usually equal to only 50 to 75 percent of the displaced 

volume. For two-stroke engines, a more efficient method of 

charging the cylinder is to pressurize the air (or air and fuel) 


with a blower, turbocharger, or a supercharger, as described 

below. 


3.1.3.2 Blower-Scavensins. Low-pressure air blowers are 


often used to charge two-stroke engines. Such systems are 
usually called blower-scavenged rather than blower-charged, 


however, because the high volumetric flow rates achieved are 


quite effective in purging the cylinder of exhaust gases, while 


the relatively small increase in pressure produced by the blower 


does not increase the overall engine efficiency nearly as much as 


does supercharging or turbocharging.8 

3.1.3.3 Su~ercharsinu/Turbocharqinq. Supercharging refers 
to any method used to increase the charge density of the 


combustion air. This air charging is accomplished by placing a 


compressor wheel upstream of the intake air manifold. The charge 


compressor is driven by either the engine crankshaft (mechanical 

supercharging) or by energy recovered from the engine exhaust 

(turbocharging). Turbocharging is accomplished by placing a 


turbine wheel in the exhaust stream, which drives the compressor 


wheel. This turbine/compressor rotor is called a turbocharger. 


Turbocharging was originally introduced to overcome performance 


problems incurred with engine operation at high altitudes, where 

air pressure is low. The air pressurization allows a higher mass 

of air to be introduced into a given cylinder. For a constant 

air-to-fuel ratio, this increase in air mass allows a 


corresponding increase in fuel, so the power output for a given 

cylinder is increased. 


Turbochargers are normally designed to increase an engine's 


output to approximately 1.5 times its original power. However, 


if the engine is constructed to withstand the higher'internal 


pressures, turbocharging can be used to raise the engine's 

charging capacity, and therefore its power output, to two to 


three times its naturally aspirated value. Turbocharging is 
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generally offered as an option to many current naturally 

aspirated or blower-scavenged SI and CI engines. Turbocharging 
was noted to be the most common method of air pressurization for 

stationary diesel-fueled engines in a recent study in southern 

California.10 


The large increase in air pressure achieved by turbochargers 


and superchargers is accompanied by an increase in temperature 

that, if uncontrolled, would adversely limit the amount of air 

that could be charged to the cylinder at a given pressure. 


Therefore, an intercooler or aftercooler (heat exchanger) is 


normally used on most larger pressure-charged IC engines to lower 


the temperature of the intake air, and one is always used on 


high-power, turbocharged SI engines fueled with natural gas to 


prevent premature autoignition of the fuel-air mixture. The hear 


exchanger is located between the turbocharger and the intake 

manifold, as shown in Figure 3 - 3 .  Decreasing the temperature of 

the air increases its density, allowing a greater mass of air and 

higher fuel flow rates to enter the cylinder at a given pressure, 
thereby increaeing power output. 


3.1.3.4
 -.
 In SI engines, fuel may be 
delivered by either a carburetor or a fuel injection system. A 


carburetor mixes the fuel with air upstream of the intake 

manifold, and this fuel/air mixture is then distributed to each 


cylinder by the int&e manifold. Fuel injection is a more 
precise delivery system. With fuel injection, the fuel is 


injected at each cylinder, either into the intake manifold just 

upstream of each cylinder or directly into the cylinder itself. 


slal CI engines use fuel injection. Two methods of fuel 

inject ion are comanly uaed. Direct injection places the fuel 
directly into the cylinder and the principal combustion chamber. 


T h e ~ eunite are afeo called open chamber engines because 
combustion takee glace in the open volume bounded by the top of 

aha piston, the cylinder walls, and the head. Indirect 


injection, in contrast, places the fuel  into a small antechamber 
where combklstion begins in a fuel-rich (oxygen-deficient) 
atmosphere and then progrssaes into the cooler, excess-air region 
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of the main chamber. These latter engines are also called 

divided or precombustion chamber systems. 

3.2 TYPES OF FWEL 

Internal combustion engines can burn a variety of fuels. 

The primary fuels for SL engines are natural gas or gasoline. 


Spark-ignited engines can be modified to burn other gaseous fuels 

such as digester gas, landfill gas, or coal-derived gases. For 


CI engines, the primary fuel is-diesel oil f o r  diesel' engines and 

a mixture of diesel, oil and natural gaa for duel-fuel engines. 

Other fuels such as heavy fuel oil can be burned in some CI 

engines, but their use is limited.l2 


3.2.1 8g 
Gasoline is used primarily for mobile and portable SI 


engines. For stationary applications at construction sites, 


farms, and households, converted mobile engines typically are 


used because their cost is often Less than an engine designed 


specifically for stationary purposes.l3 In addition, mobile 
engine parts and sewice are readily available, and gasoline is 
easily transported to the si te.  Thus, gasoline engines are used 
in some small and medium-size stationary engines applications. 


Natural gas is used more than any other fuel for large 

stationary IC engines .2 Natural gas-fueled engines are used to 

power pumps or compressors in gas processing plants and pipeline 

transmission stations because natural gas is available in large 

volumes and at low cost at such sites. 


Gaseous fuels such as sewage (digester)gas and landfill gas 

can be used at wastewater treatment plants or landfills where the 

gas is available. These gaseous fuels can generally be used in 

the same engines as natural gas. 
3 . 2 . 2  0 s 

Diesel fuel, like gasoline, is easily transported and 
therefore is also used in smkl and medium-size CI engines. The 

generally higher efeiciencies exhibited by diesel engines make 

diesel oil the moat practical fuel for large engines where 

operating coats must be minimized. Natural gas, however, is 



often less expensive than diesel fuel and may be the primary fuel 


constituent in a dual-fuel CI engine. 

3.3 INDUSTRY APPLICATIONS 


A wide variety of applications exists for stationary 


reciprocating IC engines, and several types of engines are used. 


While IC engines are categorized by type of fuel used.) air-fuel 

charging method. ignition method, and number of strokes per cycle 

(as discussed in Sections 3.1 and 3.2). their classification by 


s i z e  is also important when considering specific applications. 
The following sections describe the characteristics of engines of 


various sizes and the applications of stationary IC engines in 

four broad categories: (1) oil and gas industry, ( 2 )  general 

industrial and municipal usage, ( 3 )  agricultural usage, and 
( 4 )  electrical power generation. 

Estimates of the engine populations, where available, are 


provided for each industry category. Theae data are circa 1975 


to 1978. Data from a limited number of engine manufacturers were 

available for engine populations sold from 1985 to 1990. 14-21 


These data showed that for SI engines approximately 5,660,000 


total hp (4,220 MW) was sold during this period for stationary 
applications. The limited data provided suggest that over 


75 percent of these engines were installed in continuous-duty 

applications for .oil and gas production, transmission, and power 


generation installations. 


For CI engines, definitive data were not available to 


determine the installed horsepower sold from 1985 to 1990. The 


limited data provided suggest that the largest market for diesel 


engines under 300 hp (225 kW) is standby power generation 

applications, followed by agricultural and industrial 

applications. Less than 5 percent of diesel engines under 300 hp 


are used in continuous power generation. .Installations for 

diesel engines above 300 hp are primarily power generation and 

are nearly evenly divided between continuous duty and standby 

applications. The data for duel-fuel engines, although limited, 


suggest that these engines are used alrnost~exclusively for power 

generation, in either continuous duty or standby applications. 




3.3.1 Ensine Sizes 
Four size classes are conunonly used for stationary IC 


engines: (1 very small engines, ( 2 )  small engines and 

generators. ( 3 )  medium-bore engines, and ( 4 )  large-bore engines. 

Although there is some overlap between the classes, the 

differences tend to be more distinct when viewed on a. horsepower, 

power-per-cylinder. or displacement-per-cylinderbasis. 


V e r y  small engines typically have single cylinders with a 

bore (diameter) of 1 to 3 inches (in.), power ranges of 2 to 


16 hp (1 to 12 kW). and very high crankshaft operating speeds in 

the range of 3,000 to 4,000 rpm.  These are typically air-cooled 
gasoline engines of the type used in nonstationary applications 


such as lawn and garden equipment, chain saws, recreational 

vehicles, etc., but some are also used for operating small 


stationary equipment, such as appliances, air compressors, etc., 

where electricity is not available.22 


Small-bore engines and generators typically have one or 

two cylinders sf 3 to 5 in. bore each (a few have four 

cylinders), 3 to 50 hg (2  to 35 kW) output (3 to 15 hp [2  to 
11 kWl/cylinder). and 1.000 to 4.000 rprn operation. These are 
sometimes called low-power, high-speed engines for industrial 


applications. Most o f  these are diesel- or gasoline-fueled four-

stroke engines. Electrical power generation in remote locations 

is a major application. Refrigeration compressors in trucks and 

railroad cars and hydraulic pumps for trash compactors and 


tractor-trailer dump trucke are other applications.22 
Medium-bore engines typically have multiple cylinders of 3.5 


to 9 in. bore, 50 to 1,200 hp (35 to 900 kW) output (10 to 100 hp 
[ 7  to 75 k~]/cylinder),and 1,000 to 4,000 rpm operation. These 
are regarded as medium-power, high-speed engines. Mediw-power 
engines are usually fueled with either diesel oil or gasoline. 

occasionally with natural gas. They have a lover power output 
per cylinder than do large-bore engines and therefore require 


more cylinders to achieve a given engine horsepower. The high 


rotary speeds and the wide range of horsepower available make 

mediw-bare engines desirable for many uses, including 




agricultural, nonpropulsive marine, comercial, and miscellaneous
em 

industrial applications." 


Large-bore engines typically have multiple cylinders of 8 to 

18 in. bore, 400 to 131000 hp (300 to 9.700 kw) output (80 to 


700 hp [60 to 520 k~]/cylinder). and 250 to 1,200 r p m  operation. 
generally considered low- to medium-speed. Large-bore, high- 


power CI engines are usually four-cycle designs that can operate 


on either diesel oil or a duel-fuel mixture of diesel o i l  and 

natural gas. Large-bore SI engines are split about equally 

between two- and four-cycle designs and usually operate on 


natural gas. In addition, a few engines in this size class are 

designed to operate interchangeably as either CI or SI depending 

0 fuel availability. The large-bore. low-speed engines, with 


their high power output per cylinder, are more economical to 

operate than medium-bore engines because of their lower fuel . 

consumption and longer service life. Therefore, they tend to be 


used in applications requiring continuous operation, such as 


municipal electrical power generation, oil and gas pipeline 


transmission, and oil and gas production. 22 

3.3.2 Oil and Gas Industrv 


Stationary IC engines are widely used in the oil and gas
-

industry, both in production and in transport by pipeline. Usage 


tends to be concentrated in the oil- and gas-producing States in 

. .

the lower Midwest and the Gulf Coast and along the pipeline 

distribution network toward the Northeast. Most of these engines 
--- . 

are fueled with either natural gas or diesel oil. Some dual- 

fueled but few gasoline engines are used in applications in this 


industry segment. Table 3-1 sumnarizes the use of stationary 

engines in the oil and gas industry. 


The transmission of natural gas relies heavily on stationary 


of these engines were reciprocating IC engines, while 17 percent 




TABLE 3-1. OIL AND GAS INDUSTRY APPLIQTIONS OF 
STATIONARY IC ENGINES CIRCA 1979'~ 


I I I 
Average 

in useFuel Application N u ~ ~ T  Avemge size, hp operation, h/yr 

P J a t d  gas Production 
Well dtilling 3,050 350 2,000 
well pumps 266,000 15 . 3,500~ Secondmy recovery 5,600 200 6,000 
Plmt processiag 4,000 750- 8,000 

Natural gas Utility compression 4,500 2,000 6,ooO 
4 , W  750 6,000 

Diesel oil Froduction 
On-laud drilling 3,050 350 2,000 
Off-shore drilling 675 350 2,000 

Diesel oil Transmission 500 %a 6,000 , 

Dual-fueled Transmission a 

, Number in ust was calculated from annual engine production data and estimated average &vice for each type of 
, engine. 
I 
I 

aIncludcd with diesel data. 
''Not available. 



were gas turbines, which because of their larger size (1,000 to 

30.000 hp t0.75 to 22.4 MW] turbines vs. 50 to 10,000 hp 10.04 to 
7.5 MWI reciprocating engines) contributed about one-half of the 

total capacity. Nearly 350 models of reciprocating engines are 

in use in this application. Thirty percent of the engines in gas 

transmission service are more than 30 years old, and 50 years' 


service is not uncommon.25 

Diesel engines are used extensively in on-land and off-shore 

drilling and in oil pipeline pumping. In 1979, 3,050 stationary 

diesel (or dual-fueled) engines were in use in on-land drilling 

and 675 in off-shore drilling. These engines had an average 

power rating of 350 hp (260 kW).23 


3 . 3 . 3  General Industrial and Municilsal Uaasa 
The largest population of stationary reciprocating IC 


engines, in terms of numbers of units, is found in the general 


industrial category, which includes construction and some 


municipal water services uses. The available data showing usage 

by fuel type and application as of 1979 are given in Table 3-2. 

The data for diesel engines also include some unspecified 

agricultural uses; presumably these might include some 

compressors, pumps, standby generators, weldera, etc. Small 


gasoline engines (c15 hp [11 kW1 are used most frequently in 

this category. Gasoline- and diesel-fueled standby electrical 


generators constitute another widely used application in this 


category, but these data do not include the natural gas and 


diesel/dual- fueled engines used for electric power generation 

summarized later in Section 3 .3 .5 .  Gas-fueled engines for 

commercial shaft power have the highest power output (2,000 hp 

[1,500 kW1 average) in use in this category, while large diesel 

engines (200 to 750 hp [SO-560kW1 average) are uaed in electric 


power generation, construction, industrial shaft power, and waste 


treatment applications. 26 


3.3.4 Aurirultural Usase 


Available data on the use of stationary IC engines in 

agriculture as of 1979 are given in Table 3-3. These data lack 
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S o 4 0 0  kw 
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15,000 100 3,500
~ , 0 0 0  750 
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wo umber i.use was calculated from a n a l  engine pmduction data md estimated ivmge service for each type of 
engine. 
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TABLE 3 - 3 .  AGRICULTUIULL APPLICATIOY30F 
STATIONARY fC ENGINES CIRCA 1979 


Average Average 
Numbtr size, operation, 

Fuel Application i a d  h~ Wyr 

N a h d  gas All 91,000 100 2,500 
I 

Dim1 oil cOmpft98(5fs, pumps, b b b 
standby generators, 
welders, etc. 

Gasoline Irrigation 10,000 100 2,000 
Miw. machineryc 4 0 0 , ~  30 U10 

aNumbcr in we was calcuhted from annual engine produlctian data and estimated average sewice for each of 
engine.
bats were included in general industrial categmy, Table 3-2. 
%cludw some mobile equipment such as wnbints, balers, sprayers, dustem, ctc. 



the degree of detail available for the oil and gas industry and 

general industrial categories. 


Small to mediumsize gasoline engines (30 hp [22 kW1 
average) for nrniscellaneous machineryll constitutes the largest 

use class, while those used i n  pumping service for irrigation are 
larger (100 hp [75  kW] average). Other uses would include frost 
and pest control, hamester-mounted auxiliary power, and some 
remote and standby electricity generation where e lectr ic  motors 
do not meet the need.26 


Some natural gas- and diesel-fueled engines are also used, 


but data for the latter are not available separate from those 
given in Table 3-2 for general industrial applications. 


3.3.5 Electric Power Generating 
. . ... 

Electric power generation is one area in which stationary 


reciprocating IC engines do not compete with electric motors. 

The available installation data as of 1979 for electric power 

generation by natural gas, diesel, and dual-fuel engines is shown 
in Table 3-4. These data do not include smaller generators used 
to supply power locally for industrial and agricultural equipment 

or for standby/emergency needs in those industries. In some 


cases, tho demarcation between categories cannot be discerned 


with certainty from the available data. 

The data in Table 3-4 indicate t h a t  gas-fueled engines used 

to operate emergency/standby generators were the largest 


application, in terms sf units in service (2,000) in this 

category in 1979. Information provided by diesel engine 

manufacturers suggests that m%ny small d i e s e l  engines have been 
installed in standby power generation applications. One 


manufacturer reported total sales of approximately 1 million hp 
between 1985 and 1990 for diesel engines of 300 hp (225 KW) or 
less for standby power generation. The South Coast Air Quality 


Management District  has pemitted mre than 400 diesel engines 
for standby power generation.lo me engineigenerator sets are 
installed at hospitals, banks, insurance companies, and other 


facilities where continuity sf electrical power is critical. 

This reference states that these are typically medium-power 




TABLE 3 - 4 .  ELECTRICAL POWER GENERATXQN BY STATIONARY 
IC ENGINES CIRCA 1979'~ 


Avwage OutPUh 
No. AvuageSixc, oparriaa, million 

Fuel Application in u ~ e ~  hp & / ~ r  hphrlyr x lo6 

NIoual gas E m e r g e n c y / ~ y  2,000 100 50 9 
Induaainl 0 n - a  1,500 300 4,000 1,080 

.q 8 Commcr~iaU'itutional 450 200 4,000 
. 

162 
Privdpublic utility b b b 166 



(100 hp 175 kWl/cylinder), high-speed (1,000 r p m ) ,  four-cycle 
engines that are turbocharged and after-cooled. 


The data in Table 3-4 show that the diesel and dual-fueled 
engines are by far the largest (2,000 hp [1,500 kW] average) used 

for electrical generation, but they do not provide details of 


specific applications. Dual-fuel, large-bore CI engines are used 
almost exclusively f o r  prime electrical power generation in order 
to take advantage of the economy of natural gas and the 


efficiency of the diesel engine.27 
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4.0 CWARACTERIZATION OF NO, EMISSIONS 


This chapter discusses the formation of NOx emissions in 


reciprocating internal combustion (IC) engines. Section 4.1 

describes how NO, and other emissions are formed during the 

combustion process. Factors that influence the r a t e  of formation 
of NO, and other emission are discussed in Section 4.2. 


Uncontrolled emission factors are presented in Section 4.3. 

References for this chapter are listed in Section 4.4. 

4.1 FORMATION OF EMISSIONS 


The primary focus of this document is NO, emissions, and the 

formation of NOx is discussed in Section 4.1.1. Efforts to 


reduce NOx emissions can affect the formation of carbon monoxide 

(CO) and hydrocarbons (HC),however, and the formation of these 


emissions is briefly presented in Section 4 .1 .2 .  

4.1.1 The Formation of NO, 


The combustion of an air/fuel mixture in the cylinder of an 


IC engine results in the dissociation of nitrogen (NZ) and oxygen 


(02)i n t o  N and 0, respectively. Reactions following this 

dissociation result in seven known oxides of nitrogen: NO, NO2, 


NOg, NZO, N203 , NZ04. and N205. Of these, nitric oxide' (NO) and 
nitrogen dioxide (NO2) are formed in sufficient quantities to be 


significant in atmospheric pollution. In this document. "NO," 


refers to either or both of these gaseous oxides of nitrogen. 

Virtually all NO, emissions originate as NO. This NO is 


further oxidized in the exhaust system or later i n  the atmosphere 
to form the more stable NO2 mole~ule.~ There arc two mechanisms 
by which NO, is formed in an IC engine: (1) the oxidation of 

atmospheric nitrogen found in the combustion air-(thermal NOx) 


and ( 2 )  the conversion of nitrogen chemically bound in the fuel 



(fuel NOx, or organic NO,). These mechanisms are discussed 
below. 

4.1.1.1 )Of. Thennal NOx is formed in 

the combustion chamber when N2 and O2 molecules dissociate into 

free atoms at the elevated temperatures and pressures encountered 


during combustion and then recombine to form NO by the Zeldovich 
mechanism. The simplified reactions are shown below: 

o2 - 20 

O + N 2 ' I N O + N  

N + 0 2  * N O + O  

The reaction rate toward NO formation increases exponentially 


with temperature. The NO further oxidizes to NO2 and other NO, 

compounds downstream of the combustion chamber. 


4.1.1.2 lof.Fuel NOx (also known as 


organic NOx) is formed when fuels containing nitrogen are burned. 
Nitrogen compounds are present in coal and petroleum fuels as 


pyridine-like (C5H5N) structures that tend to concentrate in the 

heavy resin and asphalt fractions upon distillation. Some low-

British thermal unit (Btu) synthetic fuels contain nitrogen in 


the form of ammonia (NI13), and other low-Btu fuels such as sewage 


and process waste-stream gases also contain nitrogen. When these 


fuels are burned, t he  nitrogen bonds break and some of the 

resulting free nitrogen oxidizes to form NO,.^ With excess air, 

the degree of fuel NO, formation is primarily a function of the 

nitrogen content in .the fuel. The fraction of fuel-bound 

nitrogen (PBN) converted to fuel NO, decreases with increasing 

nitrogen content, although the absolute magnitude of fuel NO, 
increases. For example, a fuel with 0.01 percent nitrogen may 
have 100 percent o f  its FBN converted to fuel NO,, whereas a fuel 

with a 1.0 percent PBN may have only a 40 percent fuel NO, 

conversion rate. While the low-percentage-FBN fuel has a 
100 percent conversion rate, its overall NO, emission level would 


be lower than that of the high-percentage FBN fuel with a 
40 percent conver~ion rate. 4 

Nitrogen content varies from 0.1 to 0.5 percent in most 

residual oils and from 0.5 to 2 percent for moat U.S. coals.5 



Traditionally, most light distillate oils have had less than 


0.015 percent nitrogen content by weight. However, today many 


distillate oils are produced from poorer-quality crudes, 


especially in the northeastern United States, and these 

distillate oils may contain percentages of nitrogen exceeding the 


0.015 threshold. These higher nitrogen contents increase fuel 


NO, formation.6 

Most IC engines are presently fueled by natural gas or light 

distillate oi1,that typically contains little or no FBN. As a 


result, when compared to thermal NO,, fuel NO, is not currently a 

=jar contributor to overall NO, emissions from most IC engines. 


4.1.2 Formation of Other Emissions 


The formation of CO and HC is briefly discussed in this 


section. 


4.1.2.1 Carbon Monoxide (CO). Carbon monoxide is an 
intermediate combustion product that forms when the oxidation of 

CO to C02 cannot proceed to completion. This situation occurs if 
there is a lack of available oxygen, if the combustion 
temperature is too low, or if the residence time in the cylinder 

is too short.7 


4.1.2.2 HvdrocarbonR (HC). The pollutants ~ ~ m t ~ n l y  

classified as hydrocarbons are composed of a wide variety of 

organic compounds. They are discharged into the atmosphere when 


some of the fuel remains unburned or is only partially burned 
during the combustion process. This incomplete burning usually 


occurs as a result of inadequate mixing of fuel and air, 


incorrect air/fuel ratios, or "quenchingn of the combustion 


products by the combustion chamber surfaces. 4 

Nonmethane hydrocarbons (NMHC) are sometimes categorized 


separately from methane HC1sbecause NMHC1s react with NO, in the 


lower atmosphere, contributing to the formation of photochemical 


smog. Methane does not readily react with NOx in the lower 
atmosphere, so methane HC emissions are not a major concern in 

some regulated areas.8 



4 . 2  FACTORS THAT INFLUENCE NO, EMISSIONS 

Engine design and operating parameters, type of fuel, and 


ambient conditions all have an impact on NOx emissions from IC 
engines. These factors are discussed in this section. 

4.2.1 Ensine Desisn and Oaeratinq Parameters 


Variations in engine design or operating parameters will 

affect emissions. These parameters may be div ided  i n t o  five 

classes: (1) air-to-fuel ratio (A/F) and charging method; 

(2) ignition timing; (3) combustion chamber valve design; 

( 4 )  engine combustion cycle; and ( 5 )  operating load and speed. 

4.2.1.1 Air-to-Fuel Ratio and Charsins Method. The 


formation rate of NO, increases with increases in combustion 

temperature. Maxfmurn temperatures occur when the A/F is just 
above stoichiometric. The relationship between A/F and NOx 

formation is shown in Figure 4-1. This figure shows that maximum 
NO, formation rates occur in the region of stoichiometric A/F1s 

due to the high combustion temperatures. In any engine, as the 


A/F decreases from stoichiometric, NO, formation decreases due to 
a lack of excess oxygen. As the A/F increases from 


stoichiometric, NOx formation first increases with the presence 


of additional oxygen, then steadily decreases as the A/F 
increases beyond stoichiometric.9 


Emissions of CO increase sharply, as shown in Figure 4-1, at 

fuel-rich A/F,S due to the lack of oxygen to fully oxidize the 


carbon. As the A/F is increased toward fuel-lean conditions, 


excess oxygen is available and CO emissions decrease as 
essentially all carbon is oxidized to COZ. Emissions of HC 


increase at fuel-rich A/F's because insufficient oxygen levels 
inhibit complete eo&ustionz. At fuel-lean A/Fts,  HC emissions 

increase slightly as excess oxygen cools combustion temperatures 

and inhibits complete combustion. 


The operational range of Sean A/Fns is often restricted by 


the charging methad. Turbocharged, fuel-injected engines have 


precise A/F control at each cylinder and can operate at A/F1s 

approaching lean fbamabil i ty  limits. Naturally aspirated 
engines have imprecise carbuseted A/F control and must operate a t  



Figure 4-1. Effect of air/fuel r t i o  on NO,, CO, and HCemissions.t 



richer A/F's to avoid excessively lean mixtures at individual 
cylinders, which can result in incomplete combustion or 

misfiring.10 


4.2.1.2 Isnition Tirninq. As discussed in Chapter 3, 

combustion is initiated by the injection of fuel oil in 

compression-ignited engines and by a spark in spark-ignited 

engines. By delaying, or retarding, the timing of ignition, the 

combustion process occurs la ter  in the power cycle. Ignition 
retard, therefore, effectively increases the combustion chamber 

volume, which reduces pressures in the cylinder and may lower 

combustion temperatures. These changes in combustion conditions 

result in lower NO, emission levels in most engines.10,ll 


Emissions of CO and HC are not significantly affected by timing 

retard except in extreme cases where misfiring can occur. 


Timing retard lowers NO, levels significantly. but the lower 


combustion pressures result in reduced cycle efficiency and, 

therefore, increased engine fuel consumption. Excessive smoke 


may also result from moderate to high degrees of ignition retard 

in diesel engines.l2 Increased exhaust smoke from ignition 
timing retard may result in increased soot levels in the lube 
oil, which requires more frequent oil changes. 11 


4.2.1.3 1.
Umost any 
variation in cylinder or valve design will affect emissions. 


'Unfortunately, the effects cannot be quantified since each engine 

is different and changing some design variables may cancel any 

beneficial effects of others. However, some generalizations can 
be made. Design variables that improve mixing within the 

cylinder tend to decrease emissions. Improvements in mixing may 

be accomplished through swirling the air or fuel-airmixture 

within the cylinder, improving the fuel atomization, and 

optimizing the fuel injection locations. Decreasing the cylinder 


compression ratio may reduce NO, emissions, especially in older 

engine designs.11 


The vintage and accumulated operating hours of an engine may 
affect emission rates. Engine manufacturers may implement 
changes to the combustion chamber and valve designs over the 
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production l i f e  of an engine model, making emission rates 

dependent upon the date of manufacture. Also, maintenance 


practices can affect long-term engine performance, resulting in 

changes in emission rates among othewise identical engines. 


4 . 2 . 1 . 4  Ensine Combustion Cvcle. As discussed in 
Chapter 3, reciprocating IC engines may be either two- or 


four-stroke cycle. During combuation, emissions from either type 

are similar.l3 However, several events during the charging of a 


two-cycle engine may affect emission levels. On noninjected 


engines, the scavenge air, which purges the cylinder of exhaust 


gases and provides the combustion air, can also sweep out part of 

the fuel charge. Thus, carbureted two-cycle engines often have 

higher HC emissions in the form of unburned fuel. 


If the cylinder of a two-stroke engine is not completely 


purged of exhaust gases, the result is internal exhaust gas 

recirculation (EGR) . The remaining inert exhaust gases absorb 

energy from combustion, lowering peak temperatures and thereby 


lowering NO,. 


4.2.1.5 Effects of Load and S~eed. The effect of operating 


load and engine speed on emissions varies from engine to engine. 


One manufacturer states that for SI engines the total NO, 


emissions on a mass basis (e.g., lb/hr) increase with increasing 

power output. On a power-specific (also referred to as brake- 


specific, e.g., g/hp-hr) basis, however, NOx emissions decrease 


with increasing power levels. Test data for a second 


manufacturer's SI engine shows that NO, emissions decrease with 

increases in load if the engine speed decreases with decreasing 

load. If the engine speed is held constant, however, brake- 

specific NO, emission levels decrease with decreasing engine 

load.l4 In general, diesel compression ignition engines exhibit 

decreasing brake-specific NO, emissions with increasing load at 


constant speed. This is partly caused by changes in the A/F 

ratio. Some turbocharged engines show the opposite effect of 

increasing brake-specific NOx emissions as load increases. 

In diesel engines, carbon monoxide emissions first decrease 

with increasing load (equivalent to increasing temperature) and 




then increase as maximum load is approached. Brake-specific HC 


emissions decrease with increasing load as a result of increasing 


temperature. For naturally aspirated engines, smoke emissions 

generally reach their maximum at full load. Turbocharged 


engines, however, offer the potential to optimize the engine at 


full load and minimize smoke emissions at full load. Natural gas 

engines follow the same trends as diesel engines fo r  HC and C 0 .  lo 

As this discussion indicates, the effect of engine load and speed 

on %JOx, CO, and HC emissions is engine-specific. 

4 . 2 . 2  Fuel Effects 

As discussed in Section 4.1.1, overall NO, emissions are the 


sum of fuel NO, and t h e m 1  NO,. Fuel NO, emissions increase 


with increases in FBN content, and using residual or crude oil 


increases fuel NO, and hence total NO, emissions. Similarly, 


using gaseous fuels with significant FBN contents such as coal 


gas or waste stream gases increases NOx emissions when compared 

to natural gas fuel. Quantitative effects were not available. 

Thermal NO, levels are also influenced by the type of fuel. 


Landfill and digester (or sewage) gases and propane are examples 


of alternate fuels for SI engines, and the relative emission 

levels for landfill gas, propane, and natural gas are shown in 


Figure 4-2. andf fill and digester gases have relatively low Btu 

contents compared to those of natural gas and propane and 


therefore have lower flame temperatures, which result in lower 

NO, emissions. Because the stoichiometric A/F is different for 


each gas, emissions are shown in Figure 4-2 as a function of the 
excess air ratio rather than A/F. The excess air ratio is 

defined as: 


A/F actualExcess a i r  r a t i o  (A) = 
A/F stoichiometric 

,~igura4 - 2  shows that the effect of aiternative fuels is 
greatest at ~ / F l afrom near-stoichiornetric to approximately 1.4, 


which is within the operating range of rich-burn and lean-burn 


SI engine designs. The effect of alternate fuels on emissions is 

minimal for low-emission engine designs that operate at higher 




1 Propane 
2 Natural Gas 

1 1.2 1.4 1.6 
X- EXCESS AIR RATIO 

Figure 4 - 2 .  Impact of different fuels on NO, and CO emissions 
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b/F1sand relatively low combustion temperatures. Fuel effects 

on CO emissions, as shown in Figure 4-2. are minimal.l5 
4.2.3 Ambient Conditiopa. 


The effects of atmospheric conditions on NOX emissions have 

been evaluated by aweral sources, predominately by or for 

automotive engine manufacturers. These test results indicate 

changes in NOk of up to 25 percent caused by ambient temperature 

changes and up to 40 percent caused by ambient pressure 
changes.l6 Most of these effects are caused by changes in the 

A/F as the density of the cornbustion air changes. Humidity has 

an additional effect on Lowering NO, in that high-moisture 
conditions reduce the peak temperatures within the engine 

cylinders, decreasing % emissions by up to 25 percent.l7 

The design A l F  varies for different IC engines, so engines 
respond differently to changes in atmospheric conditions. Thus 


it is quite difficult to quantify atmospheric effects on engine 

emissions. However, the following general effects have been 

obsemed for engines operating close to stoichiometric 
conditions:17 


1. Increases in humidity decrease % emissions; 
2. Increases in intake manifold air temperature may 


increase HC and CO emissions; and 


3. Decreases in atmospheric pressure increase HC and CO 

emissions. 

4.3 UNCONTROLLED EMISSION LEVELS 


Stationary IC engine sizes vary widely. so comparisons of 

emissions MYng a group of engines require that emissions be 
resented on a brake-specific,"8s-per-unit-power-output basis. 
In this document emissions are expressed in units of grams per 

horsepower-hour (g/hp-hr). For conversion to parts per million 






%alculated from figurea cornaponding to hernational Standards Organization (ISO) conditions, as provided by engine mmufmturers. 
b l b ~ h l= (gRp-l1r)*(lb/454&*(I heat nte)*l&. 
C~ahualgaa fuel. 
d ~ o .2 dieeel oil fuel. 
'Natural gaa and No. 2 diesel oil fuel. 
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5.0 NO, CONTROL TECHNIQUES 


This chapter describes NO, emission control techniques for 


reciprocating engines. For each control technique, the process 


description, extent of applicability, factors that affect the 

performance, and achievable controlled emission levels are 

presented. The effect of NO, reduction on carbon monoxide (CO) 


and unburned hydrocarbon (HC) emissions is also discussed. Some 

regulatory agencies speciate nomethane hydrocarbon (NMHC) 

emissions from total hydrocarbon (THC)emissions. Where HC 


emission levels presented in this chapter are not speciated, it 


is expected that the emission levels correspond to NMHC rather 

than THC emissions. Emissions are stated in units of grams per 

horsepower-hour (g/hp-hr) and parts per million by volume (ppmv). 
The first units reported are those reported in the referenced 


source; the corresponding units given in parentheses were 


calculated using the conversion factors shown in Section 4.3. It 


should be noted that these conversion factors are approximate 


only, and the calculated emission levels shown in parentheses 


using these conversion factors are provided for infomation only. 

Unless noted otherwise, all emission levels reported in units of 


ppmv are referenced to 15 percent oxygen. 
Some control techniques discussed in this chapter require 


that additional equipment be installed on the engine or 

downstream of the engine in the exhaust system. Issues regarding 


the point of responsibility for potential engine mechanical 


malfunctions or safety concerns resulting from use of the control 

techniques presented are not evaluated in this document. 


All IC engines can be classified as either rich-burn or 

lean-burn. A rich-burn engine is classified as one with an 




air-to-fuel ratio (A/F) operating range that is near 

stoichiometric or fuel-rich of stoichiometric, and can be 

adjusted to operate with an exhaust oxygen (02)concentration of 

1 percent or less. A lean-burn engine is classified as one with 

an A/F operating range that is fuel-lean of stoichiornetric, and 


cannot be adjusted to operate with an exhaust concentration of 

less than 1 percent. All naturally aspirated, spark-ignition 

(SI) four-cycle engines and some turbocharged SI four-cycle 

engines are rich-burn engines. A l l  other engines, including all 

two-cycle SI engines and all compression-ignition (CI) engines 


(diesel and dual-fuel), are lean-burn engines. 

This chapter presents NO, control techniques by engine type 


( i . e . ,  r i c h - b u n  or lean-burn) to enable the reader to identify 
available NO, control techniques for a particular engine type. -
Section 5.1 describes NO, control techniques for rich-burn 

engines. Lean-burn 91 engine NO, control techniques are 


presented in Section 5.2. Lean-burn CI engine NO, control 


techniques are presented in Section 5.3. Section 5.4 describes 

NO, control techniques including exhaust gas return (EGR), engine 

derate, water injection, and alternate fuels that are not 

considered viable at this time because of marginal NO, reduction 


efficiencies and/or lack of commercial availability. References 


for Chapter 5 are Listed in Section 5.5. 


The discussion of each control technique is organized to 

include: 

1. Process description; 

2 .  Applicability to new and/or existing IC engines; 
3 .  Factors that affect NO, reduction performance; and 
4. Achievable mission levels and teat data. 

The annual emieeion reduction based on the achievable 


controlled NO, emissions levels ia quantified and presented in 

Chapter 7 t o r  each control technology. 
5.1 NOx CONTROL-TECHNIQUES FOR RICH-BURN ENGINES 

Rich-burn engines operate at A/F's -nearor fuel-rich of 
stoichiometric levels, which results in low excess O2 levels and 
therefore low exhaust O2 concentrations. The rich-burn engine 
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classification is given in the introduction of this chapter. 


Four-cycle, naturally aspirated SI engines and some four-cycle, 


turbocharged SI engines are classified as rich-burn engines. 


The control technologies available for rich-burn engines 


are: 
1. Adjustments to A/F; 


retard; 


4 .  Prestratif ied charge (pScQ); 

5. Nonselective catalytic reduction (NSCR); and 


5.1.1 Adiustment of A/F in Rich-Burn Enqines 


5.1.1.1 Process Descriotion. Rich-burn engines can operate 

Over a range of A/Fts. The A/F can be adjusted to a richer 
setting to reduce NO, emissions. As shown in Figure 5-1, small 

variations in the A/F for rich-burn engines have a significant 


impact on emissions of NO, as well as on those of carbon monoxide 


(CO) and hydrocarbons (HC).I In the fuel-rich environment at 


substoichiometric A/F's, NO, formation is inhibited due to 

reduced O2 availability and consequent lower cornbustion 


temperatures. Incomplete combustion in this fuel-rich 

environment, however, raises CO and HC emission levels. 2 

5.1.1.2 A~~licabilitv. Adjustment of the A/F can be 


performed in the field on all rich-burn engines. For effective 


NO, reductions, most engines require that an automatic A/F 

feedback controller be installed on the engine to ensure that NO, 


reductions are sustained with changes in operating parameters 

Such as speed, load, and ambient conditions.3 For some 

turbocharged engines, A/F adjustments may rewire that an exhaust 

brpass system with a regulator valve be installed to regulate the 


airflow delivered by the turbochargerm3 In addition to 

maintaining effective emissions control, an automatic A/F 

controller also avoids detonation (knock) or lean misfire with 


changes in engine operating parameters. 
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F i g u r e  5-1. The effect of air-to-iu i ratio on NOx, CO, and HC 
assions. f 



5.1.1.3 Factors that Affect Performance. As shown in 


Figure 5-1. A/F adjustment toward fuel-rich operation to reduce 

NOx results in rapid increases in CO and, to a lesser extent, HC 

emissions. The extent to which the A/F can be adjusted to reduce 


NO, emissions may be limited by offsetting increases in CO 
emissions. As discussed in Section 5.1.1.2, an automdtic A/F 

controller may be required to maintain the A/F in the relatively 

narrow band that yields acceptable NO, emission levels without 


allowing simltaneous CO emission levels to become excessive. 
Adjusting the A/F also results in changes in fuel efficiency 

and response to load characteristics. Adjusting the A/F to a 

richer setting reduces NO, emissions, but increases the 


brake- specific fuel consumption (BSFC) while improving the 


engine's response to load changes. Conversely, adjusting the A/F 


to a leaner setting increases NO, emissions, decreases BSFC, and 

decreases the engine's ability to respond to load changes . 4 1  

5.1.1.4 Achievable Emission Reductioq. Table 5-1 shows 

estimated emissions for adjusting the A/F for one manufacturer's 

rich-burn, medium-speed engines. These engines are rated at 

2,000 hp or lower. As this table shows, adjusting the A/F ratio 


from the leanest to the richest setting can reduce NO, emissions 


from an average of 19.2 to 8.0 g/hp-hr. The corresponding 


increases in average CO and HC emissions are 1.0 to 33.0 g/hp-hr 

and 0.2 to 0.3 g/hp-hr, respectively. As Table 5-1 indicates, 


NOX reductions at the richest A/F's are accompanied by 


substantial increases in CO emissions of 24 g/hp-hr or more; 


increases in HC emiasions are relatively minor. 

A s m r y  of emission teat results from A/F adjustments 

performed on seven rich-burn, medium-speed engines is shown in 

Table 5 - 2 .  Controlled NO, emissions ranged from 1.52 to 

5.70 g/hp-hr, which represents reductions from uncontrolled 


levels ranging from 10 to 72 percent. Emissions of CO and HC 

were not reported. The average controlled NOx emission level for 
the seven engines was 3.89 g/hp-hr, an average reduction of 

45 percent from the average uncontrolled NOx emission level of 


7.22 g/hp-hr. The uncontrolled NO, emissions from these engines 

5 - 5  




TABLE 5-1. RANGE OF gMSSIONS RESULTING FROM A/F ADJUSTMENT 
FOR ONE MANUFACTURER'S RICH- BURN, MEDIUM-SPEED ENGINES~ 
13 


Emissions, g/hp-hPI 

Richest A/F k c s t  All? Air-to-fuel, mass basis 

' -Model 
series NO, CO H C ~  NO, CO H C ~  Richest AIF h e s t  NF 

1 7.0 28 0.3 18 1 0.2 15.5: 1 17: i 


2 10 25 0.3 25 0.5 0.2 15.5: 1 18: 1 


3 8.3 34 0.4 20.7 0.8 0.3 15.5: 1 17.4: 1 

-

4 8.0 30.5 0.2 24 0.6 0.1 15.5: 1 18: 1 


5 8.5 35 0.4 20 1.O 0.2 15.5: 1 17:1 


6 7.0 34 0.3 16 1.O 0.3 15.5: 1 17: 1 


7 7.5 45 0.4 i 1 2.0 0.3 15.15: 1 17: 1 


A v q e  8.0 33 0.3 19.2 1.O 0.2 --
on natural gas fuel, hydrogen/carbon ratio of 3.85. 

b~onmethanehydmcdom only. 

++ 




N o t e s  : 
VL 

1. Emission 1 . ~ 1 ~were reported in g/hp-hr and ppmv. Units of ppmv were not referenced to any oxygen level .  
2 . CO and HC ions we re not reported. 



are considerably lower than the 13 to 27 g/hp-hr range for 


uncontrolled NO, emissions shown in Table 4-1for rich-burn 

engines in this range of engine power output. The A/P 

corresponding to the uncontrolled and controlled emission levels 


was not reported, so the extent to which the A/F was adjusted is 

not known. The engines shown in Tables 5-1 and 5-2 are all 

medium-speed engines rated at 2,000 hp or less. For low-speed 

engines, one manufacturer reports that A/F adjustment for these 

rich-burn engines results in potential NO, emission reductions 


ranging to 45 percent.' 
All available sources indicate that the achievable NOx 


reductions using A/F adjustment are highly variable, even among 


identical engine models. Based on the available data, it is 

estimated that NO, emissions can be reduced between 10 and 

40 percent using A/F adjustment. A reduction of 20 percent is 


used to calculate controlled NO, emission levels and cost 


effectiveness in Chapter 6. 

Adjusting the A/P to a richer setting improves the engine's 

response to load changes but results in an increase in BSFC. One 

engine manufacturer estimates the increase in BSFC to be 1 to 


5 percent.7 

5 . 1 . 2  1 
5.1.2.1 n. Adjusting the ignition timing 


in the power cycle affects the operating pressures and 


temperatures in the combustion chamber. Advancing the timing so 


that ignition occurs earlier in the power cycle results in peak 

sombustion when the piston is near the tap of the cylinder, when 


the combustion chamber volume is at a minimum. This timing 

adjustment results in maximum pressures and temperatures and has 

the potent ia l  to increase NO, emissions. Conversely, retarding 

the ignition timing causes the eoenbustion process to occur later 

in the power stroke when the pist~nis in its downward motion and 

canbustion chamber volume is increasing. Ignition timing retard 




reduces operating pressures, temperatures. and residence time and 


has the potential to reduce NO, formation. 

5.1.2.2 Amlicabilitv. Adjustment of the ignition timing 


can be performed in the field on all rich-burn engines. 

Sustained NO, reduction and satisfactory engine operation. 


however, typically require replacement of the ignitiod system 
w i t h  an electronic ignition control system. The electronic 

control system automatically adjusts the ignition timing to 


maintain satisfactory engine with changes in 


operating parameters and ambient conditions. 

5.1.2.3 Factors That Affect Performance. Adjustment to 

retard the ignition timing from the standard setting may reduce 

NO, emissions, but it also affects other engine parameters. 


Shifting the combustion process'to later in the power cycle 

increases the engine exhaust temperature, which may affect 


turbocharger speed (if the engine is so equipped) and may have 
detrimental effects on the engine exhaust valves. Brake-specific 


fuel consumption also increases, as does the potential for 

misfire. Engine speed stability, power output, and response to 

load changes may also be adversely affected. These effects on 


engine parameters occur continuously and proportionately with 


increases in timing retard and generally limit ignition retard to 

4 O  to 6 O  from the standard setting. 9 

5.1.2.4 Achievable Emission Reduction. Ignition timing can 

typically be adjusted in a range of up to approximately 4 O  to 6 O  

from the standard timing setting to reduce NO, emissions. The 


extent of ignition retard required to achieve a given NO, 

reduction differs for each engine model and operating speed. For 


example, 2 O  to 4"  of retard is likely to achieve a greater NO, 
reduction on an engine with an operating speed of 500 to 
1,000 rpm than an engine with an operating speed of 2,000 to 
3,000 rpme3 Data to quantify the effect o f  ignition retard on 
rich-burn engines were available From three engine manufacturers. 
The first manufacturer indicates that, in general, NO, emission 

reductions of up to 10 percent can be achieved by retarding 

ignition timing. The second manufacturer provided emission data 




for an engine operated at three ignition timing settings. These 

data, plotted in Figure 5-2, suggest that the NO, reduction 


achieved by ignition retard in rich-burn engines largely depends 


upon the A/F. For operation near and rich of stoichiometric, 

timing retard has only a small effect on NO, levels. According 


to the manufacturer, this minimal effect is thought to be because 

the lack of oxygen and lower temperatures in this A/F range 
substantially rnitigat.e the effect of any further peak temperature 

and pressure reduction achieved by retarding the ignition timing. 


For above-stoichiometric A/Fts, ignition retard reduces NO, 


emissions, but Figure 5-2 shows that these reductions are 

realized only at near-peak NO, emission levels. A third 


manufacturer provided data, presented in Figure 5-3, for a 

rich-burn engine that indicates potential NO, reductions Lor a SP 


retard ranging from 10 to 40 percent, depending upon the A/F. lo 


Unlike the plot shorn in Figure 5-2, potential NO, reductions 

increase at richer A/Fts. 


The available data suggest that the effect of ignition 


timing on NO, reduction is engine-specific, and also depends on 


the A/F. The achievable NO, reduction ranges from essentially no 

reduction t~ as high was 40 percent, depending on the engine 
model and the A/F. A reduction of 20 percent is used to 


calculate controlled NO, emission levels and cost effectiveness 


in Chapter 6. 


Timing retard greater than approximately 4 O  to 6 O  results in 
marginal incremental NO, reduction and negative engine 


peafomncs as described in Section 5.1.2.3. The increase in 
BSFC corresponding to increases in timing retard was estimated by 

one manufacturer to range up to approximately 7 percent. 


Emi~sionsof CO and HC are largely insensitive to changes in 
ignition timing. lo The higher exhaust temperatures resulting 


from ignition retard tend to oxidize any unburned fuel or CO, 


offsetting the ef fects  of reduced combustion chamber residence 
time. 







5.1.3 Combination of A/F Adiustment and Isnition Timinu Retard 


Either A/F adjustment or ignition timing retard can be used 


independently to reduce NO, emissions from rich-burn engines. 

These control techniques can also be applied in combination. 


Automated controls for both A/F and ignition timing are required 


for sustained NO, reductions with changes in engine operating 

conditions. As is the case with either control technique used 


independently, potential NO, reductions for the combination of 


control techniques are engine-specific. Aa previously shown for 


one manufacturer's engines in Figure 5-2, A/F adjustment to a 


richer setting achieves the greatest NO, reductions, and at these 

sub-stoichiometric A/Fts, ignition timing retard achieves little 


or no further NO, reduction. A manufacturer oi low-speed engines 


also reports that the range of achievable NO, reductions is the 

same for the combination of A/F adjustment and ignition timing 


retard as for A/F adjustment alone.' The data presented in 


Figure 5-3 also support this conclusion. The minimum controlled 

NO, emission level using A/F adjustment is not further reduced 


with a 5 O  ignition timing retard from the 30° setting. 

Figure 5 - 3 ,  however, does show that ghe combination of A/F 

and timing retard offers some flexibility in achieving NO, 


reductions. For example, a controlled NO, emission level of 
400 p p w  (5.3 g/hp-hr) represents a NO, reduction of over 

50 percent from maximum emission levels for the engine shown in 

Figure 5-3. While Figure 5-3 shows that this controlled NO, 


emission level can be achieved by A/F adjustment alone, using a 


5 O  ignition timing retard in combination with A/F adjustment 
achieves the 400 ppmv controlled NO, level at a higher (leaner) 
A/F. Since parametric adjustments affect such operating 
characteristics as fuel consumption, response to load changes, 


and other emissions, the combination of parametric adjustments 

offers the potential to reduce NO, emissions while minimizing the 

imtpact on other operating parameters. In particular, CO 


emissions rise sharply as the A/F is reduced but are largely 

insensitive to ignition timing retard. Using timing retard in 


combination with A/F adjustment may allow the engine to achieve a 



given NO, reduction at a higher A/F, thereby minimizing the 

increase in CO emissions. 


Based on the available data, it is expected that NO, 

reductions of 10 to 40 percent can be achieved using a 

combination of A/F adjustment and igniti-on timing retard. While 


this is the same range expected for A/F adjustment alone, the 


combination of control techniques o f f e r s  the potential in some 
engines to achieve NO, reductions at the upper end of this range 
with reduced impacts on CO emidsions or other operating 

characteristics. A reduction of 30 percent is used to calculate 

controlfed NOx emission levels and cost effectiveness in 

Chapter 6, 


5.1.4 1
PsC@ 

5.1.4.1 Process Descri~tion. Prestratified charge injects 


air into the intake manifold in a layered, or stratified, charge 

arrangement. As shown in Figure 5-4, the resulting 

stratification of the air/fuel mixture remains relatively intact 

when drawn into the combustion chamber and provides a readily 


ignitable mixture in the vicinity of the spark plug while 

maintaining an overall fuel-lean mixture in the combustion 

chamber.'' This stratified charge allows a leaner A/F to be 


burned without increasing the possibility of misfire due to lean 


flamability limits. This leaner eomP3ustion charge results in 

lower combustion temperatures, which in turn lower NO, 

foanarion.12 


A PSC" kit consists of new intake manifolds, air hoses, air 
fi lters,  control valvets), and either a direct mechanical linkage 
so the carburetor or a microprocessor-based control system.l1 A 


typical pSCQ system schematic is shown in Figure 5 - 5 .  . .5 .1 .4 .2  . The PSC@ system is available as an 
add-on control device for rich-burn, naturally aspirated or 

turbocharged, carbursted, Four-cycle engines. These engines 
represent approximtely 20 to 30 percent of all natural gas-fired 

engines and 30 to 40 percent of natural gas-fired engines over 

3 00 hp .l3 Fuel - i n jected engines and blower -scavenged engines 
cannot use P S P .  Kits are available on an off-the-shelf basis to 
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Figure 5 - 5 .  Schematic of a prestratified charge system.11 
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retrofit virtually all candidate engines with a rated power 

output of 100 hp (75 kW) or higher, regardless of the age of the 


-

engine.'* Experience with PSC@ systems to date has been 
arimarily those engines operating at a steady power output and 
= - -
ranging in size up to approximately 2,000 hp. A limited number 


of PSC@ systems have been used in cyclical load applications.14 


Prestratified charge systems have been successfully applied 

to engines fueled with natural gas as well as to engines using 


sulfur-bearing fuels such as digester gas and landfill gas.12,14 

5.1.4.3 Factors That Affect Perf07 ce. The NO, reduction 


efficiency for PSC@ is determined by the extent to which the air 


content of the stratified charge can be increased without 


excessively affecting other operating parameters. These 


parameters are engine power derate, increased CO emissions, and 
-

to a lesser extent, HC emissions. The effects on engine power 


output and CO and HC emissions are quantified in Section 5 . 1 . 4 . 4 .  

5.1.4.4 Achievable NO, Emissions Levels Usins PsC8. The 

achievable NOx emission reductions using PSC@ are limited by the 

quantity of air that can be induced by the intake manifold 

vacuum, the acceptable level of engine power derate, and the 

acceptable increase in the level of CO emissions. 


Information provided by the vendor for PSC@ states that the 

achievable controlled emission levels for natural gas-Fueled 


'conversion factors from g/hp-hr to ppmv at 15 percent Oz are 
from Section 4.3 for lean-burn engines. Lean-burn conversion 

factors are used because PSC' typically raises the exhaust Q2 
levels above 4 percent. 


..... .Emission data from several. .sources. .suggest. .. that controlled . . 

NO, emission levels for pSCd can meet the levels shown above and, 



where necessary, can achieve even lower levels. South Coast Air 


Quality Management ~istrict (SCAQMD) Rule 1110.2 requires that -

engines equipped with PSC@ achieve an 80 percent NOx reduction at 

90 percent of rated load. A total of 11 test reports were
-
available for SCAQMD installations, and are presented in 

Table 5-3.15-23 A l l  of these installations achieved NO.. 
A 

reductions of 79 percent or higher. Emission levels were' 

reported only in units of ppmv; units of g/hp-hr were calculated 

using the correction factors from Section 4.3. Controlled NO-


A 

emission levels range from 83 to 351 p p w  (1.1 to 4.8 g/hp-hr). 
In all but one case CO emissions increased as a result of PsC", 

ranging from 137 to 231 ppmv (1.1 to 1.9 g/hp-hr), an increase of 

25 to 171 percent over uncontrolled CO levels. Hydrocarbon 

emissions were not reported. 


A n  emission data base was provided by the Ventura County Air 

Pollution Control District (VCAPCD).24 Engines operating with 
PSC@ in VULPCD must achieve a NO, emission level of 50 ppmv 
(0.75 g/hp-hr), or a 90 percent reduction, in accordance with 

Rule 74.9. Emission data for a total of 79 emission tests, 

performed at 16 engine installations, are presented in Table A - 1  

in Appendix A. Tabla A-1 ahows that 68 of these emission tests 
report NOx levels consistent with the VCAPCD requirements. The-

data base provided incomplete information to confirm compliance 


for the 11 remaining kests. In all cases, however, the 
controlled NO, emission levels were less than 100 ppmv 


(1 .4  g h p - h r ) .  and in some cases were 25 ppw (0.35 g/hp-hr) or 
less. Of the '79 test Suwlaries, a l l  but 5 reported controlled CO 
emissions below 300 ppmv (2.5 g/hp-hrf,and all but 6 reported 

controlled N m C  emission levels below100 ppm ( 0 . 5  g/hp-hr). 

Uncontrolled CO and NMHC emission levels prior to installation of 


the PSC" system were not reported, so no assessment of the 
increases in these emissions as a result of PSC' could be made 
Esr these installations. 

In general. CO and HC emission levels increase as NO, 

emission levels are reduced using PSCQ. l2 The increase is due to 
incomplete combustion that occurs in the larger quench zone 
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associated with PSC" near the combustion chamber walls and the 
lower exhaust temperatures resulting from the leaner A/FJs. The 

extent to which these emission levels increase, however, is 


highly variable for various engine models and even among engines 


of the same model, as shown in Tables 5-3 and A - 1 .  

For fuels with relatively high levels of COZ, such as 
digester gas and laadfill gas, the impact of PSC" on CO emissions 

is a minimal increase or in some cases a decrease in CO 

emissions. Controlled CO emission levels using PSC" for 

high-C02-content fuels typically range from 200 to 5 0 0  ppm (1.67 
to 4.17 g/hp-hr), Test reports for PSC@ operation on two 

digester gas-Fired units show 60 levels ranging from 140 to 


278 ppmv, corrected to 15 percent O2 (1.17 to 2.32 g/hp-hr).12 

Using pSCe to reduce NO, emissions typically results in a . 

reduction in the rated power output of the engine. According to 


the vendor, the power derate for PSCm ranges from 15 to 

2 0  percent for naturally aspirated engines and from zero to 
5 percent for turbocharged engines. The controlled NO, level of 


2 g/hp-hr (158 ppm) at rated load can be further reduced as low 
as 1.0 to 1.2 g/hp-hr (73 to 88 ppmv), but engine power output 
derate increases to 25 percent for naturally aspirated engines 


and. to 10 percent f o r  turbocharged engines. l4 This engine derate 

results from displacing with air a portion of the carburetor-

delivered combustion charge in the intake manifold; the resulting 

leaner combustion charge yields a lower power output. Where the 


design of an existing naturally aspirated engine will accommodate 

the addition of a turbocharger, or an existing turbocharger can 
be replaced with a larger unit, these equipment changes can be 
included with the PS@ retrofit kit and the power derate can be 
reduced to 5 to 10 percent.14 This type of installation is 

similar to the altitude kits installed on integral engines 

(engineswith both power cylinders and gas coqression cylinders) 

to develop full sea level ratings at higher elevations. The 

horsepower loading on the engins frame is limited when adding a 

turbocharger so as not to exceed the original naturally aspirated 
engine rating. 




The power derate associated with PSC@ applies only to the 
rated power output at a given installation. For applications 


where an engine operates below rated power output, no power 


deration occurs. For example, if a naturally aspirated engine 


with a rated power output oi 100 hg is used in an application 

that requires 80 hp or less, no power deration will result from 


the installation of a PSC@ system.14 


The emission test summaries shown in Tables 5-3 and A - 1  do 

not include power output data to assess the power derate 

associated with the emission levels shown. Data were available, 


however, for a limited number of installations that correlate 

power output with controlled NOx emission levels. These 


installations are summarized in Table 5-4 .25  In all cases the 

controlled NO, levels are less than 2 g/hp-hr (150 p p m ) .  The 

percent power derate was determined by the PSC" supplier by 

comparing the calculated power output at the time of testing with 


the manufacturerts published power rating, which was adjusted for 

site elevation and fuel composition. Engine No. 5 is a naturally 

aspirated engine, and the PSC@ installation did not include the 


addition of a turbocharger. For this engine, the power derate 


for a,total of four tests averages 12 percent. The power derate 

is also 12 percent (averaged for three tests) for engine No. 8, a 


turbocharged engine for which the PSC@ installation included no 


modifications to the turbocharger. For turbocharged engines for 


which the PSC@ installation included modification or replacement 

of the turbocharger to increase the turbo boost (engine Nos. 1, 

2, 6, and 7 ) ,  the power derate ranges from 0 to 32 percent. The 
32 percent figure corresponds to an engine tested while process 


capacity demand was low, and the engine operated below the 

maximum available power output. As a result, the 32 percent 


figure overstates the required derate to some extent. Excluding 

this case, the power and rate for the turbocharged engines with 

turbocharger modifications ranges from 0 to 5 percent. These 
power derate~l are consistent. with those stated by the PSC" vendor 

for controlled NO, emission levels of 2 g/hp-hr. 


. L  
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TABLE 5 - 4 .  COmROLLED EMISSION LEVELS AND CORRES$pSONDING ENGINE POWER DERATB 
FOR PSC@ INSTALLATIONS 

I I I I 

bJ 'EAuion levelm wera reported in ghp-br. Unh of ppmv, referenced to 15 percent oxygen, wars cllculated ~ r i n gthe following conversion &~tom: 
NOx: 1 flp-br = 73 ppmv @ IS p e m  oxygen 
GO: 1 g e h r  = 120ppmv@ ISpsrcbntoxygea 
mHC: 1 glhp-hr a 212 ppmv @ I5PrCCXlIOXyB@n 

~ ~ lb ~ t iStmdadn OrgrniUricm (lS0)power ratiw provided by the msnufsctum, without rite lorses. Sitbnted power output i n  usually la#than the I S 0  rating. 
CWhmmom rhrnone tsrt in indicatsd, Obe erkrh~mand power dents preaanted reflect m w m g e  of d l  tom. 

dsnm in crlculrted by compnhg crtculrtsdpower level during teat to mmufacturer'r published rating. Power outpub duringtsste were breedon process condilionsrnd do not net-rijy 
reflect maximum engine power crplbifity. 'Ihe power dbrab r Ulsse nitea m y  lhsrefors be leu in wme cram than ohowo hem. 

*NA = Infomutionnot rvailsble fnrm the teat rumrmriea. 
f F 3 ~inrtrilrtion included rsplammmt of twbchargera with larger unite to incraw turbo booat. E q i i  No. 1 power output was limited by p m r  conditions; he actual dents ir expeamito be 

I s u .  
gNo inronarlionavailable rsgrrding rdditiodmdifiortionof turbochargerfor thir PSC inmlldon. 
h ~ ochmngm were m d s  to the charge capacity for PSC inatallrdon on thie naturally sspintcd engine. 
~PSCinarllrtion included the addition of r turbochrrger to thew nrtunlly aspirated engines. 
JNo change#were mCto the turbocbargar for PSC inatmllation on thie engine. 



It is important to note that the power derate associated 


with PSC@ depends on site-specific conditions, including the 

controlled NOx emission level, engine model, and operating 


parameters. Several sources have indicated that the power derate 


associated with PSC@ may be greater in some cases than the levels 

presented in this section. A detemination of the power derate 

associated with a potential pSCd installation should be made on a 

case-by-case basis. 

Based on the available data presented in this section, it is 


estimated that a controlled NOx emission level of 2.0 g/hp-hr 


(150 ppm) or less is achievable in rich-burn engines using PsC', 
and this 2.0 g/hp-hr figure is used in Chapter 6 to calculate 

controlled NO, emission levels and cost effectiveness. 


Moderate NO, reductions to approximately 4 to 7 g/hp-hr -

reduce BSFC by approximately 5 to 7 percent. Further NOx 


reductions below the 4 to 7 g/hp-hr level, however, increase BSPC 

by as much as 2 percent over uncontrolled levels. 14 


5.1.5 Nonselective Catalvtic Reduction 


5.1.5.1 Process Description. Nonselective catalytic 


reduction is achieved by placing a catalyst in the exhaust stream 


of the engine. Thie control technique is essentially the same as 


the catalytic reduction systems that are used in automobile 

applications and is often referred to as a three-way catalyst 


and NZ. This conversion occurs in two discrete and sequential 


steps, shown in simplified form by the following equations:26 

Step 1 Reactions: 2CO + O-J + 2COZ 

2H2 + O2 + 2Hz0 

HC + O2 + C02 + H20 
Step 2 Reactions: NO, + CO C02 + N2 

NO, + HZ * HaO + Nz 
+ HC * C02 + H20 + N2NOx 


The Step 1 reactions remove excess owgen F r m  the exhaust 

gas because CO and KC will more readily react with O2 than with 

NO,. For th ia  reason the O2 content of the exhaust must be kept 



below approximately 0.5 percent to ensure adequate NO, reduction. 


Therefore, NSCR is applicable only to rich-burn engines. 


A schematic for a typical NSCR system is shown in 


Figure 5 - 6 .  An O2 sensor is placed in the exhaust, and the A/F 
is adjusted in the fuel-richdirection from stoichiometric as 

necessary to maintain suitable exhaust O2 and CO levels for 

adequate NO, reduction through the catalyst reactor. Manual and 


automatic A/F controllers are available. With a manual A/F 


control system, the signal from the exhaust O2 oensor is 

typically connected to a bank of status lights. When indicated 


by these status lights, the operator must manually adjust the A/F 


to return the O2 content of the exhaust to its proper range. 

With an automatic A/F control system, the  exhaust O2 sensor is 
connected t o  a control system that uses t h i s  signal to 
automatically position an actuator installed on the engine 

carburetor so the exhaust O2 concentration is maintained at the 
proper level. 27 


One manufacturer uses natural gas as the reducing agent in 


the NSCR system t o  reduce NO,.  The natural gas is injected into 

the exhaust stream ahead of the catalyst reactor and acts as a 

reducing agent for NO, in the low (€2 percent) O2 environment.28 

A second proprietary NSCR system that injects natural gas into 


the exhaust stream uses an afterburner downstream of the engine 


and two catalyst reactors. A schematic of this system is shown 
in Figure 5-7. This system i n j e c t s  natural gas into the 
afterburner to achieve a 925OC (1700°F) minimum exhaust 

temperature to maxiglize destruction of unburned HC. The exhaust 

is then maled in the first heat exchanger to approximately 42S°C 

(88O0F)p r i m  to entering the reduction c a t a l y s t ,  where CO and 
NO, are reduced. Excess CO emissions exiting the reduction 


catalyst are maintained at approximately 1,000 p p w  to minimize 
mends and cyanide formation. A second heat exchanger further 

cools the exhaust to agpraximately 230°C (450°F) prior t o  
entering t h e  oxidation catalyst t o  minimize the reformation of 
NOx across the oxidation catalyst. The oxidation catalyst is 
used to reduce CO emissions.29 According to the  vendor, this 







catalytic system can also be used with lean-burn 61 and CI 

engines in lieu of SCR. 


5.1.5.2 A~~licabilitv
for NSCR. Nonselective catalytic 


reduction applies to all carbureted rich-burn engines. The 


limitation to carbureted engines results from the inability to 

install a suitable A/F controller on fuel-injected units. This 

control technique can be installed on new engines or retrofit to 


existing units. For vintage engines, after-market carburetors 

are available to replace primitive carburetors, where necessary, 


to achieve the necessary A/F control for NSCR operation.26 

Another factor that limits the applicability of NSCR is the 


type of fuel used. Landfill and digester gas fuels may contain 

masking or poisoning agents, as described in Section 5.1.5.3, 


that can chemically alter the active catalyst material and render 

the catalyst ineffective in reducing NO, emissions. One catalyst 


vendor cited NSCR experience in landfill gas-fueled applications 


where the fuel gas is treated to remove contaminants. 30 


There is limited experience with NSCR applications on 

cyclically loaded engines. Changes in engine load cause 


variations in the exhaust gas temperature as well as NO, and O2 


exhaust concentrations. An A/F controller is not commercially 

available to maintain the exhaust O2 level within the narrow 
range required for consistent NOx reduction for cyclically loaded 

engines such as those used to power rod pumps. 27 One vendor 

offers an NSCR system that uses an oversized exhaust piping 

system and incorporates the catalyst into the muffler design. 


The increased volume of this exhaust system acts to increase the 

residence time in the catalyst, which compensates for the adverse 


impacts of other operating parameters. This vendor has installed 


this catalyst/muffler NSCR system in both base-load and cyclical-

load applications. 31 


5.1.5.3 Factor~That Affect  Performance. The primary 

factors that affect the performance of NSCR are control of the 

engine A/F, the exhaust temperature, and msking or poisoning 

agents in the exhaust stream. To achieve the desired chemical 


reactions to reduce NOx emissions (see Section 5.1.4.1) and 



minimize CO emissions from the catalyst, the exhaust O2 

concentration must be maintained at approximately 0 . 5  percent by 

volume. This O2 level is accomplished by maintaining the A/F in 

a narrow band, between 16.95 and 17.05 according to one catalyst 

vendor.2 7 1  automatic A/P controller offers the most 
effective control of NO, and CO emissions since it continually 


monitors'the O2 exhaust content and can maintain the A/F in a 


narrow range over the entire range of operating and ambient 
conditions. 


The operating temperature range for various NSCR catalysts 


is from approximately 3 7 S 0  to 825OC (700° to 1500°F ) .  For NO, 

reductions of 90 percent or greater, the temperature window 

narrows to approximately 42S0 to 650°C ( 8 0 0 °  to 1200°F). This 

temperature window coincides with the normal exhaust temperatures 


for rich-burn engines.l3 This temperature range is a compilation 
of all available catalyst formulations. Individual catalyst 


formulations will have a narrower operating temperature range, 


and maximum reduction efficiencies may not be achievable over the 

entire spectrum of exhaust temperatures for an engine operating 

in a variable load application. Abnormal operating conditions 


such as backfiring can result in excessive temperatures that 

damage the highly porous catalyst surface, permanently reducing 

the emission reduction capability of the catalyst. 


Masking or poisoning of the catalyst occurs when materials 

deposit on the catalyst surface and either cover the active areas 


(mask) or chemically react with the active areas and reduce the 

catalyst's reduction capacity (poison). Masking agents include 

sulfur, calcium, fine silica particles, and hydrocarbons. 

Poisoning agents include phosphorus, lead, and chlorides. These 


masking and poisoning agents are found in the fuel and/or 

lubricating oils. The effects of masking can be reversed by 

cleaning the catalyst (except for fine silica particles that 
cannot be dislodged from the porous catalyst surface); the 

effects of poisoning are permanent and cannot be reversed.27, 18 


5 .1 .5 .4  &&L 0.1 i 'o 


Information provided for the proprietary NSCR system that uses 




both a reducing catalyst and an oxidation catalyst states 

controlled NOx emission levels of less than 25 ppm 
(0.37 g/hp-hr) are achievable. Corresponding CO emissions are 


expected to be less than 100 gpmv.29 No test data were available 


for this system design. 


For NSCR systems that use a single catalyst reactor, the 

ratio of CO to NOx entering the catalyst unit in a properly tuned 

system is approximately 2:l. According t o  one NSCR vendor, the 


A/F is adjusted to achieve an approximate CO level of 6,000 ppmv 

and a NO, level of 3,000 ppmv entering the catalyst. At these 


emission levels, the typical controlled emissions levels exiting 


the catalyst are:27 


a~onversionfactors from g/hp-hr to ppm at 
15 percent O2 are from Section 4.3 for rich-

burn engines. 


Compliance requirements in several local regulatory 


districts in California require considerably lower NO, emission 


levels than those shown above. The SCAQMD Rule 1110.2 requires 


an 80 percent NO, reduction, with a maximum CO emission limit of 

2.000 ppmv. Four test sum~riesof SCAQMD engine installations 
using NSCR are presented below:32 




Actual NOx ppmv levels were not included in the available test 

s - q .  These data suggest that CO emission levels do not 

necessarily increase with increased NO, reduction. No HC 


emission levels were reported. 


The VCAPO emission data base includes over 250 emission 

test summaries from 49 engine installations operating in 


continuous-dutyapplications.24 These emission surmnaries are 
shown in Table A-2 in ~ppendix A. Of the approximately 

275 tests, only 2 did not achieve compliance with the VCAPCD 

Rule 74.9 NO,, requirement of 50 ppntv or 90 percent reduction. 

One additional test sumnary showed a NO, emission level higher 

than 50 ppm, but no reduction figure was listed. Every test 

achieved a NOx emission level of less than 100 ppmv 
(1.5 g/hp-hr). Levels of CO emissions vary greatly, ranging from 
less than 100 to over 19,000 ppm (0.9 to 173 g/hp-hr). prior to 
1989, there was no CO emission limit in VCAPCD; in 1989. a limit 


of 4,500 ppmv was added to VCAPCD Rule 74.9. Evaluation of the 

275 continuous-duty installations shows the following average 


annual emission levels: 


These emission averages and the emission levels presented in 

Table A-2 suggest that controlled CO and NMHC emission levels 
vary widely for NSCR applications and are not necessarily 







inversely proportional to controlled NO, emission levels. An 

oxidation catalyst can be installed downstream of the NSCR 


catalyst, where necessary, to further reduce CO emissions. Air 


injection would be required upstream of the oxidation catalyst to 


introduce O2 into exhaust stream. 


The VCAPCD emission data base shows NSCR installations that 
have been in operation for 5 years or longer. The maintenance 

requirements and the catalyst replacement schedules were not 


available. Catalyst vendors will guarantee NO, reduction 


efficiencies as high as 98 percent and typically guarantee 

catalyst life and system performance for 2 or 3 years.33 

Precious metal catalysts are used in NSCR systems, so the spent 

catalyst does not contain potentially hazardous materials. Most 


catalyst vendors offer a credit toward the purchase of new 

catalyst for return of these spent catalysts. 33  

Based on the data presented in this section, it is estimated 

that a NO, reduction of 90 percent or higher is achievable using 

NSCR with rich-burn engines. A 90 percent reduction is used in 


Chapter 6 to calculate controlled NO, emission levels and cost 


effectiveness. 


The fuel-rich A/F setting and the increased back pressure on 

the engine caused by the catalyst reactor may reduce power output 

and increase the BSFC. The back pressure created by an NSCR 


system was not provided, but the estimate for an SCR system is 2 

to 4 inches of water (in. w.c.1. 34 For a 4-in. back pressure, 
one engine manufacturer estimated a power loss of 1 percent for 

naturally aspirated engines and 2 percent for turbocharged 

engines. The increase in BSFC was estimated at 0.5 percent for 

either naturally aspirated or turbocharged engines. Aa stated 

in Section 5.1.1.1, rich-burn engines can be operated over a 

range of A/F's1 so the incremental change between the A/F setting 

required for NSCR and the A/F used prior to installation of the 

NSCR is also site-specific. The increase in BSFC estimated by 


NSCR vendors ranged from 0 to 5 percent. Another source provided 
information showing that the BSFC increase could potentially be 


greater than 10 percent for some engines.35 



5.1.6 1
L W-


5.1.6.1
 -.
 Rich-burn engines operate at 

near-stoichiometric A / F f s .  As shown in Figure 5-1, NO, emissions 
can be greatly reduced by increasing the A/F so that the engine 


operates at very lean A/F's, as depicted in the region at the 

right side of this figure where NO, formation is low. Extensive 


retrofit of the engine and ancillary systems is required to 


operate at the higher A/Fts. These low-emission combustion 


designs are also referred to as torch ignition, jet cell, and 

~lean~urn"
by various manufacturers. (clean~urn" is a registered 


trademark of Cooper Industries.) 


The increased air requirements for low-emission engines can 

range up to nearly twice the levels required for rich-burn 


operation according to information provided by one engine 


manufacturer.l This increased airflow is provided by adding a 


turbocharger and intercooler or aftercooler to naturally 


aspirated engines or by replacing an existing turbocharger and 

inter/aftercooler with a larger-capacity unit. The air intake 


and filtration system, carburetor(s), and exhaust system must 


also be replaced to accomodate the increased flows. 


The very lean mixture also requires substantial modification 
of the combustion chamber to ensure ignition and stable 


coxrbustion. For engines that have a relatively small cylinder 
bore, the combustion chamber can use an open cylinder design, 

which is similar to a conventional combustion chamber but 

incorporates improved swirl patterns to promote thorough mixing. 

Larger cylinder bores cannot reliably ignite and sustain 


combustion with an open-cylinder design and a precombustion 

chamber (PCC) is used. Theea low-mission combustion designs 


vary somewhat with each manufacturer, but representative sketches 
are shown in Figure 5 - 8 .  One manufacturer's low-emission 

combustion chamber with a PCC design is shown in Figure 5 -9 .36  

The PCC is an antechamber that has a volume of 5 to 10 percent of 

the main chamber and ignites a fuel-rich mixture, which 

propagates into the m i n  cylinder and ignites the very lean 
combusti~ncharge. The' high e x i t  velocity of the combustion 
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Figure 5-9. Low-emission engine combus on chamber with 
a precombustion chamber. frt 



products from the PCC has a torch-like effect in the main chamber 

and results in improved mixing and combustion characteristics. 


As a result, leaner A/F1s can be used in a main combustion 

chamber with a PCC design, and NO, emissions are lower than those 


from open-chamber designs. Redesigning the combustion chamber in 


the case of either an open or a PCC design usually requires 

, , 

replacing the intake manifolds, cylinder heads, pistons, and the 


ignition system. 

rn

5.1.6.2 Amlic&&ty. of Low-Emission Combustion. The 

applicability of combustion modifications to rich-burIi engines is 

limited only by the availability of a conversion kit from the 

manufacturer and application considerations. Since the 


low-emission conversion essentially requires a rebuild of the 

engine, the hardware must be available from the engine 


manufacturer. Responses received from engine manufacturers show 


that the availability of retrofit kits varies by manufacturer, 


from only a few models to virtually all models. 37-42 

When considering a low-emission conversion for a rich-burn 

engine, the duty cycle of the engine must be taken into 

consideration. Conversion to a low-emission design may adversely 

affect an engine's response to load characteristics. According 


to one manufacturer, a low-emission engine can accept a 1,oad 

increase up to 50 percent of rated load and requires 


approximately 15 seconds to recover to rated speed. A 


turbocharged rich-burn engine is limited to this same 50 percent 


load increase but will recover to rated speed in 7 seconds. A 


naturally aspirated rich-bum engine can accept a load of up to 

100 percent of rated load and.wil1 stabilize at rated speed in 

3.5 seconds.43 Applications that have substantial load swings, 

such as power'generation applications that are not tied to the 

utility grid or cyclically loaded engines, may not be able to use 

a low-emission design due to reduced load acceptance capability. 


An additional consideration is that the fuel delivery 

pressure requirement may be higher for-a low-emission engine due 


to the addition of the turbocharger. This higher fuel pressure 




requirement may require the addition of a fuel gas booster 


compressor. 

5.1.6.3 Factors That Affect Performance. The factors that 


most affect the emission reduction performance of a rich-burn 


engine that has been converted to low-emission combustion.are the 

design of the new combustion chamber and the volume of air that 


can be delivered. The new com.&stion chdmber design determines -

the highest A/F that can be used, and as shown in Figure 5-1, 

higher A/Fts will result in lower NO, emissions. In general, 


lower NO, emissions can be achieved using a PCC than with an open
-
chamber design because of the leaner A/F1s that can be reliablv* 
cornbusted in the main combustion chamber with a PCC design. 


The turbocharger necessary to supply the additional intake 


air for clean-burn operation results in increased working 

pressures in the engine. Existing rich-burn engine designs may 


limit the turbocharger size that can be retrofit due to either 


strength limitations of the existing engine frame or space 

constraints of the existing air intake configuration. Anv-
limitation in the availability of combustion air may effectively 


limit the operating A/F below optimum levels and therefore limit 

potential NO, reductions. 


Combustion. The nominal emission levels provided by engine 


manufacturers for low-emission open chamber designs are: 37-42 


The nominal emission levels provided by engine manufacturers 


f o r  PCC designs are..37-42 



As can be seen from the above tables, NO, emissions are 


substantially lower for engines that-use a PCC design. Since an 


open chamber design is generally used in smaller, high-speed 

engines, these engines typically emit higher controlled NO, 


emissions than do larger, low-speed engines. These figures show 


that.the levels of CO and HC, however, are not substantially 

influenced'by-thecombustion chamber geometry. 


Reductions in NO, emissions using combustion modifications 


generally result in higher CO and HC emission levels. For this 


reason, it is not likely that the low end of each range for NO,, 


CO, and HC in the figure listed above can be achieved 

simultaneously. 


The percent reduction that is achievable by converting a 

rich-burn engine to a low-emission design can be misleading 

because the uncontrolled emission levels can vary widely with 


slight adjustments in the A/F, as shown in Figure 5-1. For 

example, average NO, emission levels from rich-burn engines can 


range from 8.0 to 19.2 g/hp-hr with adjustments to the A/F (see 


Table 5-1). Conversion to low-emission combustion can achieve 


controlled NO, emission levels of 1.5 to 2.5 g/hp-hr. The 


percent reduction could therefore range from 69 to 92 percent, 


depending upon the uncontrolled and controlled NO, levels used to 


calculate the percent reduction. 


Test results for five engines that were converted from rich- 

burn to low-emission combustion are presented in Table 5-5.6,44 


This table shows that controlled NO, emissions range from 0.37 to 


2.0 g/hp-hr (29 to 146 ppmv at 15 percent 02)and average 


1.02 g/hp-hr (75.6 ppmv at 15 percent 02). Carbon monoxide 

emissions range from 1.6 to 2.6 g/hp-hr (192 to 323 ppmv at 
15 percent 02) and average 2.19 g/hp-hr (265 ,ppmv at 15 percent 

02). Levels of HC emissions range from 0.26 to 0.6 g/hp-hr (55 

to 127 ppmv at 15 percent 02) and average 0.39 g/hp-hr ( 8 3 . 7  ppmv 

at 15 percent 02). These engines all use a PCC design. The NO, 


emissions are lower than those provided by engine ~llanufacturers, 
. . 

but CO and HC emissions fall within the ranges provided by the 

manufacturers. 
I 
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Table 5-6 presents achievable emissions levels for new 


low-emission engines that were developed by engine manufacturers 

from rich-burn designs. For a total of eight engines NO, 


emissions range from 0.73 to 2.00 g/hp-hs (55 to 150 ppmv at 


15 percent 02) and average 1.50 g/hp-hr (112 ppm at 15 percent 
02). Emission levels ior CO range from 1.20 to 3.10 g/hp-hr (144 


to 372 p p w  at 15 percent 02)and average 2.19 g/hp-hr (263 p p w  

at 15 percent 0 2 )  Hydrocarbon emissions range from 0.13 to 


2.20 g/hp-hr (28 to 466 ppmv at 15 percent 02)and average 


0.95 g/hp-hs (200 p p m  at 15 percent 0 2 )  These emission levels 


all fall within the ranges quoted by the manufacturers. 


Test data fox low-emission engines developed from rich-burn 


engine designs were also available from the VCAPCD data base.24 

These data are presented in Table A-3 in Appendix A, and include. 
a total of 124 emission tests performed on 15 engines, 

representing 4 engine models from 2 manufacturers. Controlled 


NO, emission limits for these engines in VCAPCD are 125 ppm or 
80 percent NO, reduction. Controlled CO and NMHC emission limits 


are 4500 and 750 pprmr, respectively. The data base indicates 

that all engines met these compliance limits. Controlled NO, 


emission levels in Table A-3 range from 11 to 173 ppmv (0.15 to 

2.3 g/hp-hr). Corresponding CO emission levels vary widely, from 
3 to 3,327 ppmv (0 to 27 g/hp-hr). The range for NMHC emissions 


is 74 to 364 ppmv (0.4 to 1.7 g/hp-hr) . To some extent, the data 


show an inverse relationship between NO, and CO emissions, as the 

three highest CO emission levels correspond to NO, emission 


levels of 35 ppmv or less, and the highest NMHC emission level 

corresponds to the lowest NOx emission level (11 ppmv). This 

relationship does not hold true for all cases, however, as many 

of the emission tests show relatively low controlled levels for 

all three emissions. The data also show that controlled emission 


levels are sustained over time, as compliance limits have been 

maintained at all installations, dating back to when the data 


base was developed in 1986. - - .  - - . - - - . - - .- -

No information was available to d e t e d n e  whether the 
low-emission engines in Table A-3 were purchased as new equipment 
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TABLE 5-6. ACHIEVABLE CONTROLLED EMISSION LEVELS FOR NEW 

LOW-EMISSION ENGINES DEVELOPED FROM RICH-BURN ENGINE DESIGNS~ 

; 

aEmissions were reported in g&p-hr. Units of ppmv were calculated using the following conversion factors: 
NO,: 1 ghp-hr = 75 ppmv 6 15 percent oxygen 
CO: 1 ghp-br = 120 ppmv @ 15 percent oxygen 
HC: 1 glhp-br = 212 ppmv 8 15 percent oxygen 



or were retrofit from existing rich-burn engines. Based on the 


information provided by engine manufacturers and the data 


presented in Tables 5-5, 5-6, and A-3, it is estimated that a 

controlled NOx emission level of 1.0 to 2.0 g/hp-hr is achievable 


for rich-burn engines that have been converted to low-emission 


combustion. A 2.0 g/hp-hr figure is used in Chapter 6 to 


calculate controlled NO, emission levels and cost effectiveness. 

The operating characteristics of low-emission designs, 


including substantially leaner A/F and increased operating 


pressures from turbocharging, suggest improved fuel economy. 


Information provided by engine manufacturers shows that, in 


general, engine heat rates range from no change to improved fuel 


efficiency as high as 21 percent. For a few engines, however, 

the fuel efficiency actually declined as much as 2 percent.37-42 


5.2 NO, CONTROL TECHNIQUES FOR LEAN-BURN SI ENGINES 

As discussed at the beginning of this chapter, a lean-burn 


engine is classified as one with an A/F operating range that is 


lean of stoichiometric and cannot be adjusted to operate with an 


exhaust O2 concentration of  less than one percent. For SI 
engines, this includes all two-cycle engines and most four-cycle 


engines that are turbocharged. 


The combustion control technologies available for lean-bum 

engines are: 


1. Adjustments to the A/F; 

2. Ignition thing retard; 


3. Combination of A/F adjustment and ignition timing 

retard; 


4. Selective catalytic reduction; and 


5 .  Low-emission combustion. 

5.2.1 Adjustments to the A/F for Lean-Burn Ensineq 

5.2.1.1 Process Descrintion. As shown previously in 


Figure 5-1, increasing the A/F in lean-burn engines results in 

- -lower NO, formation.-The higher air content increases the heat 

capacity of the mixture in the combustion chamber, which lowers 


combustion temperatures and reduces NO, formation. To increase 
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the A/F, the airflow must be increased or the fuel flow must be 
decreased. Decreasing the fuel flow results in a derate in the 


available power output from the engine, and so higher A/F's are 


achieved by increasing the air flow (charge capacity) of the 


engine. An increase in air charge capacity may require the 


addition of a turbocharger to naturally aspirated engines and 


modification or replacement of an existing turbocharger for 


turbocharged engines. 


5.2.1.2 A~~lirabilitv.The A/F can be adjusted in the 


field for most lean-burn engines. Pump-scavenged and blower-


scavenged two-cycle engines typically have no provisions for A/F 

adjustment. TO increase the air charge capacity, A/B adjustment 

may require turbocharger modification or replacement and the 


addition of a regulator system to control the air charge capacity 


from the turbocharger if the engine is not already so equipped. 


For effective NO, reductions, the addition of an automatic 


A/F feedback controller may also be required to ensure sustained 


NO, reductions with changes in engine operating parameters such 


as speed, load, and ambient conditions. This automatic A/F 

controller also maintains the proper A/F to avoid lean misfire 

with changes in operating parameters. 

5.2.1.3 Factors That Affect Performance. The degree to 


which the A/F can be increased without exceeding the lean 


flanrmability limit of the engine is the primary factor that 

determines the potential NO, reduction that can be achieved with 

this control technique. As this limit is approached, combustion 


instability and engine misfire begin to occur. The extent to 


which the A/F can be increased before the onset of combustion 


instability is specific to each engine design and is influenced 

by the air and fuel charging system. 


To deliver the higher volume of air required to increase the 


A/F, the turbocharger must either be able to deliver a higher 

capacity or be replaced with a larger turbocharger. Some engine 


designs may limit the extent to which the turbocharger capacity 

can be increased due to physical space constraints on the air 




intake system or power output limitations on the existing engine 

frame. 


For engines that are fuel injected, the A/F for each 


cylinder can be adjusted and so the A/F can be optimized in each 


cylinder. Carbureted engines, however,. can have significant 


variations in the A/F from cylinder to cylinder due to less than 

ideal distribution of air and fuel in the intake manifold. This 


A/F variation requires that carbureted engines operate with a 


richer A/F to ensure that the lean misfire limit is not exceeded 


in any individual cylinder. Therefore, the extent-that the A/F 


can be increased is higher for fuel-injected engines than for 


carbureted engines. 7 8  

An additiona1.considerationis the duty cycle of the engine. 
An engine's ability to respond to load changes decreases with 
increases in the A/F. 


5.2.1.2 Achievable Emission Reduction Usins A/F Adiustment. 


The achievable NO, emission reduction by A/F adjustment is 


specific to each engine model. To understand the potential 


effect of A/F adjustments on emissions for lean-burn engines, the 

ratios at which the engine normally operates must be examined. 


All two-cycle engines are classified as lean-burn because the 


scavenge air used to purge the exhaust gases from the cylinder 

results in exhaust O2 concentrations greater than 1 percent. 


Figure 5-10 illustrates, however, that some two-cycle engines are 


designed to operate at near-stoichiometric A/F1s and .therefore 


respond to A/F adjustments in a manner similar to rich-burn 

engines. 


The four engines shown in Figure 5-10 are all two-cycle 

designs, so they are classified as lean-burn. All four are from 


the same manuFacturer. Engines 1, 2, and 3 are the same engine 

model and are rated at approximately 1,400 hp. Engine 4 is a 

different model and is rated at approximately 3,500 hp. 45 This 
figure shows that each engine has a discrete operating A/F range 

and corresponding NO, emission rate. The measured A/P is 

referenced to the exhaust flow and includes both the combustion 


A/F and the scavenge air flow. The emission rates indicate that 
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Engines 1 through 3 operate at combustion A/Fts that fall to the 

left of the knee of the NO, curve (see Figure 5-I), and increases 


in the A/F initially result in increases in NO, emissions. Of 


these three engines, only Engine 1 achieves NO, reductions at the 


upper limit of increases in the A/F. 

Engine No. 4 operates at a higher combustion A/F range to 

the r ight  of the knee of the NO, curve shown in ~igure5 -1, and 
NO, reductions occur continuously with increases in A/F. 


hission test results for a similar lean-burn engine model are 


shown in Figure 5 - 1 1 . ~ ~ 
This figure shows emission rates for 


four identical engines that operate at combustion A/F's to the 


right of the knee of the NO, curve in Figure 5-1, and increases 


in the A/F result in NO, emission reductions. (The composite 


plot of filled dots in Figure 5-10 is based on empirical data and 


does not necessarily reflect an achievable operating A/F range or 


NO, emission signature for these engines.) 

Figures 5-10 and 5-11 illustrate that while all two-cycle 


engines are lean-burn, the effect of A/F adjustment on NO, 


emission levels varies depending upon whether the engine is 

designed to operate at A/F1s that fall to the right or left of 


the knee in the curve shown in Figure 5-1. 


Using the midpoint of the A/F range as the baseline, the 

potential NO, emission reductions were estimated for the engines 


shown in Figure 5-10. Decreasing the A/F in Engines 1 through 3 


results in NO, reductions ranging from approximately 10 to 


15 percent. Increasing the A/F in Engine 4 results in a NO, 

reduction of less than 10 percent. For the four engines shown in 


Figure 5-11, increasing the A/F from baseline levels results in 

NOx reductions ranging from approximately 20 to 33 percent. 

Another report was available to quantify the achievable NO, 


emission reductions using A/F adjustment for two lean-burn, 


two-cycle, turbocharged engines. 47 These engines are from two 
different manufacturers, and each is rated at 3,400 hp. The 


effect of increasing the A/F for one of these engines from an 

established baseline exhaust A/F on emissions and BSFC is shown 


in Figure 5-12. Pot this engine, NO, emissions decreased with 
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Figure 5-11. The effect of A/F adjustment on NOx d a b i o n s  for 
four identical lean-burn englnes. 
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increasing A/Fts, from 13.6 to 9.4 g/hp-hr, a reduction of 

31 percent. There was little or no effect on CO emission levels; 


HC emissions steadily increased from approximately 4 to 


7 g/hp-hr, an increase of 75 percent. The initial effect on BSFC 


was minimal, but at the highest acceptable (no engine.rnisfire) 


A/F, the BSFC was approximately 2.5 percent higher than at the 

baseline level. A corresponding plot of the results of A/F 


adjustment for the second engine was not presented, but the 


report states that A/F adjustment was limited to a 5 percent 

increase before the onset of lean misfire, and the NO, emission 


reduction was limited to 2 percent. Brake-specific fuel 


consumption increased 1 percent. The manufacturer of this second 


engine reports that, in general, A/F adjustment for its line of 


engines has the potential to reduce NO, emissions up to 


approximately 12 percent, with a resulting increase in BSFC of 

less than 2 percent.7 


Figures 5-10, 5-11, and 5-12 illustrate that the effect of 


A/F adjustment on NO, emissions is engine model-specific. Among 


engines of the same model, the effect of A/F adjustment is 


similar, but the range of operating A/FtsI and therefore the 


achievable controlled emission levels, are engine-specific. 


These figures also illustrate that because these engines can be 

operated over a range of A/Fts, the extent to which NO, emissions 


can be reduced depends on where the engine is operating in this 


range prior to adjustment of the A/F. For example, if Engine 4 


in Figure 5-10 is operating at an A/F of approximately 42 prior 


to adjustment, increasing the A/F to 45 or 46 reduces NO, 


emissions by about 1.5 g/hp-hr, a reduction of approximately 15 
to 20 percent. However, if the engine is operating at an A/F of 


45 or higher, little or no further adjustment to a higher setting 


can be made, and little or no NO, reduction is possible from this 

A/F set point. 


Based on the data presented, it is estimated that A/F 

adjustment for lean-burn engines achieves NOx emission reductions 


ranging from 5 to 30 percent. A 25 percent reduction was used to 

calculate controlled NO, emission levels and cost effectiveness 


5-47 




Exhaust A/,F 

Figure  5-12. The effect of A/F adjustment on ex$gsions and fuel 
efficiency for a lean-burn engine. 




in Chapter 6. The data available to estimate the effect on CO 


and HC emissions were limited, but based on the general emission 


curves shown in Figure 5-1 and the data plotted in Figure 5-12, 


the effect on CO emissions is minimal and HC emissions generally 


increase. These effects on CO and HC are supported by 

conclusions drawn from parametric testing of two other lean-burn 


engines, which cited increases in HC emissions but found no 

definite trends for CO emissions.48 The increase i n  BSFC is 

estimated to be less than 5 percent, based on the data presented 


i n  this section and the conclusions drawn in Reference 48. 
5.2.2 Isnition Timins  Retard 

5.2.2.1 Process Descri~tion. Retarding the ignition 


timing, as described in Section 5.1.2.1, initiates the combustion 


process at a later point in the power stroke, which results in -

reduced operating pressures and temperatures in the combustion 


chamber. These lower pressures and temperatures affer the 

potential for reduced NO, formation. 


5.2.2.2 Amlicabilitv. Ignition timing can be adjusted in 


the field on all lean-burn engines. As discussed in 


Section 5.1.2.2, however, the existing ignition system usually 


must be replaced with an electronic ignition and control system 

to achieve sustained NO, reduction and satisfactory engine 


operation with changes in operating conditions. 


5 . 2 . 2 . 3  Factors That Affect Performance. Delaying the 

combustion by ignition retard results in higher exhaust 


temperatures, decreased speed stability, and potential for engine 


misfire and decreased engine power output. These factors a r e  
discussed in Section 5.1.2.3. These effects occur continuously 


and proportionately with increases in timing retard, and limit 

the extent to which the t M n g  can be adjusted to reduce NO, 


emissions. 


5.2 .2 .4  mievable Emission Reductinn. As with A/F 

adjustment, the achievable NOx emission reduction using ignition 

timing retard is engine-specific. The effect of ignition timing 


retard is shown in Figure 5-13 for four identical lean-burn 

engines.46 (The conpoaito plot of filled dots is based on 
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Figure 5-13. The effect of ignition timing retard OWNO, 
emissions for four identical lean-burn engines. 
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empirical data and does not necessarily represent the extent to 


which the ignition timing can be adjusted or the NO, emission 


level for these engines.) This figure shows NO, emission 


reductions ranging from approximately 3 to 15 percent for 


ignition retard of up to 6 O  from the baseline setting of 

8 O  before top dead center (BTDC). The source does not indicate 

whether engine misfire-occurred at the extremes of this-6 O  range 


of timing retard. 


The effect of timing retard on emissions and fuel 


consumption is shown for another lean-bum engine in 


Figure 5-14.47 A NO, reduction of less than 10 percent was 

achievable before the onset of engine misfire with a timing 


retard of between 3 O  to 6 O  from the baseline setting of 8 O  BTDC. 

Fox moderate levels of timing retard, the effect on CO and HC 


emissions is minimal for this engine. As the timing is further 

retarded, CO emissions increase with the onset of engine misfire; 


HC emissions decrease. The effect on BSFC is a continual 

increase with increasing levels of retard. The increase is 


approximately five percent for 4 O  of retard. The manufacturer of 

this engine states that, in general, timing retard has the 


potential to reduce NOx emissions for its line of engines by up 


to approximately 25 percent. The corresponding increase in BSFC 


ranges up to 2 percent.' For the other lean-burn engine in this 


study, supplied by a different manufacturer, a 4 O  retard reduced 

NO, emissions by 21 percent, with a minimal increase in B S F C . ~ ~  


Further timing retard beyond 4 O  resulted in engine misfire. 

The data suggest that NO, emission reductions are 


engine-specific and range up to approximately 20 percent for 


ignition timing retard levels of from 2 O  to 6 O  from the standard 

setting. Attempts to further reduce NO, emission levels with 


further timing retard results in engine performance deterioration 


and misfire. A 10 percent reduction is used to calculate 

controlled NO, emission levels and cost effectiveness in 


Chapter 6. The impact on CO and HC emissions is minimal, a 

conclusion supported in a report of parametric testing for two 


additional lean-burn engines, which cites no definite trend for 
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F i g u r e  5-14 .  The effect of ignition timing on em sions and fuel 
efficiency for a lean-burn engine. 4'7" 
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CO and only slight increases in HC levels.48 The effect on BSFC 

is an increase of up to 5 percent, based on the data presented 

and the conclusions drawn in Reference 48. 


5.2.3 Combination of A/F and Ianition Retar4 


A combination of A/F adjustment and ignition timing retard 


can be used to reduce NO, emissions. The potential NO, reduction 


for this.combination is expected to be greater than for either 


control technique used by itself but less than the sum of each 

technique. A summary of emission tests performed before and 


after adjustment of A/F and ignition timing for seven naturally 
aspirated lean- burn engines is presented in Table 5- 7 .  49 

Engines 1 through 6 are the same engine model. The engines range 


in size from 300 to 600 hp and were manufactured in the 1940's. 

The NO, reductions resulting from the combination of control 


techniques ranged from 2.7 to 48 percent and averaged 25 percent. 


These data reflect the wide variation in achievable NO, 


reductions, even for engines of the same model. The engine 


manufacturer for Engines 1 through 6 estimates a potential NO, 


reduction of approximately 20 to 35 percent for the combination 


of these control techniques, with a corresponding increase in 

BSFC of less than 5 percent .7 For either control technique used 

independently, this manufacturer estimates a maximum achievable 

NO, emission reduction of 12 and 25 percent for A/F and ignition 

timing retard, .respectively. Another source estimated that NO, 


reductions of up to 22 percent were possible without engine 


performance deterioration and engine misfire for the engines 


shown in Figures 5-12 and 5-14.47 

Based on the limited information available, potential NO, 

reductions using a combination of A/F adjustment and ignition 


timing retard are estimated to range from 20 to 40 percent. This 


is slightly higher than the.estimated reductions of 5 to 

30 percent for A/F adjuatmeat and 0 to 20 percent for ignition 

retard used independently. Again, the actual achievable 


NO, emission reductions for the combination of these control 


techniques are engine-specific. A reduction of 25 percent is 
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TABLE 5 - 7 .  ACHIEVABLE NO EMISSION REDUCTIONS FOR LEAN-BURN 
ENGINES USING A COMBINATTON AND IGNITIONOF A/F ~ J U S T M E N T  

TIMING RETARD^ 

no^Engine Output reduct~on, 

No. Manufacturer Model 

1 
(hp) percent 


1 I Dresser-Rand RA3 2 300 . 25 
I I 


2 II Dresser-Rand . I RA32 I 300 2 . 7  
I I T 

4 I Dresser-Rand RA32 300 27 

I 


5 I Dresser-Rand 1 Rk32 1 300 1 26 


6 I Dresser-Rand RA32 300 39 

I 


7 I Cooper-Bessemar 1 NA 1 600 1 8 . 4  
I 




used to calculate controlled NO, emission levels and cost 


effectiveness An Chapter 6. 

Data were not available to quantify the effect of the 


combination of A/F adjustment and ignition timing retard on CO 


and HC missions. Because the effect on CO and HC emissions is 


minimal or a slight increase when these control techniques are 


used independently, it is expected that the combination at 


control techniques produces similar results. 


5.2.4 Se ive 


5.2.4.1 Process Descriation. Selective catalytic reduction 


(SCR) is an add-on NO, control technology that is placed in the 

exhaust stream following the engine. The SCR process reduces NO, 


emissions by injecting ammonia into the flue gas. A simplified 


schematic of a SCR system is shown in Figure 5-15. The ammonia -

reacts with NO, in the presence of a catalyst to form water and 

nitrogen. In the catalyst unit, the ammonia reacts with NOx 


prhrily by the following equations. .50  

4 NH3 + 6 NO -r 5 N2 + 6 HZO; and 
8 NH3 + 6 NO2 + 7 N2 + 12 H20. 
The catalyst reactor is usually a honeycomb configuration, 


as shown in Figure 5- 16.51 Several methods. of construction and 

active material formulations are available. Base-metal (vanadium 


or titanium) oxide or precious metal catalysts typically are 


constructed with a ceramic or metal substrate, over which the 

active material is placed as a wash coat. Zeolite catalysts are 

extruded as a homogeneous material in which the active material 

is distributed throughout the zeolite crystalline structure. The 


geometric configuration of the substrate is designed for m a x h u m  
surface area and minimum obstruction of the flue gas flow path to 

maximize conversion efficiency and minimize back-pressure on the 

engine. 


An anunonia injection grid is located upstream of the 
catalyst body and is designed to disperse the ammonia uniformly 

throughout the exhaust flow prior to its entry into the catalyst 

unit. In a typical ammonia injection system, anhydrous mania 


is drawn from a storage tank and evaporated using a steam-heated 
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F i g u r e  5 - 1 5 .  Schematic of a selective catalytic 
reduction system. -
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Figure 5-16 .  Cutaway view of a oneycomb 
catalyst configuration.h 



or electrically heated vaporizer. The vapor is mixed with a 


pressurized carrier gas to provide both sufficient momentum 


through the injection nozzles and effective mixing of t h e  ammonia 

with the flue gases. The carrier gas is usually compressed air 

or steam, and the m o n i a  concentration in the carrier gas is 

about 5 percent.52 

An alternative to using anhydrous aunnonia is to use an 


aqueous ananonia system. The diluted ammonia concentration in an 


aqueous solution reduces the potential safety concerns associated 


with transporting and storing anhydrous ammonia. 

5 . 2 . 4 . 2  A~~licabilitv.The exhaust O2 level of lean-burn 

engines makes SCR applicable to all of these engines, but several 


operating factors may limit the use of SCR. These factors are 

fuel type and engine duty cycle. Contaminants in the fuel can -

poison or mask the catalyst surface and reduce or terminate 


catalyst activity. Examples of these contaminants are sulfur, 


chlorine, and chloride, which are found in such fuels as digester 
gas and landfill gas.27 Natural gas is free of these 

contaminants, but fuels such as refinery gas, coal gas, and oil 


fuels may have significant levels of one or more contaminants. 
Phosphorus and ash in the engine lubricating oil also act as 


catalyst masking and poisoning agents. 


Sulfur-bearing fuels require special consideration when used 


in SCR applications. Sulfur dioxide ( S O 2 ) ,  formed in the 

combustion process, oxidizes to SOj in some catalysts. Unreacted 

ammonia reacts with SOp to f o m  ammonium bisulfate (NH4HS04)and 
ammonium suliate ((NI14)2S04)) in the low-temperature section of 
the catalyst or waste heat recovery system. Annnonium bisulfate 


is a sticky substance that causes corrosion of the affected 

surfaces. AddbtienaPly, the deposits lead to fouling and 


plugging of these surfaces and increase the back pressure on the 


engine. This requires that the catalyst and any waste heat 


recovery equipment be removed from service periodically to water-

wash the affected surfaces. Ammonium sulfate is not corrosive, 


but like a~~nonium
bisulfate, these deposits contribute to 


plugging and fouling of the affected surfaces. 
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Formation of ammonium salts can be minimized by limiting the 


sulfur content of the fuel and/or limiting the anunonia slip. The 


detrimental effects of catalyst masking, poisoning, and ammonium 


salt formation can also be minimized by using a zeolite catalyst, 

according to one catalyst vendor. Zeolite is a highly porous 

crystalline structure; 1 gram of zeolite can contain up to 

3,000 square feet of catalyst surface. The catalytic reaction 


does not take place on the surface of the catalyst but rather in 


the molecular sieve of the crystalline structure. The NO, and 


NH3 diffuse into the molecular-sized cavities of the crystalline 


structure, and the exothermic reduction reaction forcefully 


expels the products of the reaction from the cavities in a 

self-cleansing action. Because the reducing reaction takes place 


within the molecular sieve, effects of masking and poisoning tha-t 


occur on the surface of the catalyst have a minimal effect on the 


catalyst reduction efficiency. 5 3 1 5 4  The catalyst vendor cites 

experience with natural gas-fired two-cycle engines with lube oil 

consumption rates three times greater than those usually seen 

from this type of engine. An independent lab test performed on 

samples of the catalyst after 1,000 operating hours showed that 


concentration levels of phosphorus, sulfur, and zinc found on the 


surface of the catalyst rapidly diminished from the catalyst 


surface to the center of the channel wall. The original 


catalysts at this installation have operated for over 6 years 

with a NO, reduction efficiency loss of less than 5 percent. In 


addition, zeolite has an inherent SOz to SOj conversion rate of 

less than 0.1 percent, so aolnonium salt foxmation is minimized. 55 

The duty cycle of the engine shou-ld also be considered in 

determining the applicability of SCR. Exhaust temperature and 

NO, emission levels depend upon engine power output, and variable 

load applications may cause exhaust temperature and NO, 

concentration swings that pose problems for the SCR system. The 

lower exhaust temperature at reduced power output may result in a 

reduced NO, reduction efficiency from the catalyst. It should be 

noted, however, that exhaust NO, concentrations are lower at 
reduced power output, and residence time in the catalyst is 




higher, which would offset to some extent the lower catalyst 


reduction efficiency at reduced temperatures. The variation in 

NO, concentrations in the exhaust caused by changes in power 


output requires that the ammonia flow be adjusted to maintain the 


proper NH3/NOx ratio. As the exhaust flow rate and NO, 


concentration level vary, the NH3 injection rate must change 


accordingly to avoid increased levels of unreacted NH3 emissions 


(ammonia slip) and maintain NO, reduction efficiency. At least 


three catalyst vendors offer an NH3 injection control system for 

use in variable load applications. These systems are discussed 


in Section 5.2.4.4. 


5 . 2 . 4 . 3  Factors That Affect Performancq. The factors that 

affect the performance of SCR are catalyst material, exhaust gas 


temperature, space velocity, the NH3/NOx ratio, and the presence 


of catalyst contaminants in the exhaust gas stream. 


Several catalyst materials are available, and each has an 

optimum NO, removal efficiency range corresponding to a specific 

temperature range. Proprietary formulations containing titanium 


oxide, vanadium pentsxide, platinum, or zeolite offer wide 


operating temperature ranges and are the most comon catalyst 

materials. The NO, removal efficiencies for these catalysts are 


typically between 80 and 90 percent when new; over time, the NO, 


removal efficiency may drop as the catalyst deteriorates due to 


surface deposits, poisoning, or sintering. 51 


The space velocity (volumetric flue gas flow rate divided by 


the catalyst volume) is essentially the inverse of residence time 

in the catalyst unit. The lower the space velocity, the higher 

the residence time, and the higher the potential for increased 

NO, emission reductioaa. Since the exhaust gas flow is dictated 


by the engine, the space velocity is largely dependent upon the 


size of the catalyst body. Lower space velocities require larger 

catalyst bodies. 


The NH3/NOx ratio can be varied to achieve the desired level 

of NOx reduction. The SCB systems generally operate with a molar 
NH3/NOx ratio of approximately 1.0. 51 Increasing this ratio will 




further reduce NO, emissions but will also result in increased 


ammonia slip. 


Contaminants in the exhaust gas stream will mask or poison 


the surface of the catalyst reactor. Masking agents, such as 

sulfur and ash, deposit on the catalyst surface and require that 


the catalyst be mechanically cleaned to restore lost catalyst 


activity. Poisoning agents such as chlorine and phosphorus 


chemically alter the catalyst material, and any resulting loss of 

catalyst activity is permanent. The source of most contaminants 


is gaseous fuels other than natural gas; ash and phosphorus are 


found in lubricating oils. Low-ash and low-phosphorus 


lubricating oils are available and are recommended for use with 

catalyst systems. 27 The use of low-ash oils may have a 

detrimental effect on the valve life of some four-cycle engines.- 

Past experience has shown that the exhaust valve life of some 


engines may be reduced be as much as 50 percent, doubling the 


frequency of top-end overhaul maintenance requirements of the 


engine.56 


5.2.4.4 Achievable Emission Reduction Usins SCR. Based on 


information provided by catalyst vendors, a total of 


23 gas-fired, lean-burn engine SCR applications have been 


installed or will be installed in the United States by the end of 


1993. Of these installations, three are used in digester gas 


applications, and the rest are natural gas-fueled. From the 

information provided it was not possible to confirm that this 

list includes all SCR installations in the United States or 

whether any of these installations have been decammissioned. 


Operating experience and emission test suaanaries for 16 


engines at 9 installations in California were provided by one 

catalyst vendor and are shown in Table 5-8.57 For these 

installations, NO, reduction levels range from 75 to 90 percent, 


with corresponding NH3 slip levels of 20 to 30 ppm. All but one 
of these installations uses a manually adjusted NH3 injection 


control system. The controlled NO, emission and amtonia slip 

levels for the two digester gas-fired applications are similar to 

those for the natural gas-fired engines shown in this table. 
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I TABLE 5 - 8 .  GAS-FUELED SCR APPLICATIONS AND OPERATING EXPERIENCE FOR 
ONE CATALYST VENDOR^^ 

r 

Performancetest m u l t ~  

Jnstallation Eogine hgim Ammonia ~ a u t y achangea and opernting 
dute nasaufrrturer modd Fuel Power Sped Lomd control NO1, duction Amrnonim dip h o u d  



Emission compliance test summaries were also reported in the 


VCAPCD emission data base for s ix  SCR installations. These test 
summaries are shown in Table A-5 in Appendix A.24 For a total of 

34 test summaries, only 1 did not achieve compliance with the 


controlled NO, requirement of 125 ppm or 80 percent reduction, 
and the data base reports that this engine was removed'from 


, . 
service. Of the five remaining SCR installations, two other 

engines were in compliance, but were removed from service and 

replaced by electrification. Controlled NO, emission levels for 


those engines in compliance range from 10 to 222 ppmv (0.14 to 
3.1 g/hp-hr), with corresponding reduction efficiencies of 65 to 


97 percent. The data base shows that two of these SCR 

installations have been operating within compliance limits for 


over 5 years. Information regarding catalyst maintenance 

requirements and replacement schedules for these engines was not 


available. Ammonia slip levels were not reported in the data 

base. (Rule 74.9 for VCAPCD and Rule 1110.2 for SCAQMD do not 

include amnonia emissions limits.) 
In addition to the experience described above for 


U.S. installations, one zeolite catalyst vendor also provided SCR 


operating experience for engine installations worldwide. The 


installation list shows over 40 gas-fired engine applications 


using natural gas, landfill and digester gases, and mining gases. 

Applications include power generation and cogeneration, natural 


gas pipeline compression, and district heating. Seven of these 

installations have been in service since 1985, and one of these 

installations has operated for over 6 years with only a 5 percent 


loss in NO, reduction efficiency. The two-cycle engines in this 


installation consume three times more lubrication oil than is 


considered normal by the catalyst vendor. The guaranteed minimum 
NOx reduction at this site is 85 percent .53154 

catalyst vendors typically ofter NO, reduction etf iciency 


guarantees of 90 percent, with an ammonia slip level of 10 ppmv 

or less. The performance is guaranteed by most vendors for 

3 years for natural gas-fired applications.34 one zeolite 
catalyst vendor offers a guarantee of up to 95 percent NOx 




reduction with an ammonia slip limit of 10 ppmv or less for 
2 years.54 


As discussed in Section 5 .2 .4 .2 ,  NO, emission levels and 

exhaust flow vary with changes in engine load, and the NH3 


injection rate must follow these changes. Several catalyst 


vendors state that NHj injection system controls are available 


for variable load applications. One vendor's design has been in 

use since 1988, but system design details were not available. 55 


Another vendor offers a load-following ammonia injection control 

system design for the installations shown in Table 5 - 8 ,  dating 

back to 1989. These installations have achieved NO, emission 
reductions of 75 to 90 percent with NH3 emission slip levels of 


20 to 30 ppm, based on 15 minute emission averaging. 57 
Information regarding the extent and frequency of the engine load 


changes, however, were not available. Information for a 


rnicroprocessor-based, feedforward/feedback NH3 injection control 


system was provided by a third vendor. This system is available 


with provisions to predict NO, emissions based on engine 


operating parameters. The predictive emission maps are developed 


either by the engine manufacturer or by the catalyst vendor 


during the start-up/eommissioning~phaseof the project, and these 


maps can be automatically updated periodically by the 


rnicroprocessor system, based on historical operating data. The 


feedforward control regulates the Enr3 injection rate consistent 

with the anticipated NOx emissions, and the injection rate is 

trimmed by the feedback controller, which monitors emission 


levels downstream of the catalyst reactor. A deadtime 


compensation routine is incorporated into the control scheme to 


compensate for the difference between the catalyst reactor 


reduction rate and the controller respoaee time. This control 

scheme is operating in Europe and at a demonstration site in the 

United States, and typical deviations from the target NO, 
emission setpoint are within 4 percent.58 


Based on the available information and the emission test 


da=a presented in Tahles 5 - 8  and W - 5 ,  it is estimated that the 
achievable NO, emission reduction for SCR in gas-fired 



applications is 80 to 90+ percent for baseload applications, with 

an NH3 slip level of 10 ppmv or less. A 90 percent NO, reduction 

is used in Chapter 6 to calculate controlled NOx emission levels 

and cost effectiveness. The available data are not sufficient to 

assess the achievable continuous NOx reductions and ammonia slip 


levels for SCR used in variable load applications. Emissions of 


CO and HC are not significantly affected by the use of SCR.ll 


The backpressure on the engine increases by approximately 

2 to 4 in. W.C. with the installation of an SCR system. The 
resultant BSFC increase from a backpressure of 4 in. W.C. is 

estimated at 0.5 percent.' This backpressure also is estimated 
to decrease the power output by 1 percent in naturally aspirated 

engines and 2 percent in turbocharged engines. 3 

5 . 2 . 5  5 
5 . 2 . 5 . 1  Pro Lean-burn engine NOxmDescriotion. 

emissions can be reduced by increasing the A/F so that the engine 

operates in the region depicted on the right side of Figure 5-1. 

These low-emission combustion designs are also referred to as 
torch ignition, jet cell, and CleanBurn@ by various 


manufacturers. (clean~urn~
is a registered trademark of Cooper 

Industries.) The increase in the air content serves to raise the 


heat capacity of the mixture and results in lower combustion 


temperatures, which lowers NO, formation. This increased airflow 

is provided by adding a turbocharger and intercooler or 

aftercooler to naturally'aspirated engines or by replacing an 

existing turbocharger and inter/attercooler with a 


larger-capacfty unit. The air intake and filtration system, 

carburetor(s), and exhaust system must also be replaced to 

accommodate the increased flows. 


Substantial modification of the combustion chamber is 


required to ensure ignition and stable combustion of the higher 


.A/F mixture. For engines that have a relatively small cylinder 

bore, the combustion chamber may use an open cylinder design, 

which is similar to a conventional cmustion-ch&er but 


incorgorates improved swirl patterns to promote thorough mixing. 

Larger cylinder bores cannot reliably ignite and sustain 
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combustion with an open-cylinder design and a PCC. These 

clean-burn combustion designs vary somewhat with each 


manufacturer, but descriptions and representative sketches are 


presented in Section 5.1.6.1. The redesigned combustion chamber 


in the case of either an open or PCC design usually requires 


replacement o f  the intake manifolds, cylinder heads, pistons, and 

the ignition system. 


A
5.2.5.2 m 1' ' li n . The 

applicability of combustion modifications for lean-burn, 


low-emission engines is limited only by the availability of a 

conversion kit from the manufacturer. The application 

considerations discussed for rich-burn engines in Section 5.1.6.2 

also apply to lean-burn engines. 


5.2.5.3 Factors That Affect Performance. The factors that. 


most affect the emissions reduction performance of a lean-burn 

engine that has been converted to low-emission combustion are the 

design of the new combustion chamber and the volume of air that 

can be delivered. The factors described in Section 5.1.6.3 for 


rich-bum engines also apply to lean-burn engines. 


5.2.5.4 A* 

Combustion. The nominal emission levels provided by engine 


manufacturers for both 2-cycle and 4-cycle PCC designs are: 37-42  

Reductions in NO, emissions using coinbustion modifications 
generally result in higher CO.andHC emission levels. For this 


reason, it is not likely that the low end of each range for NO,, 

CO, and HC in the figure listed above.canbe achieved 

simultaneously. 


There was no discemable difference in achievable emissions 
levels between applying combustion controls to 2-cycle versus 


4-cycle engines. (Two low-emission engine models from one 

manufacturer that have controlled % emissions of 6.5 g/hp-hr 



[475 ppm] were not included in the above table. These models 


will soon be updated, and controlled NO, emissions will be within 


the range shown above.) 


The percent NO, reduction that is achievable by converting a 


lean-burn engine to a low-emission design varies depending upon 

the uncontrolled and controlled NO, levels used to calculate the 


percent reduction. Uncontrolled emission levels typically range 


from 15 to 20 g/hp-hr for lean-burn engines. 37*42 conversion to 


clean-burn operation can achieve controlled NO, emission levels 


of 1.5 to 3.0 g/hp-hr. The percent reduction, therefore, ranges 


from 80 to 93 percent. 


Test results for nine low-dssion engines that were 


developed from lean-burn engine designs are presented in 

Table 5-9.59-62 Four of these engines are retrofit 

installations; the other five were installed as new equipment. 

This table shows that controlled NO, emission levels range from 


0.53 to 6.0 g/hp-hr (40 to 450 ppw), and average 2.0 g/hp-hr 


(154 ppmv). The 6.0 g/hp-hr level for engine No. 7 is not 

considered to be representative of the achievable controlled NO, 


emission level, since engine Nos. 6 and 7 are the same engine 

model and engine No. 7 achieved a 1.5 g/hp-hr emission level. 


The average NO, emission level drops from 2.0 to 1.6 g/hp-hr 


(154 ppmv) if engine No. 6 is not included. Carbon monoxide 


emission levels range from 1.05 to 2.2 g/hp-hr (126 to 264 ppmv) 

and average 1.6 g/hp-hr (192 p p m ) .  Hydrocarbon emissions range 

from 0.3 to 4.4 g/hp-hr (53 to 933 ppmv) and average 1.2 g/hp-hr 
(262 ppmv). All of these engines use a PCC design, and the 

controlled emission levels are within or below the achievable 

ranges stated by the engine manufacturers. 


Emission test results for several low-emission engines were 

also included in the VCAPCD emission data base.24 These emission 
summaries are presented in Table A-4 in Appendix A. For a total 
of 64 emission tests performed on six engines; a l l  but 5 of the 

. . tests show controlled NOx emission levels of less than 100 ppmv 

(1.34 g/hp-hr), and average the 75 ppmv (1.0 g/hp-hr), with 
average controlled CO and HC d s s i o n  levels of 500 p p n ~  1 



TABLE 5 -9 .  ACHIEVABLE EMISSION LEVELS FOR NEW AND RETBQFST LOW-EMISSION ENGINES 
DEVELOPED FROM LEAN-BURN DESIGNS'~ -

I 1 I I I I

1 Emimiom (glhp-hr) 1 Emiuione @pmv @ 15% oxygeny 

'Emimionr wars rspoltsdin glhp-hr. Units of ppmv ware orlculnteduning the following convoreionfactors: 
NO* 1 ghp-hr 3 75 p p i V  @ IS Qmoxygen 
CO: 1 glhp-hr = f 20 ppmv @ 15 p m o~rygen 
HC: 1 ghphr = 212 ppmv QP 15 percent oxygen 

b~~ - Data nM pmvidd. 



(4.17 g/hp-hr) and 127 (0.60 g/hp-hr), respectively. The N0,and 


HC emission levels are consistent with those stated by engine 


manufacturers, but the CO emission levels are generally higher. 


No information was available to explain these relatively elevated 


CO emission levels, but the range shown in Table A-4 is well 

within the VCAPCD CO limit of 4,500 ppmv. 


The data presented suggest that achievable controlled NO, 


emission levels of 1.0 to 2.0 g/hp-hr (75 to 150 ppmv) can be 


achieved with combustion modifications for either new or retrofit 
lean-burn engine installations. A 2.0 g/hp-hr controlled NO, 


emission level is used in Chapter 6 for cost effectiveness 

calculations. This is also the controlled NO, emission range for 


combustion modifications for rich-burn engines. Emission levels 


for CO and HC vary for different engine models and even among 


engines of a given model, but most range from approximately 1.0 

to 5.0 g/hp-hr (120 to 600 ppmv) for CO and 0.5 to 4.0 g/hp-hr 


(110 to 500 ppmv) for HC. 

The operating characteristics of low-emission combustion, 


including a substantially leaner A/F and the potential increase 


in operating pressures from turbocharging, suggest improved fuel 


economy. Information for four manufacturers' engines for which 

comparable heat rates were provided shows that the effect of the 


combustion modification on engine heat rates was mixed. The 


effect ranged from an increase in heat rate of as much as 

3.5 percent to a decrease of as much as 12.4 percent. 37,38,40,42 


5 . 3  NO, CONTROL TECHNIQUES FOR CI ENGINES 

Both diesel and dual-fuel engines operate with significant 

excess O2 levels in the exhaust gas stream. Although classified 

as lean-burn, the effect of control techniques applied to these 

CI engines is in many cases different from those for SI engines. 
Therefore, the discussion of control techniques applied to CI 


engines is presented separately. 

The control technologies available for CI engines are:
. .  -

1. Injection timing retard; 


2. Selective catalytic reduction; and 




- - 

Low-emission combustion (dual-fuel engines onlv) .- * - -

Section 5.3.1 describes the performance of NOx control techniques 


for diesel engines. The performance of NOx control techniques 

for dual- fuel engines is discussed in Section 5.3 - 2 .  

5.3.1 Diesel Ensines 


5.3.1.1 Infection Timins Retard for Diesel ~nuines. In a 


CI engine. the injection of the fuel into the cylinder initiates-
the combustion process. Retarding the timing of the fuel 
-

injection initiates the combustion process later in the power 

-stroke when the piston is in its downward motion and the 


cormbustion chamber volume is increasing. This increasins volume --
lowers combustion temperatures and pressures, thereby lowering 

NO, formation. Along with NO, reductions, injection timina -
retard increases both black smoke and cold smoke (white smoke 


during start-up) emissions, increases exhaust temperatures. and 


can make starting the engine at cold temperatures more difficult. 


Brake-specific fuel consumption also increases with timing 


retard.6 3 t 6 4  Two sources report that power output decreases bv* 
roughly the same amount as BSFC increases.64,65  Another enqine -
manufacturer, however, reports that injection timing retard does 

not reduce power output for its line of engines.63 The increase 


in exhaust temperatures affects turbocharger performance and may 

be detrimental to exhaust valve life. 63 65 Excessive timing 

retard causes engine misfire. 67 These perfonnanca irn~acts-
generally limit the extent of injection timing retard to less 

than 8' from the standard setting.63 

Injection timing to retard the ignition can be adjusted in 

the field on all diesel engines. For maximum NO, reduction, an 


electronic injection timing system is required, which temporarily 

advances the timing during start-up and under acceleration in 


response to load changes.63,6S 


Injection timing retard reduces NOx emissions from all 

. .diesel engines, but the magnitude of the reductions is s~ecific
-

to each engine model. The effectiveness of injection retard on 


decreasing NOx formation diminishes with increasing levels of 

retard. Data to quantify the effects of injection thing retard 




were available from only one manufacturer for retard levels 

between 3' and 5 O .  These data are shown in Table 5-10.66 The 

results from three different engines show that injection retard 
reduced NO, emissions in all three engines by greater than 

20 percent, but the magnitude of the reduction varied tor each 

engine. Another manufacturer estimated achievable NO, reduction 


potential for injection timing retard ranges up to 50 percent. 

Data from Reference 5 indicate that NO, reductions range from 
20 to 34 percent. Baaed on the available data and estimates by 

manufacturers, the expected range Lor NO, reductions using 


injection timing retard in diesel engines is 20 to 30 percent. A 

25 percent reduction is used to calculate controlled NOx emission 

levels and cost effectiveness in Chapter 6 .  The actual NOx 

reduction, however, is engine-specific and may be higher or lower 

than the expected range. 


The effect on CO emissions shown in Table 5-10 is an 

increase for two of the engines and a decrease for the third 

engine. The overall ingMct on CO emissions, whether an increase 
Or a decrease, is a change of less than 15 percent for these 
engines. The effect on HC emissions also varies among engines, 


ranging from no change to an increase of 76.2 percent. The BSFC 
increases For all three engines, m e  magnitude of the fuel 

increase grows with the degree of retard, ranging from 

0.9 ocrcent for a 30 retard to 4 . 5  percent For a S 0  retard.66 In-
general, the effect of reducing NO, emissions by fuel injection 

retard on CO and HC emissions is estimated to range from a 
10 percent decrease up to 30 percent increase for CO and 
+/- 30 percent change for HC, according to one manufacturer. The 
increase in BSFC is a maximum of 5 percent.63 The effect on CO 
&d HC emissions and BSFC for the engines shown in Table 5-10, 
although produced by another nrmufacturer, is generally 

consistent with these estimates. 


5.3.1.2 Selective Catalvtic Reduction. The process 

description for SCR-discussed-inSection 5 . 2 . 4 . 1  applies to 

diesel engine applications. Selective catalytic reduction 

applies to all diesel engines, and the application consfderations 


63 





discussed in Section 5 . 2 . 4 . 2  for Sf engines also apply to diesel 

engines. The factors that affect the performance of SCR for 


diesel engines are the same as those discussed in 


Section 5 . 2 . 4 . 3 .  Fuel specifications for No. 2 diesel fuel limit 

the sulfur content to 0.5 percent. Heavier diesel fuels may have 


higher sulfur contents, however, that may result in increased 


formation of ammonia salts (see Section 5 . 2 . 4 . 2 ) .  

The potential NO, emission reductions for SCR applications 


with diesel engines are similar to those for natural gas 


applications. Catalyst vendors that offer zeolite catalysts 


quote NO, reduction efficiencies for diesel engine applications 


of 90 percent or higher, with corresponding NH3 slip levels of 


10 ppmv or less. 54,68 

According to one of these vendors, the crystalline molecular 


structure of zeolite, combined with the exothermic 


characteristics of the NO, and NHj reducing reaction, minimizes 


the masking and poisoning problems that have been experienced 


with base metal catalysts. Zeolite also has a SO2 to SOg 

conversion rate of less than 0.1 percent, so ammonia salt 

formation is minimal .55 The two zeolite vendors contacted for 

this study have diesel engine installations using SCR outside of 

the United States for which these 90 percent NO, reduction 


efficiencies are guaranteed for 3 years, but to date they have no 


installations in the United States. A total of nine oil-fired 

zeolite installations were identified.54,69 All of these 

installations are overseas, mostly in Europe. Of these 


installations, eight engines are diesel-fired; the other is 

fueled with heavy oil. These installations date back as far as 

1985, and the catalyst vendors guarantee a 90 percent NOx 


reduction or higher, with faa ammonia slip level of 10 pprmr or 
less, for 3 years. One of these diesel-fired installations has a 

3-year guarantee of 95 percent NO, reduction with an maximum 
m n i a  slip level of 5 ppmv. The heavy oil-fired installation 

was installed in 1985. 

To date there are no zeolite SCR installations in 

diesel-fired applications in the United States, but a U.S. SCB 
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installation with a 6,700 hp dual-fuel engine achieved over 

30,000 hours before one quarter of the original catalyst was 


replaced. This engine operates up to 25 percent of the time in a 


diesel mode, firing 100 diesel o i l ,  and it is estimated that the 
original catalyst operated up to 7,500 of the 30,000+ total hours 


on diesel fuel, maintaining a guaranteed NO, reduction of 


93 percent or higher with an ammonia slip level of less than 


10 ppmv. The only catalyst maintenance requirement at this site 


is periodic vacuuming of the catalyst face to remove particulate 


matter, which is attributed to engine lube oil consumption. This 


accumulation of particulate matter is manifested by an increase 

in pressure drop across the catalyst from a design 3.5 in. W.C. 

to 5+ in. W.C. NO notable decrease in catalyst reduction 

performance accompanies this pressure drop.70 


The NO, reduction efficiency quoted by vendors offering 


base-metal catalysts for diesel applications is typically 80 to 


90 percent .57171 The exhaust from diesel engines has a higher 


level of heavy hydrocarbons than natural gas-fueled engines, and 


these hydrocarbons lead to soot formation on the catalyst 


surface, which can mask the catalyst and reduce the NO, reduction 


activity.5 0  A guard bed, having the same structural makeup as 

the catalyst material, is usually installed upstream of the 


catalyst body in diesel applications to collect the heavy 

hydrocarbone that would otherwise mask the base-metal catalyst. 

This guard bed is replaced approximately every 2,000 hours of 


operation.72 

Only two vendors offering base metal catalysts contacted for 

this study have SCR installations operating with diesel engines. 

The majoritzy of these installations ate in emergency power 
generation service and have ascumfated relatively few operating 

hours. Owe base-metal catalyst vendor's diesel-fired SCR 


experience is presented in Table 5-11 and shows six 

U . S .  installatione with a total of nine engines.57 All of these 

9CR applications are load-following, but details of the duty 
cycle and the ammonia injection control scheme were not provided. 

The reported NO, emission reductions range from 88 to 95 percent, 



TABLE 5-11. DIESEL-FUELED SCR APPLICATIONS FOR ONE CATALYST VENDOR^' 

Performance test 

results 

Ammonia 
NOx 

reduction, Ammonia C d y a t  changee and 
Fuel Power,hp Speed, rpm Load c o n d  96 tilip, ppmv operating hours 

Dieael 475 1,800 Varil le Load following 90 5 None 

Diesel 750 1,800 Variable Lond following 95 20 None,4500hrs 
-

KTA 19431 D i d  560 1,800 Variable Laad following 90 20 None,400tus 

270 2,100 Cone- Manual 90 30 None 

2,500 700 Variable LondMowing 94 30 None, 12000hre 

Diesel 2,850 1,800 Variable Lord following 95 20 None,600b 

2,350 1,800 Variable Lord foUowing 88 30 None, 600 hm 



with corresponding ammonia slip levels of 5 to 30 ppmv. The 
tests were performed in accordance with State-approved methods 

for California, with emissions reported on a 15-minute averaging 


basis. The first of these installations was installed in 1989, 


and one installation has operated over 12,000 hours to date. 

The available data show diesel-fired SCR applications using 


either zeolite or base-metal catalysts achieve NO, reduction 


efficiencies of 90+ percent, with ammonia slip levels of 5 to 

30 ppm. These installations include both constant- and 

variable-load applications. Experience to date, however, 


especially in the United States, is limited in terms of both the 

number of installations and the operating hours. A 90 percent 

reduction is used in Chzpter 6 to calculate controlled NO, 


emission levels and cost effectiveness. 


As discussed in Section 5.2.4.4, the effect of SCR on CO and 

HC emissions is minimal. The engine BSFC increases with the use 


of SCR due to the increased exhaust backpresaure created by the 


catalyst reactor. 


5.3.2 Dual-Fuel E n ~ i m s  


5.3.2.1 
fz. 

Fuel injection timing retard reduces NO, emissions from dual-fuel 


engines. The process description, extent of applicability, and 


the factors that affect performance are the same as for diesel 


engines and are discussed in Section 5.3.1.1. 

The achievable NO, emission reductions range from 20 to 


30 percent for a timing retard of 4 O ,  based on information and 
data in Reference 5. The actual reduction is specific to each 

engine. Additional data were available only for one engine and 


are presented in Table 5-12.65 Thia table shows that a timing 
retard of 3 O  results in a NO, reduction of 14 percent. An 

additional retard o f  3' yields an additional 5 percent NO, 

reduction. The nominal NO, emission rate for this engine is 

5 g/hp-hr.38 Reductions of 14 and 19 percent result in 


controlled NO, emissions of 4.3 and 4.1 g/hp-hr, respectively. 

The total NO, reduction figure of 19 percent for a 6*  timing 

retard is elightly lower than the 20 to 30 percent reduction 
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TABLE 5-12. RESULTS OF RETARDING THE INJgETION TIMING FOR ONE 
DUAL-FUEL ENGINE m D E L  

Percent change due to Percent change due 
retarding from 21° to to retarding from 


Affected parameter 18O BTDC 1 8 O  to lSO BTDC 


emissions -14 '- 5 

emissions +13 +10
, 

HC emissions +6 +15 

+ 0 . 7  +2.5  



range stated in Reference 5. A 20 percent reduction was used in 


Chapter 6 to calculate controlled NO, emission levels and cost 

effectiveness. 


Timing retard increases emissions of CO and HC as well as 


BSFC. Table 5-12 shows that the initial 3 O  timing retard 
increases CO and HC emissions 13 and 6 percent, respectively. 

The BSFC increased 0.7 percent. This table also shows the 


diminishing NO, reduction benefit and the rise in the rate of 


increase of other emissions and fuel consumption with incremental 


increases in timing retard. The increase in timing retard from 


3 O  to 6 O  yielded an additional NO, reduction of 5 percent, while 
CO and HC emissions increased an additional 10 and 15 percent, 

respectively, and fuel consumption increased an additional 


2.5 percent. 

5.3.2.2 Selective Catalytic Reduction for Dual-Fuel 


Enainea. The process description, extent of applicability, and 


the factors that affect the performance of SCR for dual-fuel 


engines is the same as for CI engines and is discussed in 

Section 5.3.1. 


Catalyst vendors report a total of 27 U.S. SCR systems 

installed to date with dual-fuel engines. 58 70 The achievable 

NO, emission reduction using SCR with dual-fuel engines ranges 

from 80 to 90+ percent. Two vendors with SCR installations in 

the United States using zeolite catalysts have guaranteed 


90 percent or higher NO, reduction efficiencies with a 10 ppmv or 
leas anmonia slip for a 3-year period.5 4 ~  The first SCR 

installation in the Waited States was installed downstream of a 


6,700 hp dual-fuel engine in 1988. The NO, reduction guaranteed 


at this site is 93 percent, with an ananonia slip level of less 


than 10 gpm. The results of an emission test performed during 
commissioning in 1989 at this site are presented in Table 5-13. 73 

Controlled NO, mission levels averaged 0.38 and 0.22 g/hp-hr 
(48.3 and 27.1 ppmv) for operation on diesel and dual-fuel, 
respectively. Ammonia slip levels were not reported in the test 
results. Catalyst life was guaranteed for 3 years or 

20,000 hours. The SCR syetem achieved over 30,QOO operating 
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l'ABLE 5-13. EMISSIONS COMPLIANCE TEST RESULTS FOR A DUAL-FUEL ENGINE USING S C R ~ ~  

Uncontrolled NO, emissions Controlled NO, emissions 

Dual fuel Diesel Dual fuel Diesel Dud fuel 
Run I I I 

No. 

a ~ e f e ~ c e dto 15 percent 02.
h~- not available. 



hours before one of the four sections of the original catalyst 

was replaced. This engine operates up to 25 percent of the time 

in a diesel mode, and on this basis it is estimated that the 


catalyst has operated up to 7,500 of the 30,000+ total hours on 

diesel fuel. The only catalyst maintenance requirement at this 


site is periodic vacuuming of the catalyst face to remove, 


particulate matter, which is attributed to engine lube oil 


consumption. This accumulation of particulate matter is 


manifested by an increase in pressure drop across the catalyst 

from a design 3.5 to 5+ in. W.C. No notable decrease in catalyst 
reduction performance accompanies this pressure drop. No other 

site-specific a s s i o n  data were available for dual-fuel SCR 

applications. 

The limited data suggest that a NO, emission reduction of 
 -

80 to 90 percent is achievable using SCR with dual-fuel engines. 


The experience with this control technique to date is limited, 


however, especially in the United States. A 90 percent reduction 


was used in Chapter 6 to calculate controlled NO, emission levels 


and cost effectiveness. 


As discussed in Section 5 . 2 . 4 . 4 ,  the effect of SCR on CO and 

#C emissions is minimal. The engine BSFC increases with the use 


of SCR due to the increased exhaust backpressure created by the 


catalyst reactor. 


5 . 3 . 2 . 3  t g . 

Engine manufacturers have applied some of the design features 

used in SI low-emission engines to dual-fuel engines. 


Information was available from two manufacturers for low-emission 

dual-fuel engines that use a PCC design similar to that used for 

Sf engines.7 4 t 7 5  The PCC makes it possible to reduce the 
injection rate of oil pilot fuel used for ignition frwn the 

conventional 5 to 6 percent level down to approximately 1 percent 


while maintaining acceptable canbustian stability. In addition 

to the PCC, the low-emission engines also use a higher A/F in the 

main combustion chamber and ignition retard to reduce NO, 

emission levels. In addition to reduced NO, emission levels, the 


reduced pilot oil injection rate also reduces the yellow plume 



associated with dual-fuel engine exhaust, according to one 


manufacturer.75 

The manufacturers report that emission reductions using the 

low-emission PCC designs are achieved only in the dual-fuel 


operating mode. Rmission levels tor the diesel operating mode 


(100 percent diesel fuel) are essentially unchanged. 

.These low-emission designs are available for both new and 


retrofit installations, although information was not available to 


determine the extent of availability for retrofit applications, 

especially those engines that are no longer in production. 


Minimum retrofit requirements include modification or replacement 


of the engine heads, fuel system and controls, and 

turbocharger.75 


Nominal emission levels for two manufacturers' low-emission- 


dual-fuel engines are presented in Table 5-14 and are compared to 

corresponding emission levels for conventional open-chamber 

designs.3 8 t 41n 74t75 Achievable controlled NO, emission levels 

range from 1.0 to 2.0 g/hp-hr (75 to 150 pprctv), a reduction of 
60 to 78 percent from open-chamber combustion NO, levels. The 


effect on CO and HC emissions appears to be engine-specific, as 


one manufacturer reports increases in both CO and HC while the 


other reports no change in CO and a decrease in HC emissions. 


Puel consumption increases for the low-emission engines in both 


designs, with increases ranging from 1.6 to 3.1 percent. 


Emission test results for retrofit application of a 

low-emission PCC design were available only for one 


manufacturer's engines and are presented in Table 5-15. The 

first engine was retrofit and tested in-house by the 

manufact~rer.~~
The second engine was retrofit and tested in the 

field.76 These tests show that NO, emissions from the first 

engine were reduced with the PCC design by over 90 percent, and 


the engine achieved a controlled NOx emission level of 

0.9 g/hp-hr ( 6 8  ppmv). Carbon monoxide emissions were not 
recorded. Total HC emission levels increased by nearly 


400 percent, but. uncontrolled HC levels prior to installation of 
the PCC design were very low. The controlled HC level of 




TABLE 5 - 14 NOMINAL EMISSION LEVELS COMPARING OPEN- $m E gq AND ,5 
PRECOMBUSTION CHAMBER DESIGNS FOR DUAL FLTEL ENGINES 

-- 

Emissions, g/hp-hr BSFC 

NO, I CO 1 T H C ~  Btu/hp-hr 

E-Series Turbocharged Engine (dual-fuel mode) 

Open- chamberb 4 . 5  1.3 2.0 6,100 

Enviro - 1.0 2.0 2.5 6,290 
~ e s i ~ n @ ~  

Percent change - 7 8  +54 +25 +3.1 

LSVB Engine (dual - fuel model 
Open chamber 5 . 0  2 . 0  7 . 0  6 , 2 0 0  

cleanBurnbg 2 . 0  2 . 0  5 . 0  6 , 3 0 0  

Percent change - 60 NC' - 29  +1.6 

a~otal hydrocarbon emissions. 
b900 r p m  engine speed. 
C~~ - no change. 



TABLE 5-15 .  EMISSION TEST RESULTS FOR A LOW-EMISSIOa.784-FUELDU 

ENGINE RETROFIT WITH A PRECOMBUSTION CHAMBER 


Emissions, g/hp-hr BSFC Smoke 


(Opacity, 

NO, CO THca (Btu/hp-hr) percent) 

LSB-6 Engine (dual-fuelmode, in-house tests) 

Open-chamber 11.5 N A ~  1.0 6,230 N A ~  


~leaqBurn@ 0.9 N A ~  4.9 6,330 N A ~  

Percent change 0.92 N . . ~  +390 +1.6 N A ~  

UVB-2Q engine (dual-Euelmode, average of 3 testa at site) 

~leanBurn@ 1.27 1.60 3.48 I N A ~  I 0-5 

a~otalhydrocarbon emissions. 

%A - data not available. 



4.9 g/hp-hr (1,040pprnv) for this engine is within the expected 
range of 5.0 g/hp-hr stated by the manufacturer and shown in 


Table 5-14. Fuel consumption increased for the low-emission 


design by 1.6 percent. 


The test results in Table 5-15 for the second engine are for 

an existing 6.0 MW (8,000 hp) dual-fuel engine installation that 
was retrofit with the PCC design in 1990.76 Emission t e s t  

results following this retrofit show that controlled NO, emission 


levels at full-load conditions average 1.27 g/hp-hr (95 ppmv). 
Pre-retrofit emission levels were not reported, but the operator 


reports that this controlled NOx level represents a reduction of 

68 percent from average pre-retrofit levels of greater than 


4.0 g/hp-hr (300 pprmr). Controlled CO and HC emissions average 

1.60 and 3.48 g/hp-hr (190 and 740 ppmv), respectively. The 

operator reports controlled HC levels are lower than pre-retrofit 


levels; the effect of the retrofit on CO emission levels was not 

clearly stated in the reference. The effect of the retrofit on 


BSFC also could not be detennined. The manufacturer of this 


engine reports that exhaust opacity is reduced with the PCC 


design and virtually eliminates the yellow plume associated with 


dual-fuel engines. 75 The test results show that opacity was 
reduced to 0 .to 5 percent, compared to 10 to 20 percent prior to 

the retrofit.76 


Based on the limited data presented in this section, it is 

estimated that controlled NO, emission levels of 1.0 to 

2.0 g/hp-hr (75 to 150 ppmv) can be achieved with low-emission, 
dual-fuel engine designs for either new or retrofit 
installations, where these designs are available from the engine 

manufacturer. A 2.0 g/hp-kr controlled emission level is used in 

Chapter 6 to calculate cost-effectiveness. 


The effect on CO and HC missions ~ r i e s ,  depending upon the 

engine model and manufacturer. Brake-specific fuel consumption 


increases by up to 3 percent. The potential NO, emission 


reductions apply only to operation in a dual-fuel mode; emission 

levele are unchanged with low-emission engine designs for 

100 percent diesel fuel operation. 




5 . 4  OTHER NO, CONTROL TEC?XNIQUES 

The control techniques presented in this section are given 


limited discussion due to a lack of available information or 


demonstrated effectiveness in comnercial applications to date. 


These techniques are intake air cooling, EGR, engine dexate, 

water injection and water/fuel emissions, and alternate fuels. 

These techniques are discussed briefly in this sect,ion. 
5.4.1
 -q 


Cooling the intake air prior to induction into the cylinder 


has the potential to reduce NO, emissions. The reduced air 


temperature theoretically lowers peak combustion temperatures, 


thereby reducing NO, foxmation. Cooler intake air temperatures 


also offer the potential for increased power output and improved 


fuel economy. 


Naturally aspirated engines induce air at ambient 


temperatures. Turbocharged engines have a heat exchanger located 


downstream of the turbocharger (aftercooler) that removes some of 

the heat generated by compression of the intake air through the 


turbocharger. In naturally aspirated engines, a separate-circuit 

cooling system connected to a heat exchanger in the intake air 

system would be required to cool the intake air to below ambient 

temperatures. A larger, more efficient aftercooler would 


potentially reduce intake air temperatures in turbocharged 


engines, but substantial air cooling would require a 


separate-circuit cooling system. 


This control technique is used in combination with other 

parametric adjustments in emission teats reported in several 

references to reduce NO, emissions from both SI and CI engines. 


Data were not available, however, to indicate achievable NO, 


reductions using air intake cooling independently. 

5.4.2 Exhaust Gas Recirculation 


This control technique replaces a portion of the incoming 

conbustion air with exhaust gas. The exhaust gas has a low O2 

content and acts as-aheat sinkduring the-cornbustion process, 
lowering combustion temperatures and, hence, NO, fornation. In 

SI engines EGR may require cooling and filtering of the 




I 

recirculated exhaust gases and a complex control system. 77 For 

CI engines, EGR results in fouled air intake systems, combustion 

chamber deposits, and increased engine wear rates. 63 All 

manufacturers contacted for this study indicated that this 

technique is not offered for production SI and CI engines. 

5.4.3 Power Outaut Derate 


Engine derate is accomplished by reducing the fuel input to 


the engine, thereby reducing power output. This reduced fuel 


input results in lower combustion temperatures and pressures. 

thereby reducing NO,. Emission data in Reference 5 show only 


marginal brake-specific NO, reductions ranging from 0.2 tq 

6.2 percent. In CI engines. brake-specific NO, emissions may 


actually increase at reduced power levels. 

5.4.4 


Direct water injection into IC engines does not appear to be 


a viable control technique. Internal combustion engines have a 


lubricating oil film on the walls of the cylinders that minimizes 

mechanical wearing of reciprocating parts, and water injection 

adversely impacts this oil film, accelerating engine wear. his 

control technique is not available from any engine manufacturers 


contacted for this report. 


5.4.5 Water/Fupl Emulsiow 


No documentation of this control technique has been found to 

suggest it has been demonstrated in stationary IC engines. A l l  

engine manufacturers contacted stated that water/fuel emulsions 


are not an option for their engines. 


5 . 4 . 6  t 

~oal/waterslurries (CWS) and methanol have been fired in IC 


engines in limited testing to date. For CWS. several reports 

include test data indicating reduced NO, emissions. Methanol 


produces lower combustion temperatures than natural gas and 

diesel and therefore would theoretically produce lower NO, 


emissions. No data for methanol firing were found. Neither CWS 

nor methanol is currently beingused in any identified commercial 
engine installation in the United States. 
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6.0 CONTROL COSTS 

This chapter presents cost and cost effectiveness estimates 

for the NO, control techniques discussed in Chapter 5. 


Section 6.1 presents the cost evaluation methodology used to 


develop capital and annual costs for these techniques. 


Sections 6.2 and 6.3 present the costs and cost effectiveness for 

rich-bum and lean-burn spark-ignition (SI) engine controls, 

respectively. Control costs and cost effectiveness for diesel 


and dual-fuel engines are given in Section 6.4. References for 


the chapter are listed in Section 6.5. Summary tables for 


capital and annual costs and cost effectiveness for each control 


technique are included in Appendix B. A11 costs presented in 


this chapter and Appendix B are in 1993 dollars. 


6.1 COST EVALUATION METHODOLOGY 

Three cost considerations are presented in this chapter: 


total capital costs, total annual costs, and cost effectiveness. 


The components that make up thes.e coats and the methodology used 


to determine each cost component are presented in this section. 

Implementing some control techniques results in a reduction 


in the engine power output caused either by altered combustion 

conditions or increased backpressure on the engine. The 


potential power deration, where'-applicable, =is identified for 


each control technique in this chapter and in Chapter 5. Any 

costs associated with the power reduction penalty, however, 


depend upon site-specific factors (e.g., value of lost product or 


capital and annual costs for equipment required to make up for 

the power loss) and cannot be &uantified i n  this docdent. As a 

result, the cost associated with the power reduction should be 




identified on a site-specific basis and added to the costs 


presented in this chapter for each control technique for which a 

potential power reduction is identified. For example. if a 


compressor enginenis derated by 200 horsepower (hp) as a result 


of installing a control technique. the owner could incur the cost 

of a 200 hp motor. compressor, drive coupling, ancillary 


equipment, and installation, operation, and maintenance of the 


equipment to make up the power loss. For a pipeline application. 


a capacity reduction of as little as 0.4 percent could require 

the installation of an additional compressor engine, complete 

with ancillary equipment, interconnecting piping and controls, 


buildings, permitting, and potential emission offset 


requirements.1 


6.1.1 Canital Cost Estimation 


As shown in Table 6-1, the total capital cost is the sum of 
the purchased equipment costs, direct installation costs, 


indirect installation costs, and contingency costs. The 


purchased equipment cost (PEC) used in this chapter for each 

control technique is based on cost information provided by engine 

manufacturers or control system vendors. Where capital cost 


estimates provided by equipment suppliers did not include 


installation coats, these costs were estimated using the approach 


in the BPA Office of Air Quality and Planning Standards (OAQPS) 


Control Cost Manual, which reconmends estimating direct 


installation costs as 45 percent of PEC and indirect installation 

costs as 33 percent of P E C . ~  Where installation costs were 


included in the capital cost estimate provided by equipment 

suppliers, it was assumed that these cost estimates did not 


include such item as the purchaser's engineering and project 

management costs, field connections, painting, and training. 


Therefore, reduced direct and indirect installation factors were 


applied to the capital cost estimates provided by the supplier to 


cover these costs. The direct and indirect installation factors 


used in each case are defined in the appropriate sections of this 

chapter. In each case a contingency factor of 20 percent was 




TABLE 6-1. TOTAL CAPITAL COST COMPONENTS AND FACTORS~ 

Capital cost elements 

Direct costs (DCI 
Purchased equipment casts (PEC) : 

Control device and auxiliary equipment 
Instrumentation 
Sales taxes ( 3  percent of PEC) 
Freight (5 percent of PEC) 

(1 Direct installation costs. (DIC) : 
Foundations and supports . 1 Handling and erection 

(I Electrical 
Piping I Insulation for ductwork 

I Painting 

Total direct cost (DC) = PEC + DIC 

Indirect costs ( IC1  
Indirect installation costs (IIC) : - Engineering 

Construction and field expenses 
Contractor fees 
Start-up 
Performance t e s t  
Model study - Training 

Contingencies (C) : 
Equipment redesign and modifications - Cost escalations 
Delays in start-up 

Total indirect cost (IC) = IIC + C 

1 TOTAL CAPITAL COST (TCC) = DC + IC 



added to the vendor costs, as recommended in the OAQPS cost 

manual, to cover contingencies as listed in Table 6-1. 

6.1.2 Annual Costa 


Annual costs consist of the direct operating costs of 

materials and labor for maintenance, operation, utilities, and 


material replacement and disposal (e.g., spent catalyst material) 

and the indirect operating charges, including plant'overhead, 

general administration, and capital recovery charges. Table 6-2 


lists these costs and includes the values used for these costs. 

A brief description is provided below for each component of 


the direct and indirect annual operating costs used in the cost 

evaluation. Additional discussions, where necessary, are 


provided in the appropriate section for each control technique. 

6.1.2.1 Utilities. Utility requirements for IC engine 


control techniques are limited to electricity and/or compressed 


air to power control instrumentation and auxiliary equipment and 


the energy requirements fox vaporization and injection of ammonia 

for SCR systems. The cost for electricity and compressed air, 


where required, is considered to be negligible relative to the 


other operating costa. The cost for ammonia vaporization and 

injection was calculated using steam for ammonia dilution and 

vaporization. A cost of $6/1,000 pounds (lb) was used for steam. 


6.1.2.2 e.
Operating and 

supervisory labor may be required for some control techniques, 

depending on the complexity of the system involved and the extent 


to which the control system is automated. The addition of 

control equipment at remote, unmanned engine installations could 


require a part- or full-time operator, plus travel time and 


expenses in some cases for coverage of multiple sites. For this 

cost methsdology, an operating labor requirement of 2 hours (hr) 

per 8-hr shift i e  estimated for preatratified charge and 

nonselective catalytic reduction. For selective catalytic 


reduction, the operator requirement is increased to 3 hours per 

8-hr shift to include operation of the ammonia injection and 


continuous emission monitoring systems ( C W ). For parametric 
adjustment (e.g.,  air/fusl ratio adjustment and ignition/ 



TABLE 6 - 2 .  TOTAL ANNUAL COST ELEMENTS AND FACTORS 

Direct annual costs (DC) 

1. Utilities: 


Compressed aira $0.16/1,000 scfm 


Natural gasbr 


Diesel fuelb1 


~teamd $6[1,000 lb. 

2. Operating labore 


Operator labor $27.00 per hour 


Supervisinq labor 15% of operator labor 

3 .  Maintenance 10% of purchased equipment 

costs 

4. Annual compliance test $2.440' 

5. Catalyst replacement 

6. Catalyst disposal 


Indirect annual costa (IC) 

Overhead 160% of maintenance cost 


LHV = lower heating value 
CRF = capital recwery factor 

a~eference2, Table 5.10. 

b~verage costs for 1990 from Reference 3. 

' ~ u e l  properties fram Reference 4. 

r ~
d ~ Reference 2, Table 4.5. 

"~eference5. 

f~eference6,  escalated at 5 percent annually. 
g~eference 7. 

h ~ e f 
erence 8. 

l~eference2, p. 2-29. 




injection timing retard) and low-emission combustion 


modification, no additional operating labor requirements are 


expected over that required for current operation. The operating 


labor rate, shown in Table 6-2, is estimated at $27/hr. Super-


visory labor costs are calculated as 15 percent of the annual 

operating labor costs. 


6.1.2.3 Maintenance.. Specific maintenance costa were not 

available from the control system vendors and manufacturers. The 


guidelines for maintenance costs in Reference 2 suggest a 

maintenance labor cost of 0.5 hour per 8 hr shift, and a 


maintenance material cost equal to this labor cost. However, 


this approach, using a maintenance labor cost of $34.40/hrt 

results in maintenance costs that approach or exceed the PEC for 

some control techniques. This approach also results in 


maintenance costs that are constant for each control technique, 

regardless of engine size or control system complexity. For 


these reasons, the total annual maintenance cost, including labor 


and materials, is calculated for continuous-duty applications to 


be equal to 10 percent of the purchased equipment cost for each 

control technique. For intermittent- and standby-duty 


applications, the maintenance cost is prorated based on the 


operating hours. 


6.1.2.4 Fuel Penaltv. Implementing most of the control 


techniques changes the brake-specific fuel consumption of the 


engine, due either to a change in combustion conditions or 

increased backpressure on the engine. A fuel penalty is 


assessed, where applicable, to compensate for increased fuel 


consumption. Engine power output and fuel consumption rate (heat 

rate) were provided by engine manufacturers. 9-15 mia 
information was used to establish a range of engine sizes within 

each engine category ( i . e . ,  rich-burn spark-ignited IS11 , lean-
b u m  SI, diesel, and dual-fuel) and to calculate an average heat 


rate for each range, as shown in Table 6-3. For example, as 


shown in Table 6-3, rich-burn SI engines up to 200 hp in size are , 

assigned a heat sate o f  8,140 Btu/hp-hr. The fuel penalty is 
assessed as a percentage of the annual fuel cost, which is 




TABLE 6-3. UNCONTROLLED NO WISSION FACTORS, 
FOR COST EFFECTIVENBSZCALCULATIONS 


AN-BURN SI ENGINES 

Note: IbIMMBhl = (gmphr) x (lbIq4g) x (1IHtat Rate)x (1,000,000). 

aWeighttd avttage iscalculated by multiplyiag the average N 4emissiaa factor by thenumber of for each 
en* size and dividing by tho total number of engines. For exampla, for dual-he1 earn, the weighted 
average is calculafed as: 



calculated using the assigned heat rate from Table 6-3 and the 

fuel cost from Table 6-2. 


6.1.2.5 1.
1 
 Most catalyst 


vendors guarantee that the catalyst material will meet the 


site-specified emissions reduction requirements for a period of 


2 or 3 years. A catalyst life of 3 years (24,000 hr) was used in 


this analysis for both selective+catalytic reduction (SCR).  and 

nonselective catalytic reduction (NSCR) . 
6.1.2.6 perhead. An annual overhead charge of 60 percent 

of the total maintenance cost was used, consistent with 

guidelines in Reference 2. 


6.1.2.7 pro~ertvTaxes. The property taxes were calculated 


as 1 percent of the total capital cost of the control system, 

consistent with guidelines in Reference 2. 


6.1.2.8 Insurance. The cost of insurance was calculated as 


1 percent of the total capital cost of the control system, 


consistent with guidelines in Reference 2. 


6.1.2.9 Administrative Charses. The administrative charges 


were calculated as 2 percent of the total capital cost of the 

control system, consistent with guidelines in Reference 2. 


6.1.2.10 mission Comliance Test. It is anticipated that 

an emission compliance test would be required at least annually 

at sites where emission limits are established and control 


techniques are implemented. An annual cost for emission testing 


of $2,440 is used, based on information from Reference 6, 

escalated at 5 percent per year. 


6.1.2.11 Cagital Recoverv. In this cost analysis the 


capital recovery factor (CRF) is defined as:2 

CRF = i n = 0,1098
( i+ l )n- 1 

where : i = the annual interest rate, 7 percent, and 
n = the equipment life, 15 years. 

The CRF is used as a multiplier for the total capital cost to 

calculate equal annual payments over the equipment life. 
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6.1.3 Cost Effectiveness 

Cost effectiveness, in $/ton of NO, removed, is calculated 


for each control technique by dividing the total annual cost by 

the annual tons of NO, removed. Uncontrolled emission factors 


were developed using infomation provided by engine 

manufacturers. This infomation was used to establish a 

range of engine sizes within each engine .category 

(-i.e., rich-burn SI, lean-burn SI, diesel, and dual-fuel) and to 


calculate an average uncontrolled emission factor for each range, 


as shown in Table 6-3. To simplify NO, emission calculations, a 


single emission factor was developed for each engine category, 

calculated as the weighted average for all engines in each 

category. For example, as shown in Table 6-3, rich-burn SI 

engines are assigned a NO, emission factor of 15.8 grams per 

horsepower-hour (g/hp-hr) (4.64 pounds per million British 


thermal units [lb/MMBtu] ) . 
In general, cost effectiveness is highest for small engines 


because capital costs, on a per-horsepower basis, are highest for 

these engines while the per-horsepower NO, removal rate remains. 


constant regardless of engine size. Cost effectiveness also 


increases as operating hours decrease because capital costs 

remain unchanged while annual NO, reductions decrease with 


operating hours. 


6.2 CONTROL COSTS FOR RICH-BURN SI ENGINES 

The applicable control techniques for rich-burn SI engines 

are air/fuel ratio (A/F) adjustment, ignition timing retard, a 

combination of A/F adjustment and ignition timing retard, 

prestratified charge ( P S C ~ ) ,  NSCR, and low-emission combustion. 

The costs for these control techniques as applied to rich-bum SI 


engines are presented in this section. 


6.2.1 Control Costs for A/F Adiustment; 

6.2.1.1
 -.
 The capital costs for A/F 


adjustment are based on installing an automatic A/F ratio 

. . . . 

controller on the engine to achieve sustained NO, emission 


reductions with changes in operating loads and ambient conditions 
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and to minimize engine misfire with these changes. The A/F 


controls typically consist of an oxygen (02)sensor installed in 

the exhaust, which directs a signal to a regulator that modifies 

fuel or air delivery pressure. For carbureted, naturally 


aspirated engines, the control system adjusts a bypass around the 


carburetor or a pressure regulator. For turbocharged engines, 


the control adjusts the wastegate valve to bypass exhaust around 

the turbocharger turbine. 


Some engine manufacturers provide these A/F controls as 


standard equipment on their engines, especially in newer engine 

designs, and A/P can be adjusted on these engines with no 


requirement for purchased equipment. In this case, the total 


capital cost For A/F control is expected to be lass than $4,000 

for all engines, regardless of size. This cost includes 


approximately 16 labor hours, associated direct/indirect and 


contingency factors to perform the adjustments on the engine, and 

an emission compliance test. 


For  engines that are not equipped with provisions for 
automatic A/F adjustment, the capital costs for hardware and 


software are estimated by engine manufacturers to range from 


approximately $7,000 to $18,000. I6tl7 A cost of $7,000 was used 


for engines up to 1,000 hp, $10,000 for engines from 1.001 hp to 

2,500 hp, and $15,000 for engines above 2.500 hp. Sales tax and 

freight charges total 8 peccant of the PEC. These costs are for 


retrofit kits provided by the engine manufacturer, so the direct 


and indirect installation factors are reduced from 45 and 33 to 

15 and 20 percent of the PEC, respectively. These factors are 

chosen because this control aystem mounts directly on the engine 


and is pre-engineered, thereby reducing the engineering and 


installation efforts required by the purchaser. The contingency 


factor is 20 percent of PEC. 
Based on the above methodology, the total capital costs for 


A/F adjustment for rich-burn engines are: 


~ n g i n e ~ 
to 1,080 hp: 




Engines 1,001 to 2,500 hp: $16,300 


Engines over 2,500 hp: $24, 500 


These total capital costs are presented in F i g u r e  6-1. 
6.2.1.2 Annual Costs. The anticipated annual costs 


associated with A/F adjustment include an increase in maintenance 

due to the addition of the automatic A/F system, an increase in 

brake-specific fuel consumption (BSFC), emission compliance 
testing, and capital recovery. The increased maintenance cost is 


estimated as 10 percent of the PEC, plus an overhead cost equal 

to 60 percent of the maintenance cost. Based on information 

presented in Chapter 5, a fuel penalty of 5 percent is assessed. 

Taxes, insurance, and administrative costs are charged as shown 

in Table 6 - 2 .  The cost of a compliance test is estimated at 
$2,440. The capital recovery is calculated as discussed in 
Section 6.1.2.11. 


Based on the above methodology, the total annual costa f o r  
A/F adjustment for rich-burn engines are presented in Figure 6-1. 

AS Figure 6-1 shows, the costs are essentially linear and can be 


approximated using the following equations: 


Oaeratins hours To 

8,000 $6,340 + ($11.4.~hp) 
6,000 $5,790 + ($8.70 x hp) 
2,000 $4,710 + ($3.10 x hp) 

500 $4,300 + ($1.00 x hp) 

For an 80 hp engine, the total annual costs range from $4,290 for 
500 hr/yr to $6,340 for 8,000 hr/yr. POI an 8,000 hp engine, the 

total annual costs range from $11,800 for 500 hr/yr to $96,700 

for 8,000 hr/yr. 

6 . 2 . 1 . 3  Cast Effectiveness. Aa discussed in Chapter 5, the 

expected range of NO, reduction for A/F adjustment for rich-burn 


engines is 10 to 40 percent, and the-costeffectiven.ss varies . 

according to the actual site-specific N+ reduction. The cost 

effectiveness presented in this section is calculated using a NO, 
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reduction efficiency of 20 percent. For engine installations 


already equipped with automatic A/F control, no additional 


equipment purchase is necessary, and cost effectiveness is 


estimated to be less than $1,00O/ton for all but the smallest 


engines operating in stand-by applications. 


For those engines that require installation of automatic A/F 

control equipment, the cost effectiveness is presented in 


Figure 6-1. 


For continuous-duty engines, the cost effectiveness for A/F 

adjustment in rich-burn engines is over $2,80O/ton for engines 


less than 100 hp but decreases rapidly as engine size increases. 

For engines above 1,000 hp, the cost-effectiveness curve is 


relatively flat at approximately $600/ton or less. A similar 


cost-effectiveness trend applies to engines that operate less 


than 8,000 hr/yr, but the cost effectiveness increases to a high 

of $31,00O/ton for the smallest engines and decreases to 


approximately $3,00O/ton or less for engines above 1,000 hp 


operating 500 hr/yr. The cost-effectiveness range from $10,000 

to $31,000 per ton is not shown on the plot in Figure 6-1 in 


order to more clearly present the range of $0 to $10,000 per ton. 


6.2.2 rol Co 

6.2.2.1 Cmital Costs. Effective and sustained NO, 


reduction with changes in engine load and ambient conditions 


requires that the engine be fitted with an electronic ignition 


control system to automatically adjust the ignition timing. This 

ignition system is standard equipment on some engines, and in 


this case no purchased equipment is required. For this case, 

capital costs are expected to be approximately $4,000 or less to 


cover the cost of labor (16 hr) for the initial adjustment by the 

operator and subsequent emission testing. 


For those engines not equipped with an electronic ignition 

system, the cost for the ignition system is estimated for low- 


speed, large-bore engines to be $10,000, plus $5,000 for the 

electronic control system.l8 This cost varies according to 

engine size and the number of power cylinders, and for this study 

the PEC for an electronic ignition system is estimated to be: 




Engines to 1,000 hp: $ 7,500 

Engines 1,001 .to2,500 hp: $10,000-

Engines above 2,500 hp: $15,000 

Sales taxes and freight are added as 8 percent of the PEC. As is 


the case for A/F adjustment, direct and indirect installation 

activities are expected to be relatively straightforward, as this 


system is offered as a fully engineered package from the 

manufacturer and mounts directly on the engine. For these 


reasons, direct and indirect installation factors of 15 and 


20 percent, respectively, of the PEC are used. The contingency 


factor is 20 percent of the PEC. 

The total capital costs for ignition timing retard using 


this methodology are: 


Engines to 1,000 hp: $12,200 


Engines 1,001 to 2,500 hp: $16,300 


Engines over 2,500 hp: $24,500 


These costs are shown in Figure 6-2. 

6.2.2.2 Annual Costs. The anticipated annual costs 


associated with ignition timing retard are an increase in 


maintenance due to the addition of the electronic ignition 


control system, an increase in BSFC, emission compliance testing, 

and capital recovery. The increased maintenance cost is 

estimated as 10 percent of the PEC, plus an overhead cost equal 

to 60 percent of the maintenance cost. Based on information 


presented in Chapter 5, a fuel penalty of 4 percent is assessed. 

Taxes, insurance, and administrative costs are charged as shown 

in Table 6-2, and the compliance test cost is $2,440. The 


capital recovery is calculated as discussed in Section 6.1.2.11. 

Based on the above methodology, the total annual costs for 


ignition timing retard for rich-burn engines are presented in 

Figure 6-2. As this figure shows, the costs are essentially 


linear and can be approximated using the following equations: 
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Figure 6-2 .  Total capital and axlaual coats and cost 
effectiveness for ignition timing retard in rich-burn engines, 


based on installation of an electronic ignition system. 




Qperatins hours Total annual cost 

8,000 $6,300 + ($9.30 x hp) 

6,000 $5,790 + ($7.10 x hp) 

2,000 $4,770 + ($2.50 x hp) 
500 . $4,390 + ($0.85 x hp) 

For an 80 hp engine, the total annual costs range from $4,400 for 


5 0 0  hr/yr to $6,340 for 8,000 hr/yr. For an 8,000 hp engine, the 

total annual costs range from $10,700 for 500 hr/yr to $79,800 
for 8,000 hr/yr. 


6.2.2.3 Cost Effectiveness. As discussed in Chapter 5, the 


expected range of NO, reduction for ignition timing retard for 

rich-burn engines is 0 to 40 percent, and the cost effectiveness 


will vary according to the actual site-specific NO, reduction. 


The cost effectiveness presented in this section is calculated 


using a NO, reduction efficiency of 20 percent. For engine 


installations already equipped with an electronic ignition 

control system, no additional equipment purchase is necessary, 

and the cost effectiveness is estimated to be less than 


$1,00O/ton for all but the smallest engines operating in stand-by 


applications. 


For those engines which require installation of an 

electronic ignition system, the cost effectiveness is presented 


in Figure 6-2. For continuous-duty engines, the cost 


effectiveness for ignition timing retard in rich-bum engines is 


over $2,80O/ton for engines less than 100 hp, but decreases 


rapidly as engine size increases. For engines above 1,000 hp, 


the cost -effeetiveness curve is relatively flat at approximately 
$600/ton or lesa. A similar cost-effectiveness trend applies to 


engines that operate less than 8,000 hours per year, but the cost 


effectiveness increases to a high of over $31,00O/ton for the 

smallest engines operating 500 hours annually, decreasing to 


approximately $3,00O/ton or less for engines above 1,000 hp 

operating 500 hours annually. The cost-effectiveness range from 




$10,000 to $~31,000 per ton is not shown on the plot in Figure 6-2 

in order to more clearly present the range of $0 to $10,000 per 


ton. 


6.2.3 Control Costs FOX Combination of A/F Adjustment and 
funition Timins Retard 


6.2.3.1 Capital Costg. The capital costs for a combination 

of A/F adjustment and ignition timing retard are based on 


installing an automatic A/F ratio controller and an electronic 

ignition system on the engine. Some engine8 include these 


systems and controls as standard equipment, especially newer 

engine designs, and no additional equipment is required for these 


engines. In this case, capital costs are expected to be 


approximately $4,000 or less. This cost includes approximately 


25 labor hours and associated direct/indirect and contingency 


factors to perform the adjustments on the engine and an emission 

compliance test. 


For engines that require the installation of A/F control and 

electronic ignition systems, the capital costs are estimated to 

be equal to the sum of the costs for each system. A combined PEC 


of $14,500 is used for engines up to 1,000 hp; $20,000 for 

1,001 hp to 2,500 hp engines; and $30,000 for engines above 

2,500 hp. Sales taxes and freight are added as 8 percent of the 

PEC. Because these systems are available from engine 


manufacturers as fully engineered kits, direct and indirect labor 


factors for installation are estimated at 15 and 20 percent, 


respectively, of the combined PEC. These factors are chosen 


because this control system mounts directly on the engine and is 

pre-engineered, thereby reducing the engineering and installation 


efforts required by the purchaser. The contingency factor is 

20 percent of the PEC. 


Based on the above methodology, the total capital costs for 
the combustion of A/F adjustment and ignition timing retard for 

rich-burn engines are: 




Engines to 1,000 hp: $23,600 

Engines 1,001 to 2,500'hp: $32,600 

Engines over 2,500 hp: $48,900 

These capital costs are presented in Figure 6-3. 


6.2.3.2 Annual. The anticipated annual costs 

associated with the combination of A/F adjustment and ignition 


timing retard include an increase in maintenance due to the 

addition of the A/P adjustment and electronic ignition control 


systems, an increase in BSFC, emission compliance testing, and 


capital recovery. The increased maintenance cost is estimated as 


10 percent of the PEC, plus an overhead cost equal to 60 percent 

of the maintenance cost. Based on information presented in 


Chapter 5, a fuel penalty of 7 percent is assessed. Taxes, 


insurance, and administrative costs are charged as shown in 

Table 6-2, and the emieeion test cost is $2,440. The capital 


recovery is calculated as discussed in Section 6.1.2.11. 

Based on the above methodology, the total annual costs for 


the combination of A/P adjustment and ignition timing retard for 

rich-burn engines is presented in Figure 6-3. As Figure 6-3 


shows, the costs are essentially linear and can be approximated 


using the following equations: 


O m r a tin9 hours Total annual cost 

8,000 $9,770 + ($16.3 x hp) 
6,000 $8,830 + ($12.4 x hp) 

2,000 $6,940 + ($4.50 x hp) 

500 $6,230 + ($1.60 x hp) 

For an 80 hp engine. the eoeal annual coats range from $6,220 for 
500 hr/yr to $9,800 for 8,000 hr/yr. For an 8,000 hp engine, the 
total a ~ u a lcosts range from $17,800 tor 500 hr/yr to $138,000 
for 8,000 h.r/yr. 

6.2.3.3 Cost Effectiveness. As discussed in Chapter 5, the 

expected range of NO, reduction for the combination of A/F 
adjustment and ignition retard for rich-burn engines is 10 to 




Figure 6-3. Total capital and annual costs and cost 

effectiveness for A/F adjustment and ignition timing 

retard in rich-burn engines, based on installation of 


automatic A/F adjustment system and controls and 

an electronic ignition system. 




40 percent, and the cost effectiveness varies according to the 


actual site-specific NO, reduction. The cost effectiveness 

presented in this section is calculated uaing a NO, reduction 


efficiency of 30 percent. For engine installations already 

equipped with both automatic A/F and electronic ignition control 


systems, no additional equipment purchase is necessary, and the 


cost effectiveness is estimated to be-less than $l,OOO/ton far 


all but the smallest engines operating in stand-by applications. 


For those engines equipped with provisions for one but not both 

control systems, the second control system must be purchased and 


installed. The cost effectiveness in this case is approximately 


the same as that shown in Figure 6-1 or 6-2 for either control 

used independently. 


For installations where both control systems are added to 


the engine, the cost effectiveness is presented in Figure 6-3. 


For continuous-duty engines, the cost effectiveness for the 

combination of A/F adjustment and ignition timing retard in rich- 

burn engines is approximately $3,000/ton for engines less than 


100 hp but decreases rapidly as engine size increases. For 


engines above 1,000 hp, the cost-effectiveness curve is 


relatively flat at less than $1,00O/ton, decreasing slightly with 


increasing engine size. A similar cost-effectiveness trend 


applies to engines that operate less than 8,000 hr/yr, but the 


cost effectiveness increases to a high of $30,000/ton for the 

smallest engines operating 500 hr/yr and decreases to 


approximately $3,00O/ton or less for engines above 1,000 hp 

operating 500 hr/yr. The cost-effectiveness range from $10,000 

to $31,Q00 per ton is not shown on the plot in Figure 6-3 in 

order to more clearly present the range of $0 to $10,000 per ton. 

6 . 2 . 4  Control Co~tsfor Prestratified Charue (PsC@) 

As discussed in Section 5.1.3, a PSC' system can be 


installed on carbureted, four-cycle engines. This control 


technique can be applied with or without the addition of a 

turbocharger to naturally aspirated engines or modification of 

the existing turbocharger on turbocharged engines. The 

turbocharger upgrade/addition is typically performed to minimize 
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or eliminate the power output deration associated with PSC@. The 

costs for PSCm axe presented with and without the cost for 


turbocharger upgrade/addition. 


6.2.4.1 C a x l i t a l  Costa. Purchased equipment cost estimates 

were provided for a limited number of candidate engines by the 

licensed PSC@ vendor. The costs provided include typical 

installation costs, based on the vendor's experience. These 


costs are approximate and vary according to site-specific factors 

such as engine model and number of cylinders, hardware and 

software modifications required for the turbocharger, 


complexities of control and shutdown devices, and field 


installation requirements. l9 A control system cost of $7,700 was 

added to the estimated PSC@ system cost, which is the average of 


the control costs housed i n a  weatherproof enclosure versus a 


National Electrical Manufacturers Association Class 7 (NEM?i 7 )  

enclosure.l9 The costs, calculated on a per-horsepower basis, 


are presented in Figure 6-4 and represent the PEC for PSC@, 

including controls and installation by the vendor. The costs for 

engines larger than 1,200 hp were- extrapolated because data were 


not available for PSC" installatad on larger engines. 

The total capital costs were calculated by multiplying the 

PEC presented in Figure 6-4 by 1.08 to include sales taxes and 


freight, and by direct and indirect installation factors of 15 

and 20 percent, respectively, for installations without 

turbocharger modifications. For installations with turbocharger 


modifications, the direct installation factor is increased to 

25 percent. A 20 percent contingency factor is included. 


Based on the above methodology, the total capital costs for 

PSC", with and without turbocharger modification/addition, are 

presented in Figures 6-5 and 6-6, respectively. The costs for 

engines larger than 1,200 hp were extrapolated because estimates 


were not available for these engine sizes. For PSC" 

installations without turbocharger modification/addition, the 


total capital costs begin at approximately $20,000 for 100 hp 


engines and rise to over $55,000 for engines at approximately 800 

to 1,000 hp. The cost estimates provided showed that capital 
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Figure 6-4. Purchased equipment costs (including controls and installation) estimated 


by vendor for PSC" installations, with an without turbocharger 

modification/additiom4 9  
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Figure 6 - 5 .  Total capital and annual costs and cost 
effectiveness for PSC* in rich-burn engines, without 


turbocharger installation or modification. 



Figure 6 - 6 .  Total capital and annual costs and cost 
~effectivenees for P S in rich-burn engines, with 

turbocharger installation or modification. 



costs began to level off for engines in the range of 1,000 to 

1,200 hp, and above 1,200 hp the costs were extrapolated 

linearly, resulting in an estimated total capital cost for an 


8,000 hp engine of $87,000. 

The available cost estimates for turbocharger modifications 


were limited to only five engines. Because the extent of engine 


modifications required to install or modify a turbocharger can 

vary widely for different engine models, the total capital costs 


tor PSC' installations that include turbocharger modifications 

may vary widely from the costs shown in Figure 6-6. The capital 

costs curve for PSCe installations that include turbocharger 
rnodification/addition include the costs described above plus the 

capital costs for the turbocharger rework. The costs begin at 


approximately $28,000 For engines rated at 100 hp or less and 

climb steeply to over $130,000 for engines rated at 800 to 


1,000 hp. The cost estimates provided show that capital costs 


began to level off for engines in the range of 1,000 to 1.200 hp, 

and above 1,200 hp the costs were extrapolated linearly, 


resulting in an estimated total capital cost for an 8.000 hp 


engine of $215,000. 


6.2.4.2 Annual Costs. The annual costs associated with 


P S C ~include operating and supervisory labor, maintenance and 


overhead, fuel penalty, taxes, insurance, administrative costs, 


and capital recovery. No power reduction penalty is assessed, 

consistent with Section 6.1. However, implementing PSCa results 
in a potential power reduction of up to 20 percent, according to 

the vendor, and any penalty associated with the potential power 

reduction is an additional cost that should be considered on a 

case-by-casebasis. 


Operating labor requirements are estimated to be 2 hr per 


8-hr shift, and supervisory labor is calculated as 15 percent of 

operating labor. The increased maintenance cost is estimated as 

10 percent of the PEC, plus an overhead cost equal to 60 percent 

of the maintenance cost. Based on information presented in 


Chapter 5 ,  a fuel penalty of 2 percent is assessed. Taxes, 
insurance, and administrative costs are charged as shown in 
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Table 6-2. An emission test cost of $2,440 is included. The 

capital recovery is calculated as discussed in Section 6.1.2.11. 


The total annual costs for PSC@, with and without 

turbocharger modification/addition, are presented in Figures 6-5 


and 6-6. respectively. For continuous-duty PSC@ installations 


without turbocharger modification/addition, the total annual 


costs are approximately $70,000 for 100 hp engines and rise to 


over $80,000 for engines at approximately 800 to 1,000 hp. Above 

1,200 hp, the costs are extrapolated and increase linearly with 


engine size, from an estimated total annual cost of $85,000 for a 


1,200 hp enginemto $120.000 for an 8.000 hp engine. The 


additional costs associated with PSC" installations with 


turbocharger modification/addition increase the total annual 


costs for continuous-duty applications to over $70,000 for the 


smallest engines, rising to approximately $100.000 for 1.200 hp 


engines. The annual costs for engines above 1,200 hp are 

estimated to increase linearly with engine size and total 


$150,000 for an 8,000 hp engine. 


6.2.4.3 Cost Effectiveness. As discussed in Chapter 5, the 


achievable controlled NO, emission level for PSC' is 2 g/hp-hr or 


less. The cost effectiveness presented in this section is 


calculated using a controlled NO, emission level of 2 g/hp-hr. 


For PSC@ installations that do not include the addition or 

modification of a turbocharger, the cost effectiveness is 


preeented in Figure 6-5. For continuous-duty engines 


(8,000 hr/yr), the cost effectiveness is approximately $7,70O/ton 

for engines rated at 100 hp or less and decreases rapidly with 

increasing engine size to approximately $700/ton for a 1,000 hp 


engine. The cost effectiveness is relatively constant for 

engines rated above $,00Q hp and is less than $600/ton. For 

engines operating less than 8,000 hr/yr, cost effectiveness 


increases with decreasing operating hours. The increase is 

relatively small for larger engines but increases rapidly for 


smaller engines, eepecially engines less than 1,000 hp. The cost 


effectiveness for these smaller engines operating 6.000 hr/yr or 

lees ranges Zrom approximately $400 to over $1SI000/ton, 
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increasing as engine size and annual operating hours decrease. 


The cost-effectiveness range from $10,000 to $15,000 per ton is 

not shown on the plot in Figure 6-5 in order to more clearly 

present the range of $0 to $10,000 per ton. 


For PSC@ installations that include turbocharger 

rnodification/addition. cost effectiveness is presented in 


Figure 6-6. The cost-effectiveness figures are higher than those 


shown in Figure 6 - 5  due to the higher total annual costs 
associated with the turbocharger. The increase in cost 


effectiveness is relatively small: less than $300/ton for 


continuous-duty engines, increasing to a maximum of $2,00O/ton 
for the smallest engine operating 500 hr/yr. The cost 


effectiveness for an 80 hp engine operating 500 hr/yr is 

$17,40O/ton. The cost-effectiveness range above $10,00O/ton is 


not shown on the plot in Figure 6-6 in order to more clearly 

present the range of $0 to $10,000 per ton. 

6.2.5 ontr Cost 


6.2.5.1 Canital Costs. The PEC for NSCR includes the cost 

of the catalyst system and an automatic A/F controller. These 


costs are estimated at $15/hp for the catalyst and $6,000 for the 


A/F controller. Sales taxes and freight are included as 
8 percent of the P I C .  The PBC is multiplied by factors of 45, 

33, and 20 percent, respectively, for direct and indirect 

installation costs and contingencies. Using this methodology, 


the total capital costs for NSCR are presented in Figure 6-7. 

The costs are essentially linear and can be estimated by the 

following foxmula: 


Total capital cost 3 $12,100 + ($30.1 x hp) 

The total capital costs range frurn $14,800 for an 80 hp engine to 
$253,000 for an 8.000 hp engine. 


6.2.5.2 Annual Costs. The annual costs associated with 


NSCR include operating and supervisory labor, maintenance and 

. . 

overhead. fuel penalty. catalyst cleaning and replacement. taxes, 

insurance, administrative costs. emission compliance testing,-and 
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Figure 6 - 7 .  T~talcapital and annual costs and cost 
effectiveness for nonselective catalytic reduction 


for rich-burn engines. 




capital recovery. No power reduction penalty is assessed, 


consistent with Section 6.1. The expected power reduction 


resulting from a backpressure of 4 inches of water column (in. 

w.c.) caused by the catalyst system is expected to be 1 percent 


for naturally aspirated engines and 2 percent for turbocharged 


engines. Any penalty associated with the potential power 

reduction is an additional cost that should be considered on a 

case-by-casebasis. 

Operating labor requirements are estimated to be 2 hr per 


8-hr shift, and supervisory labor is calculated as 15 percent of 


operating labor. Maintenance costs are calculated as 10 percent 


of the PEC, plus an overhead cost equal to 60 percent of the 

maintenance cost. A fuel penalty of 5 percent is assessed. 

Catalyst cleaning is scheduled every 12,000 hr, and a 


catalyst life of 3 yr (24,000 hr) is used in this methodology 


consistent with the guaranteed period available from most 

catalyst vendors. The cost of cleaning is estimated at $0.75/hp 


plus 10 percent for freight and is based on shipping the catalyst 

to an offsite facility for cleaning.2o Based on this schedule, 


the annual cost for catalyst cleaning is calculated as $0.25/hp 


plus 10 percent for freight for continuous-duty applications 


(8,000 hr). The catalyst replacement cost is estimated to be 


$lO/hp. The annual cost for catalyst replacement is calculated 


to be $3.67/hp plus 10 percent for freight for continuous-duty 

applications. No disposal cost was assessed for NSCR 

applications because precious metal catalysts are most comonly 

used in NSCR systems, and most catalyst vendors offer a credit 

for return o f  spent catalyst reactors of $0.80/hp toward the 

purchase of new catalyst. For this methodology, the credit was 


not considered because it could not be confirmed that all 

catalyst vendora.offer this credit. 


Plant overhead, taxes, insurance, and administrative costs 

are calculated as described in Section 6.1, and an emission test 

cost of $2,440 is included. The capital recovery is calculated 

as discussed in Section 6.1.2.11. 




The resultant total annual costs for NSCR are presented in 

Figure 6-7 and can be estimated using the following equations: 


Onerat ins hours Total annual cost 

8,000 $68,300 + ($22.0 x hp) 
6,000 $52,300 + ($17.7 x 'hp) 
2,000 $20,200 + ($8.9.~hp) 

500 $8,260 + ( $ 5 . 6  x hp) 

For an 80 hp engine, the total annual costs range from $8,700 for 


500 hr/yr to $69,300 for 8,000 hr/yr. For an 8,000 hp engine, 


the total amual costs range from $53,100 for 500 hr/yr  to 

$244,000 for 8,000 hr/yr. 


6.2.5.3 Cost Effectiveness. As discussed in Chapter 5, the 

potential NO, emission reduction using NSCR ranges to a maximum 

of 98 percent. The cost effectiveness presented in this section 


is calculated using a 90 percent NO, emission reduction. 


consistent with most of the emissions data presented in 

Chapter 5. 


The cost effectiveness is presented in Figure 6-7. For 

continuous-duty engines, the cost effectiveness for NSCR 

approaches $7,00O/tan for engines less than 100 hp but decreases 

rapidly for larger engines. For engines above 1,000 hp, the 

cost-effectiveness curve is relatively flat at $800/ton or less, 

decreasing slightly with increasing engine size. A similar cost-


effectiveness trend applies to engines that operate less than 


8,000 hr/yr, but the cost effectiveness increases to a high of 

over $13,000/ton for the smallest engines operating 500 hr/yr and 

decreases to approximately $1,70O/ton or less for engines above 

1,000 hp operating 500 hr/yr. The cost-effectiveness range from 

$10,000 to $14,000 per ton is not shown on the plot in ~igure6-7 
in order to more clearly present the range of $0 to $10.000 per 

ton. 


6 . 2 . 6  ~ . C a n v _ e r s i o n u s t i o nfor 


The costs presented in this section reflect the cost to 
retrofit an existing engine to low-mission combustion. Because 




the hardware requirements, and therefore the installation 


requirements, are similar for either rich- or lean-burn engines, 

the capital costs presented in this section apply to either 

engine type. For new engine installations, the costs would be 


considerably less than those presented here. The capital cost 


premium for new, low-emission, medium-speed engines is estimated 

by one manufacturer to range-from approximately $11 to $15 per hp 


for one line of engines rated at 100 to 700-hp. For another 


engine line rated at 800 to 2,700 hp, the premium ranges from 
approximately $10 to $33 per hp. l6 Another medium- speed engine 


manufacturer estimated that the incremental cost for low-emission 


engines is approximately 5 percent over that of conventional 

engines.21 Similar new-equipment costs were not available for 

low-speed engines. 


The hardware and labor requirements to retrofit low-emission 

combustion to an existing engine are similar in scope to a major 

engine overhaul. If the low-emission combustion retrofit is 


scheduled to coincide with a scheduled major engine overhaul, the 


capital costs and cost effectiveness figures will be less than 

those shown in this section. One SI engine manufacturer 


estimates that retrofit to low-emission combustion, performed in 

conjunction with a major overhaul on medium-speed SI engines 

(approximately 800 to 2,700 hp) results in a reduction in cost 


effectiveness of approxhtely $40 to $50 per ton of NO,. 16 


6.2.6.1 Ca~italCosts. Cost estimates fiom three engine 

manufacturers were used to develop the capital costs for the 

hardware required to retrofit existing enginea to low-emission 


combustion.9@10,16 An analysis of these costs showed that the 


costs for medium-speed, large-bore engines, provided by two 


manufacturers, is considerably less than those for low-speed 

large-bore engines provided by the third manufacturer. For this 


reason, the costs are presented separately f o r  low- and medium- 

speed engines. 

The hardware costs for medium-speed engines, ranging in size 


. .  . . .  . .-. . . 

from 100 to 2,-70&hp, are presented in Figure 6-8. The costs, 

although scattered, are approximated using the line plotted on 






this figure. ,The equation of this line results in a capital cost 


for the retrofit hardware for medium-speed engines of: 


Medium-speed engine hardware cost = $10,800 + ($81.4 x hp) 

Similar costs for low-speed engines,, ranging in size from 200 to 

11,000 hp, ,are presented in Figure 6-9. Again, the costs, 

although scattered, are approximated by the line plotted on this 

figure. The equation of the line gives a capital cost for the 


retrofit hardware for low-speed engines of: 


Low-speed engine hardware cost = $140,000 + ($155 x hp) 

These equations were used to estimate the hardware costs for 


low-emission retrofits. 


The increased air flows required for low-emission combustion 


typically require purchase of new inlet air filtration and 

ductwork, exhaust silencers and ductwork, and aerial coolers. 


The cost of this equipment is estimated to be 30 percent of the 


hardware costa. l The PEC is therefore calculated as 1.3 times 


the hardware cost. 


Direct and indirect installation factors are calculated as 

25 and 20 percent of the PEC, respectively. The contingency 


factor is 20 percent. Adding sales taxes and freight yields 


total capital costs as presented in Figures 6-10 and 6-11 for 

medium-speed and low-speed engines, respectively. The costs are 


linear and can be estimated using the equations listed below: 


Medium-speed engines: 


Total capital costs = $24,300 + ($183 x hp) 
Low-speed engines: 


Total capital costs = $315,000 + ($350 x hp) 

The total capital costs for medium-speed engines range from 

$38,900 for an 80 hp engine to $757,000 for a 4,000 hp engine. 

The total capital costs for low-speed engines are considerably 
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Figure 6-11. Total capital and annual costs and cost 
effectiveness for retrofit to low-emission combustion 


f o r  low-speed engines. 



higher, ranging from $343,000 for an 80 hp engine to $3,100,000 

for a 8,000 hp engine. Because retrofit requirements are highly 


variable, depending upon the engine model and installation- 


specific factors, the actual costs for low-emission engine 


conversion may vary considerably from those calculated using the 


equations shown above. 

6 . 2 . 6 . 2  Annual Costs. The annual costs associated w i t h  

low-emission combustion include maintenance and overhead, fuel 


consumption, taxes, insurance, administrative costs, emission 


compliance testing, and capital recovery. No power reduction 


results from low-emission combustion; in fact, the addition of 


the turbocharger in some cases may increase the power output of 

engines that were previously naturally aspirated. 


No increase in operating labor requirements is expected with 


low-emission combustion engines. Maintenance activities 


increase, however, due to potential decreased spark plug life, 


precombustion chamber admission valves maintenance requirements, 


and increased turbocharger inspections. Maintenance costs are 


calculated as 10 percent of the PEC, plus an overhead cost equal 

to 60 percent of the maintenance cost. Based on a comparison of 


heat rates for rich-bum engines and low-emission engines, a 


1 percent fuel credit is used in the annual cost calculations. 


Plant overhead, taxes, insurance, and administrative costs 


are calculated as described in Section 6.1. A cost of $2,440 is 


added for emission testing. The capital recovery is calculated 


as discussed in Section 6.1.2.11. 

The resultant total annual costa for medium- and low-speed 


engines for low-emission combustion are presented in Figures 6-10 


and 6-11, respectively. The costs are essentially linear and can 


be approximated by the following equations: 




Medium-speed engines: 

Oneratins hours Total annual coat 

8,000 $8,100 + ($42.2 x hp) 

6,000 $7,600 + ($38.5 x hp) 
2,000 $6,600 + ($31.1 x hp) 

500 $6,200 + ($28.3 x hp) 

Low-speed engines: 


ins hours Total annual cost
O~erat 
8,000 $78,500 + ($82 .3  x hp) 

6,000 $71,300 + ($74.8 x hp) 
2,000 $56,000 + ($59.7 X hp) 

500 $51,400 + ($54.1 X hp) 

The total annual costs for an 80 hp, medium-speed engine range 
from $8,480 for 500 hr/yr  to $11,700 for 8,000 hr/yr. For a 

4,000 hp, medium-speed engine, the total a ~ u a l  costs range from 


$120,000 for 500 hr/yr to $177,000 for 8,000 hr/yr. The total 

annual costs for an 80 hp, low-speed engine range from $55,800 


for 500 hr/yr to $85,300 for 8,000 hr/yr. For an 8,000 hp, low- 
speed engine, the total annual costs range from $484,000 for 

500 hr/yr to $737,000 for 8,000 hr/yr. The higher range of 


annual costs for low-speed engines is attributable to the higher 


capital costs for these engines relative to medium-speed engines. 


6.2.6.3 Cost Effectiveness. The cost effectiveness 


presented in thie section is calculated using a controlled NO, 


emission rate of 2 g/hp-hs (150 ppmv), consistent with most of 
the emissions data presented in Chapter 5. The cost 


effectiveness for medium-speed engines is presented in 

Figure 6-10. For continuous-duty engines (8,000 hdyr), the cost 
effectiveness is approximately $f,200/ton for engines rated at 


100 hp or less and decreases rapidly with increasing engine size 

to less than $400/ton for a 1,000 hp engine. The cost-

effectiveness curve is relatively flat fox engines rated above 



1,000 hp, decreasing slightly from $4OO/ton for a 1,200 hp engine 


to $350/ton for an 8,000 hp engine. 

For medium-speed engines operating less than 8,000 hr/yr, 


cost effectiveness increases with decreasing operating hours. 


The increase is relatively small for larger engines but increases 

rapidly for smaller engines, especially engines less than 


l.000 hp. he cost effectiveness for these smaller engines 

ranges from approximately $4,000 to $14,000 per ton, increasing 


as engine size and annual operating hours decrease. 

As shown in Figure 6-11, for continuous-duty low-speed 


engines, cost effectiveness for low-&mission retrofit approaches 


$8,800/ton for engines less than 100 hp but decreases rapidly for 


larger engines. For engines above 1,000 hp, the cost- 


effectiveness cunre is relatively flat at less than $1,30O/ton, 

decreasing slightly with increasing engine size to a low of 

approximately $750/ton for an 8,000 hp engine. A similar cost- 


effectiveness trend applies to low-speed engines that operate 


less than 8,000 hr/yr, but the cost effectiveness increases to a 


high of over $90,00O/ton for the smallest engines operating 


500 hr/yr and decreases to approximately $15,00O/ton or less for 


engines above 1,000 hp operating 500 hr/yr. The cost- 


effectiveness range from $24,000 to $92,000 per ton is not shown 

on the plot in Figure 6-11 in order to more clearly present the 


range of $0 to $10,000 per ton. 


6.3 CONTROL COSTS FOR LEAN-BURN SI ENGINES 

The applicable control techniques for lean-burn SI engines 


are A/P adjustment, ignition timing retard, a combination of A/F 


adjustment and ignition timing retard, SCR, and low-emission 


combustion. The costs for these control techniques as applied to 

lean-burn SI engines are presented in this section. 


6.3.1 tr 1 Co 


6.3.1.1 Caaital Costs. Adjusting the A/F to a leaner 

setting requires a higher volume of air. For naturally aspirated 


enginea, this usually requires the addition of a turbocharger. 


For turbocharged engines, either modifications to the existing 




turbocharger or replacement with a larger unit may be required. 

Some manufacturers size the turbocharger to provide adequate 


airflow at minimum engine speed and full torque, and at higher 


engine speeds the output from the turbocharger is throttled or 


regulated with a bypass arrangement to maintain the desired A/F. 


For these engines, A/F adjustment to reduce NO, emission levels . 

may be possible by changing the control settings for the 


turbocharger. Changing the turbocharger control setting, 


however, reduces the operating speed range for the engine, as the 

turbocharger capacity would not be adequate at lower engine 

speeds. The lower speed range would limit the operating 


flexibility for variable-speed applications (e-g., compressor and 


pump) and increase BSFC and carbon monoxide (CO) emissions. The 


airflow capacity in some engines can be increased by changing the 

turbine nozzle ring in the existing turbocharger. Modifications 


to the existing turbocharger would also require replacement of 


the air manifold valves with an exhaust waste gate valve and 


readjustment of the A/F control setpoint. According to 


information provided by an engine manufacturer, the capital costs 

for either scenario discussed above are expected to be similar to 


or less than the costs shown in Section 6.2.1 for A/F adjustment 


for rick-burn engines. 16 


Naturally aspirated engines that cannot achieve a sufficient 


increase in the A/P to reduce NO, emission levels would require 


installation of a new turbocharger, and turbocharged engines 

would require replacement of the existing turbocharger with a 


larger unit. The capital costs presented in this section apply 


to the additisn/replacernent of a turbocharger. Not all existing 


engine deaigas will accommodate this retrofit. 


The hardware costs associated with a new turbocharger were 

estimated by an engine manufacturer to be $43,000 for engines up 


1,100 hp, and $47,500 for engines between 1,100 and 2,650; the 


associated labor cost were estimated to be 76 hr for either 

engine size.l6 Assuming a linear relationship between hardware 


costs and engine wize yields the following equation: 



Hardware costs = $40,000 + ($3 x hp) 

The PEC was calculated as the hardware cost plus labor costs 


(76 hr x $27/hr). Direct and indirect installation factors of 25 

and 20 percent of the PEC, respectively, were applied, The 


contingency factor is 20 percent of the PEC, and sales taxes and 

freight total 8 percent of the.PEC. 


Based on the above methodology, the total capital cost for 


A/F adjustment for lean-burn engines that require a new 
turbocharger are presented in Figure 6-12. The costs are linear 


and can be estimated by the equation shown below: 


Total capital costs = $73,000 + ($5.2 x hp) 

The total capital costs range from $73,800 for a 200 hp engine to 


$130,000 for an 11,000 hp engine. 


6.3.1.2 Annual Costs. For engines that do not require a 


new turbocharger, the annual costs are expected to be similar to 


or less than those shown for A/F adjustment for rich-burn engines 

in Section 6.2.1. For engines that require a new turbocharger, 


the anticipated annual costs associated with A/F adjustment 

include an increase in maintenance due to the addition of a new 


or larger turbocharger, an increase in BSFC, an emission 


compliance test, and capital recovery. The increased maintenance 


cost is estimated aa 10 percent of the PEC, plus an overhead cost 


equal to 60 percent of the maintenance cost. Based on 

information presented in Chapter 5, a fuel penalty of 3 percent 


is assessed. Taxes, insurance, and administrative costs are 


charged as shown in Table 6-2. The cost of a compliance test is 

estimated at $2,440. The capital recovery is calculated as 

discussed in Section 6.1.2.11. 


Based on the above methodology, the total annual. costs for 

A/F adjustment for lean-bum engines retrofit with a new 

turbocharger are presented in Figure 6-12. As Figure 6-12 shows, 



Figure 6-12, Total capital and annual costs and cost 
.effectivenessfor A/F adjustment in lean-burn engines,

based on the addition of a new turbocharger to the 

existing engine. 




the costs are essentially linear and can be approximated using 


the following. equations: 


O~eratins hours Total annual cost 

8,000 $21,100 + ($7.8 x hp) 
6,000 $19,200 + ($6.0 x hp) 

2,000 $15,300 + ($2.5 x hp) 

500 $13,800 + ($1.2 X hp) 

For a 200 hp engine, the total annual costs range from $14,000 


for 500 hx/yr to $22,100 for 8,000 hr/yr. For an 11,000 hp 


engine, the total annual costs range from $27,200 for 500 hr/yr 

to $106,000 for 8,000 hr/yx. 


6.3.1.3 ,Cost Effectiveness. As discussed in Chapter 5, the 


expected range of NO, reduction for A/F adjustment for lean-burn 

engines is 5 to 30 percent, and the cost effectiveness varies 


according to the actual site-specific NOx reduction. The cost 


effectiveness presented in this section is calculated using a NO, 

reduction efficiency of 20 percent. For engines that do not 


require turbocharger replacement, the cost effectiveness is 


estimated to be similar to or less than those shown for A/F 

adjustment for rich-burn engines in Section 6.2.1. 


For those engines that require a new turbocharger, the cost 

effectiveness is presented in Figure 6-12. For continuous-duty 


(8,000 hr/yr) engines, the cost effectiveness ranges from a high 


of approximately $3,70O/ton for engines rated at 200 hp or less 

and decreases rapidly as engine size increases, to $1,00O/ton or 


less for 1,000+ hp engines. 


Cost effectiveness is higher for engines operating less than 


8,000 hr/yr, especially for engines less than 1,000 hp. For 


these smaller engines the cost effectiveness increases rapidly, 


especially for engines that operate 2,000 hr/yr or less. The 


cost effectiveness for these engines ranges from approximately 

$2,400 to $7,500 per ton for 1,000 hp engines and from $10,500 to 


$38,000 per ton for 200 hp engines. The cost-effectiveness range 

from $12,000 to $38,000 per ton is not shown on the plot in 




Figure 6-12 in order to more clearly present the range of $0 to 

$10,000 per ton. 


6.3.2 Co rol Co 

6.3.2.1 Ca~ital Costs. For effective and sustained NO, 


reduction with changes in engine load and ambient conditions. the 


engine must be fitted with an electronic ignition control system 


to automatically adjust the ignition timing. The total capital 


costs for ignition timing retard applied to lean-burn SI engines 


are expected to be the same as for rich-burn engines, dresentcd 

in Section 6.2.2.1 and shown in Figure 6-13. 


6.3.2.2 -oats. The anticipated annual costs 


associated with ignition timing retard include an increase in 

maintenance due to the addition of the electronic ignition 
control system, an increase in BSFC, an emission compliance test, 

and capital recovery. The increased maintenance cost is 


estimated as 10 percent of the PEC, plus an overhead cost equal 

to 60 percent of the maintenance cost. Based on information 


presented in Chapter 5, a fuel penalty of 3 percent is assessed. 

Taxes, insurance, and administrative costs are charged as shown 

in Table 6-2, and a cost of $2,440 is included for emissions 

testing. The capital recovery is calculated as discussed in 


Section 6.1.2.11. 

Based on the above methodology, the total annual costs for 


ignition timing retard for lean-burn engines are presented in 

Figure 6-13. As Figure 6-13 shows, the costs are essentially 

linear and can be approximated using the following equations: 


D- Total arm-1 cost 
8,000 $6,840 + ($6.8 x hp) 

6,080 $6,250 + ($5.2 x hp) 
2,000 $ 5 , 0 7 0  + ($1.8 x hp) 

500 $4,620 + ($0.6 x hp) 

For a 200 hp engine, the total annual costs range from $4,460 for 
500 hr/yr to $7,210 for 8,000 hr/yr. For an 11,000 hp engine, 





the total annual costs range from $10.800 for 500 hr/yr to 


$81,100 for 8.000 hr/yr. 


6.3.2.3 Cost Bffectivenesq. As discussed in Chapter 5. the 

expected range of NO, reduction for the ignition retard for 

lean-burn engines is 0 to 20 percent. and the cost effectiveness 

varies according to the actual site-specific NO, reduction. The 


cost effectiveness resented in this section is calculated using 
a NO, reduction efficiency of 10 percent. For engine 


installations already equipped with an electronic ignition 


control system. no additional equipment purchase is necessary, 

and the cost effectiveness is estimated to be less than 


$1.000/ton for all but the smallest engines operating in stand-by 


applications. 


For those engines which require installation of an 


electronic ignition system, the cost effectiveness is presented 


in Figure 6-13. For continuous-duty engines (8.000 hr/yr), the 


cost effectiveness ranges from a high of approximately $2.400/ton 

for engines rated at 200 hp or less down to less than $1,80O/ton 


for engines rated at 1.000+ hp. 


Cost effectiveness is higher for engines operating at less 

than 8.000 hr/yr. especially for engines less than 1.000 hp. For 

these smaller engines the cost effectiveness increases rapidly. 

especially for engines less than 1.000 hp that operate 


2.000 hr/yr or less. The cost effectiveness for these engines 


ranges from approximately $1.800 to $5.000 per ton for 1.000 hp 

engines to $6.800 to over $24,000 per ton for 200 hp engines. 
The cost-effectiveness range from $10.000 to $24,000 per ton is 


not shown on the plot in Figure 6-13 in order to more clearly 

present the range of $0 to $10,000 per ton. 


6,3.3 Con o Iunition Timincq 

. Retard 

6.3.3.1 Canital Cnsts. The capital costs presented in this 

section apply to installing both a new turbocharger and an 

electronic ignition system on the engine. Where an existing 

engine doea not require modification ( i t  the turbocharger 
capacity is adequate for A/F adjustment and the engine is 




equipped with an electronic ignition system), no additional 


equipment is required. In this case, capital costs are expected 


to be approximately $4,000 or less. This cost includes an 

emission compliance test and approximately 25 labor hours and 


associated direct/indirect and contingency factors to perform the 


adjustments on the engine. Where an existing engine requires 


only one of the control 'system modifications ( i .e ., turbocharger 
modification/replacement or electronic ignition system), the 


capital costs are presented in Sections 6.3.1 and 6.3.2. 

For engines that require installation of a new turbocharger 


and an electronic ignition system, the capital costs are 

estimated to be equal to the sum of the costs for each system. 


The combined PEC for these systems can be approximated by the 


following equations: 


Engines to 1,000 hp: PEC = $49,600 + ($3  x hp) 

Engines to 1,001 to 2,500 hp: PEC = $52,100 + ($3 x hp) 

Engines over. 2,500 hp: PEC = $57,100 + ($3 x hp) 

Direct and indirect installation factors are each estimated at 


20 percent of the combined PEC. The contingency factor is 


20 percent of the PEC, and sales taxes and freight are 8 percent 


of the PEC. 


Based on the abwe methodology, the total capital costs for 

the combination of A/F adjustment and ignition timing retard for 

lean-burn engines requiring both a new turbocharger and 


electronic ignition system are presented in Figure 6-14. The 


costs can be approximated by the following equations: 


Engines to 1,000 hp: TCC = $83,200 + ($5.0 x hp) 

Engines to 2,500 hp: TCC = $87,500 + ($5.0 x hp) 
Engines above 2,500 hp: TCC = $95,800 + ($5.0 x hp) 

The total capital costs range from $85,700 for a 200 hp engine to 

. . 

$lS1,000 for an 11,000 hp engine. 




Figure 6-14. Total capital and annual costs and cost 
effectiveness for A/F adjustment and ignition timing retard in 

lean-burn SI engines, based on addition of a new turbocharger 


and an electronic ignition system. 




6.3.3.2 Annual Costs. The anticipated annual costs 


associated with the combination of A/F adjustment and ignition 


timing retard include an increase in maintenance due to the 


installation of a new turbocharger and electronic ignition 


control system, an increase in BSFC, an emission compliance 

test, and capital recovery. The increased maintenance cost is 


estimated as'lO percent of the PEC, plus an overhead cost equal 


to 60 percent of the maintenance cost. Based on information 


presented in Chapter 5, a fuel penalty of 5 percent is assessed. 

Taxes, insurance, and administrative costs are charged as shown 

in Table 6-2, and the compliance test cost is estimated at 


$2,440. The capital recovery is calculated as discussed in 


Section 6.1.2.11. 


Based on the above methodology, the total annual costs for 


the combination of A/F adjustment and ignition timing retard for 
lean-burn engines are presented in Figure 6-14. As Figure 6-14 


shows, the costs are esaentially linear and can be approximated 


using the following equations: 


O~eratins hours T-

8,000 $24,900 + ($12.4 x hp) 

6,000 $22,500 + ( $ 9 . 5  X hp) 

2,000 $17,600 + ($3.8 x hp) 
500 $15,700 + ($1.7 x hp) 

For a 200 hp engine, the total annual costs range from $15,700 


for SO0 hr/yr to $26,000 for 8,000 hr/yr. For an 11,000 hp 

engine, the total annual costs range from $33,600 for 500 hr/yr 


to $160,000 for 8,000 hr/yr. 


6.3.3.3 C_os_t_&ff_e_c_t_iv_eness. As discussed in Chapter 5, the 


expected range of NO, reduction for the .cornbination of A/F 

adjustment and ignition retard for lean-burn engines is 20 to 

40 percent, and the cost effectiveness varies according to the 

actual site-specific NO, reduction. The cost effectiveness 


presented in this section is calculated using a NOx reduction 

efficiency of 25 percent. For engine installations already 




equipped with both automatic A/F and electronic ignition control 


systems, no additional equipment purchase is necessary, and the 


cost effectiveness is estimated to be less than $1,00O/ton for. 

all but the smallest engines operating in stand-by applications. 


For those engines equipped with provisions for one but not both 

control systems, the second control system must be purchased and 


insualled.  The cost effectiveness in this case is less than that 
shown in Figure 6-12 or 6-13 for either control used 


independently, because the 25 percent NO, reduction efiiciency is , 

higher than that used in either of these figures. 


For continuous-duty engines, the cost effectiveness for A/F 


adjustment plus ignition timing retard in lean-bum engines is 


over $3,50O/ton for a 200 hp engine but decreases rapidly as 

engine size increases. For engines above 1,000 hp, the cost- 


effectiveness curve is relatively flat at approximately 

$1,00O/ton for a 1,000 hp engine and decreases to approximately 

$400/ton for an 11,000 hp engine. 


A similar cost-effectiveness trend applies for engines that 


operate less than 8,000 hr/yr, but the cost effectiveness 

increases to a high o f  $34,00O/ton for the smallest engines 

operating 500 hr/yr and decreases to less than $9,00O/ton for 

1,000 hp engines and less than $2,00O/ton above 5,000 hp. The 


cost-effectiveness range from $10,000 to $34,000 per ton is not 

shown on the plot in Figure 6-14 in order to more clearly present 


the range of $0 to $10,000 per ton. 

6 . 3 - 4  Co trol Co for SCR 

6.3.4.1 Caaital Casts. Capital costs for SCR are estimated 

using installed cost estimates available from three 

sources.5 , 2 2 1 2 3  These cost estimates are presented in 
Figure 6-15 and include the catalyst, reactor housing and 


ductwork, ammonia injection sys.tem, controls, and engineering and 
installation of the equipment, The line drawn on Figure 6-15 was 

used to develop the capital costs for SCR systems, and the 
equation of this line is given below: 




I 
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Figure 6-15. Installed costa for selective catalytic reduct on timated by catalyst 


vendors for gas-fired, lean-burn engines.$2.23 '  



Installed vendor cost estimates = $93.800 + ($42 x hp) 

It is expected that most SCR installations would rewire a
-
C E M ,  and the additional cost for this is estimated at $85.000, 
regardless of engine size.5 The total PEC for SCR with a CBMs 

can be approximated using the following equation: 


. . 

Purchased equipment cost = $l79,OO,O+ ($42 x hp) 

This equation includes installation costs, the direct and 


indirect installation factors are reduced to 25 and 20 percent of 


the PECI respectively. The contingency factor is 20 percent of
-

the PEC. Sales taxes and freight are assessed as shown in 


Table 6-1. 

Based on the above rnethodology, the total capital costs for 


SCR for lean-burn SI engines are presented in Figure 6-16. These 


costs are essentially linear and can be estimated by the 


following equation: 


Total capital costs = $310,000 + 

The total capital costs range from $324.000 for a 200 hp engine 


to $lI1lOiOOO for an 11,000 hp engine. 

6 . 3 . 4 . 2  -a. The anticipated annual costs 
associated with SCR include an increase in operating labor and 

maintenance due to the addition of the anwonia injection and 

CEMS; an increase in BSFC; catalyst cleaning, replacement, and 
disposal; an emission compliance test; and capital recovery. The
-
increased operating labor is calculated as 3 hr per 8-hr shift. 

with supervisory labor as an additional 15 percent of operating 

labor. Maintenance costs are estimated as 10 percent of the PEC. 


plus an overhead cost equal to 60 percent of the maintenance 

cost. Based on information presented in Chapter 5, a fuel 


penalty of 0.5 percent is assessed. 


Based oa information provided in References 8 and 20, the 

volume of catalyst For SCR applications is approximately twice 




Figure 6-16, Total capital and annual costs and cost 

effectiveness for selective catalytic reduction for lean-burn 


engines, including a continuous emission monitoring system. 


6-53 



that required for NSCR applications. This is due in part to the 


higher airflows associated with the scavenge requirements for 


2-cycle engines; other factors were not discussed in the 

references. The cleaning cost used for NSCR in Section 6.2.5 was 


therefore doubled to $1.50/hp for SCR catalyst cleaning, plus 


10 percent for freight. A cleaning schedule of once every 1.5 yr 

(12,000 hr) is used for SCR, consistent with that for NSCR. A 


catalyst life of 3 yr (24,000 hr), consistent with guarantees 


offered by most catalyst vendors, is used. his results in one 
catalyst cleaning operation prior to catalyst replacement, or the 


requirement of one cleaning operation every 3 yr (36,000 hr). 


The annual cost for cleaning based on this schedule is calculated 

as $0.50/hp plus 10 percent for freight. 


A catalyst replacement cost of $lO/hp is estimated based on 

cost information from Reference 5. using a catalyst replacement 


schedule of every 3 yr, the annual cost is calculated as 

$3.33/hpI plus a0 percent for freight. 

To date, very little cost infonnation is available for 


disposal of spent catalyst material because most catalyst 


applications have not yet replaced existing catalyst material. 


Most catalyst vendors accept return of spent catalysts, but 

details of these return policies and associated costs, if any, 


were not provided. Catalyst disposal costs were estimated at 

$15 per cubic foot ($15/ft3) by one catalyst vendor for spent 


zeolite catalyst material. Based on a cost of $15/ft3 and an 

estimated catalyst volume ot 0.002 ft3/hp, the catalyst disposal 

cast is $0.03/hp. 8 1 2 0  The annual cost for disposal, using a 3-yr 
catalyst life, iw $O,Ol/hp. This cost applies to nonhazardous 


material dispoeal, and disposal costs are expected to be higher 

for spent catalyst material that contains vanadium pentoxide, 


where this material has been classified as a hazardous waste by 

State or local agencies. 


The operating c ~ s t  for the ammonia system includes the cost 


for the m o n i a  (NH3)and the energy required for amnonia 


vaporization and injection. Costs for anhydrous ananonia were 
wed because it is the moat common anmonia system. Steam is 



selected for ammonia vaporization and dilution to a 5 percent 


anunonia solution by volume for injection. The cost of anhydrous 


ammonia was estimated at $250/ton.24 Steam costs were estimated 


at $6/1,000 lb.2 Using a NOx/NH3 molar ratio of 1.0, the annual 


costs for ammonia and steam consumption are: 


Ammonia = N x hp x hours x (NH3MW/NO, MW) x (1 1b/454 g) x 

(1 ton/2000 lb) x $250/ton 

= N x hp x.hours x 1.01 x and 

N x hp x hours x 9.83 x 10'~ 


where : 

N = uncontrolled NO, emissions, g/hp-hr; 

hp = engine horsepower; 

hours = annual operating hours; 
NH3 MW = molecular weight of NH3 = 17.0; 

NO, MW = molecular weight of NO, = 46.0; and 

H20 MW = molecular weight of H20 = 18.0. 

Taxes, insurance, and administrative costs are charged as shown 


in Table 6-2, and an emission test cost.of $2,440 is included. 

The capital recovery is calculated as discussed in 


Section 6.1.2.11. 


Based on the above methodology, the total annual costs for 


SCR are presented in Figure 6-16. As this figure shows, the 


costs are essentially linear and can be approximated using the 

following equations: 




Omratins hours Total annual cost 

8,000 $171,000 + ($49.7 x hp) 
6,000 $140,000 + ($40.0 x hp) 
2,000 $79,300 + ($20.6 x hp) 

500 $56,400 + ($13.3 x hp) 

For a 200 hp engine. the total annual costs range from $59,100 


for 500 hr/yr to $181,000 for 8,000 hr/yr. For an 11,000 hp 

engine, the total annual costs range from $203,000 for 500 hr/yr 
to $717,000 for 8,000 hr/yr. 


6.3.4.3 Cost Effectiveness. As discussed in Chapter 5, the 


achievable NO, reduction efficiency for SCR is 90 percent, and 


this figure is used to calculate the effectiveness presented in 


Figure 6-16. For continuous-duty (8,000 hr/yr) engines, the cost 


effectiveness ranges from a high of approximately $6.800/ton for 


engines rated at 200 hp or less and decreases rapidly as engine 

size increases, to approximately $1,60O/ton at 1,000 hp and 
$500/ton at 11,000 hp. 

Cost effectiveness is higher for engines operating less than 

8,000 hr/yr, especially for engines under 1,000 hp. For these 

smaller engines. the cost effectiveness increases rapidly as 

engine size decreases, especially for engines operating 


2.000 hr/yr or 1.~8. The cost.effectiveness for these engines 


ranges from approximately $3,000 to $8,500 per ton for 1,000 hp 

engines and increases to $12.000 t o  over $35,000 per ton for 
200 hp engines. The portion of the cost-effectiveness range from 


$13.000 to $35.000 per ton is not shown on the plot in Figure 6 -

16 in order to more clearly present the range of $0 to $10.000 

per ton. 


6 , 3 . 5  3,ve 00 
Because the hardware and installation requirements for 


conversion to low-emission combustion are essentially the same 


for either rich-burn or lean-burn engines, the capital costs are 


considered to be same tor either engine type. Annual costs are 

also essentially the same, except that a fuel credit of 3 percent 
is axgected for lean-burn engine conversions. compared to 




1 percent for rich-burn engines. This difference in fuel costs 


is a very minor portion of the total annual costs, and the costs 

and cost effectiveness presented in Section 6.2.6 are considered 


to apply for low-emission conversion of either rich-bum or lean- 


burn engines. 


6.4 CONTROL COSTS FOR COMPRESSION IGNITION ,(CI)ENGINES 


The control techniques for diesel and dual-fuel engines are 

injection timing retard and SCR. For dual-fuel engines, low- 


emission combustion engine designs are also available from some 


manufacturers. The cost methodologies for control techniques 


applied to CI engines are presented in this section. 


6.4.1 1 

6.4.1.1 Caoital Costs. It is expected that injection 


timing retard for a CI engine requires an automated electronic 


control system similar to ignition timing adjustment for an SI 


engine. Capital costs, therefore, are estimated on the same 


basis as ignition retard costs for Sf engines, presented in 

Section 6.2.2.1. The total capital costs for injection timing 

retard are shown in Figures 6-17 and 6-18 for diesel and dual- 


fuel engines, respectively. 


6.4.1.2 Annual Costs. Annual costs for injection timing 

retard are calculated using the same methodology as that used for 


ignition timing retard for SI engines in Section 6 - 2 . 2 . 2 .  A 

3 percent fuel penalty is used for both diesel and dual-fuel 

engines. The total annual costs for injection timing retard in 


CI engines are presented in Figures 6-17 and 6-18 for diesel and 

dual-fuel engines, respectively. The costs are essentially 


linear and can be estimated by the following equations: 


Diesel engines: 

Oneratins hourg Total annual costs 

8,000 $6,150 + ($9.2 X hp) 
6,000 $5,680 + ( $ 6 . 9  X hp) 

2,000 $4,740 + ($2.5 x hp) 

500 $4,390 + ($0.8 x hp) 



Figure 6-17. Total capital and annual costs and cost 
effectiveness f o r  in jec t ion  timing retard in diesel engines, 

based on installation of an electronic ignition system. 
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Figure 6-18. Total capital and annual costs and cost 
effectiveness for injection timing retard in dual-fuel engines, 


based on installation of an electronic ignition system. 




Dual-fuel engines: 

Total annual costs 

8,000 $7,060 + ($6.4 x hpl 
6,000 $6,380 + ($4.9 x hp) 
2,000 $5,040 + ($1.8 x hp) 
500 $4,530 + ($0.7'~hp) 

The total annual costs f o r  an 80 hp diesel engine range from 
$4.390 f o r  500 hr/yr to $6,230 for 8,000 hr/yr. For an 81000 hp 
diesel engine, the total annual costs range. from $10,600 for 


500 hr/yr to $77,900 for 8,000 hr/yr. The total a ~ u a lcosts for 
a 700 hp dual-fuel engine range from $4,650 for 500 hr/yr to 


$10,300 for 8,000 hr/yr. For an 8,000 hp dual-fuel engine, the 


totab annual costs range from $9,300 for 500 hr/yr to $57,200 for 

8,000 hr/yr. 


6.4.1.3 Cost Effectiveness. Based on information in 


Chapter 5, cost effectiveness is calculated for diesel and dual-

fuel engines using a NO, reduction efficiency of 25 and 


28 percent, respectively. For diesel engines the cost 

effectiveness is presented in Figure 6-17 and for continuous-duty 

diesel engines ranges from a high of approximately $3,000/ton for 

an 80 hp engine to $375/ton for an 8,000 hp engine. The cost 


effectiveness drops rapidly and is less than $1,00O/ton for 

continuous-duty diesel engines larger than 300 hp. Cost-


effectiveness figures increase as annual operating hours 


decrease, and for diesel engines operating 500 hr/yr range from 

over $33,00O/toa for an 80 hp engine t o  as low as $802/ton for an 
8,000 hp engine. The cost-effectiveness range from $10,000 to 


$33,000 per ton is not shown on the plot in Figure 6-17 in order 

to more clearly present the range of $0 to $10,000 per ton. 


For dual-fuel engines, the cost effectiveness is presented 

in Figure 6-18. For continuous-duty dual-fuel engines, cost 


effectiveness is $1,80O/ton or less for all engines in this 


study, ranging from a high sf approximately $1,00O/ton for a 


708 hp engine to $500/ton for an 8,000 hp engine. Cost-

effectiveness figures increase as annual operating hours 




decrease, and for diesel engines operating 500 hr/yr range from 


over $7,10O/ton for an 80 hp engine to a low of $1,25O/ton for an 

8,000 hp engine. 


6.4.1.4 Control Costs for Diesel and Dual-Fuel SCR 


Amlications. 


6.4.1.5 Ca~italCosts. Capital cost estimates for diesel 


and dual-fuel engine SCR applic.ations were provided by two SCR 

vendors.2 3 1 2 5  These cost estimates are presented in Figure 6-19. 
One vendor provided an equation to estimate costs for base-metal 

catalyst systems; the other vendor's cost estimates are for 


zeolite catalyst systems and were given as a range, in $/hp. 
Both vendors said that the costs are for systems that achieve a 


NO, reduction esficiency of 90 percent. The capital costs shown 


in Figure 6-19 include the catalyst, reactor housing and 

ductwork, ammonia injection system, controls, and engineering and 


installation of this equipment. The line in this figure is used 


to represent the installed cost for SCR for either a base-metal 

or zeolite catalyst, and the equation of this line is given 


below: 


Capital costs = $22,800 + ($56.4 x hp) 

This equation is similar to that for SI engine SCR applications; 

the lower capital costs for CI engines are expected to be the 


result of lower exhaust flows and NO, emission rates for CI 


engines. It is expected that most SCR installations would 


require a CEMS, and the additional cost for this is estimated at 


$85,000, regardless 02 engine size.25 The total PEC for SCR with 


a CEMS can be estimated using the following equation: 


Purchased equipment cost = $108,000 + ($56.4 x hp) 

This equation includes installation costs, so the direct and 


indirect installation factors are.reduced to 25 and 20 percent of 


the PEC, respectively. The contingency Factor is 20 percent of 






the PEC. Sales taxes and freight are assessed as shown in 

Table 6-1. 


Based on the above methodology, the total capital costs for 

SCR for diesel and dual-fuel engines are presented in 

Figures 6-20 and 6-21, respectively, and can be estimated by the 

following equation: 


. . 

Total capital costs = $187.000 + ($98 x hp) 

The total capital costs for diesel engines range from $195,000 


for an 80 hp engine to $967,000 tor a 8,000 hp engine. The total 


capital costs for dual-fuel engines range from $255,000 for a 

700 hp engine to $967,000 tor a 8.000 hp engine. 


6.4.1.6 Annual Costa. The anticipated annual costs 


associated with SCR include an increase in operating labor and 

maintenance due to the addition of the anunonia injection and 


C E M ;  an increase in BSFC; catalyst cleaning, replacement, and 

disposal; an emission compliance test; and capital recovery. The 


cost methodology used to estimate the costs for 

operating/supelvisoryiso labor, maintenance, ammonia, steam diluent, 


and fuel penalty are the same as those for ST engines presented 


in Section 6.3.4.2. 


The costs associated with catalyst cleaning, replacement, 


and dispoaal are estimated using the same methodology as that 

presented in Section 6.3.4.2,'but the annual costs are reduced to 

75 percent of those used for 91 engines. The 75 percent figure 


is approximately the ratio of the capital cost estimate factors 


of $42/hp to $56/hp used in the purchased equipment equations, 

and this 75 percent figure isexpected to compensate for the 

reduced catalyst volume required for CI engines. Some base-metal 


catalyst vendors said that cleaning requirements are more 

frequent for diesel-fueled applications, and so the cleaning 


schedule is adjusted from every 12,000 hr used for $1 engines to 

every 8,000 hr. The annual costs tor catalyst cleaning, 


. . . .-.- - ..--. -- -. . . - - - .  ...- ---. . .  -

replacement, and disposal tor continuous -duty applications were 


estimated at $0.76/hp, $2.50/hp, and $O.Ol/hp, respectively. plus 
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Figure 6 - 2 0 .  Total capital and annual costs and cost 
effectiveaess for selective catalytic reduction* for diesel 

engines, including a continuous emission monitoring system. 




Figure 6-21. Total capital and annual costs and cost 
----- - -effectivenessfor selective catalytic reduction for dual-fuel 

engines, including a continuous emission monitoring system. 
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10 percent for freight. The disposal cost applies to 


nonhazardous material disposal, and disposal costs are expected 


to be higher for spent catalyst material that contains vanadium 


pentoxide where this material has been classified as a hazardous 


waste by State or local agencies. 

Plant overhead, taxes, insurance, and administrative costs 

are calculated as described in Section 6.1,3. A cost OF $2,440 
is included for emission testing, and capital recovery is 


calculated as discussed in Section 6.1.2.11. 

Using this methodology, the total annual costs for diesel 


engine SCR applications are presented in Figure 6-20 and can be 


estimated using the following equations: 


Onerstins hours Total annual c o ~ t  

8,000 $141,000 + ($47.8 x hp) 
6,000 $113,000 + ($39.5 x hp) 
2,000 $58,100 + ($22.9 x hp) 
500 $37,300 + ($16.7 x hp) 

For dual-fuel engines, the total annual costs for SCR 

applications are preeented in Figure 6-21 and can be estimated 


using the following equations: 


Oaeratifiq hours Total annual cost 

8,000 $141,000 + ($42.1 x hp) 

6,000 $113,000 + ($35.2 x hp) 
2,000 $58,100 + ($21.5 x hp) 
500 $37,300 + ($16.3 x hp) 

The total annual costs for an 80 hp diesel engine range from 
$38,700 for 500 hr/yr to $145,000 for 8,000 hr/yr. For an 

8,900 hp diesel engine the total annual costs range from $171,000 


fax 500 hr/yr to $523,000 for 8,000 hr/yr. -Thetotal annual 

costs for a 700 hp dual-fuel engine range from 
... 

$48,800 for 
- - .. . 

for 8,ooo hr/yr. F O ~soo hr/yr t o  $i~o.oo~ an 8.000 hp dual-fuel 



engine, the total annual costs range from $168,000 for 500 hr /yr  

to $478,000 for 8,000 hx/yr. 


6.4.1.7 Cost Effectiveness. Zeolite catalyst vendors 


guarantee a 90 percent NO, reduction efficiency for diesel and 


dual-fuel SCR applications. Base-metal catalyst vendors also 


offer a 90 percent NO, reduction efficiency, although some 


vendors said that cleaning requirements increase for this 


reduction efficiency over that required for an 80 percent 

reduction level. A 90 percent NO, reduction efficiency is used 

to calculate cost effectiveness in this section. 


The cost effectiveness for diesel engines is presented in 

Figure 6-20 and for contiriuous-duty diesel engines ranges from a 

high of over $19,00O/ton for an 80 hp engine to less than 


$700/t0n for an 8,000 hp engine. The cost effectiveness drops 


rapidly and is less than $3,00O/ton for continuous-duty diesel 

engines larger than 600 hp. Cost-effectiveness figures increase 


as annual operating hours decrease, and for diesel engines 

operating 500 hr/yr range from over $80,00O/ton for an 80 hp 
engine a low of $3,90O/ton for an 8,000 hp engine. The cost-


effectiveness range from $32,000 to $82,000 per ton is not shown 


on the plot in Figure 6-20 in order to more clearly present the 

range of $0 to $10,000 per ton. 


For dual-fuel engines, the cost effectiveness is presented 


in Figure 6-21. For continuous-duty dual-fuel engines, cost 


effectiveness ranges from a high of approximately.$3,600/ton for 

a 700 hp engine to approximately $900/ton for an 8,000 hp engine. 


Cost-effectiveness figures increase as annual operating hours 


decrease, and for dual-fuel engines operating 500 hr/yr range 

from over $16,00O/ton for an 80 hp engine to a low of $5,00O/ton 
for an 8,000 hp engine. The cost-effectiveness range from 


$10,000 to $16,000 per ton is not shown on the plot in Figure 6 -

21 in order to more cleazly present the range of $0 to $10,000 


per ton. 




6 . 4 . 2  Control Costs for Conversion to Low-Emission Combustion 
~ual-fuel engine manufacturers have developed low-emission 


engine designs for some dual-fuel engines. These engine designs 


are relatively new, and limited cost information was available to 


develop the costs presented in this section. 


The hardware and labor requirements to retrofit low-emission 

combustion to an existing engine are similar in scope to a major 

engine overhaul. If the low-emission combustion retrofit is 


scheduled to coincide with a scheduled major engine overhaul, the 

capital costs and cost-effectiveness figures will be less than 


those shown in this section. 


6.4.2.1
 -.
 Capital costs for the hardware to 

retrofit existing dual-fuel engines to low-emission combustion 


were available from only one engine manufacturer for one line of 

engines. No incremental costs for low- emission designs 


compared to conventional engine costs were available for new 


installations. The retrofit hardware costs were approximately 


30 percent higher than for retrofit o f  a comparable low-speed, 
large-bore SI engine. Applying this 30 percent factor to the 


costs shown in Section 6.2.6.1 results in the following equation: 


Retrofit hardware costs = $182.000 + ($200 x hp) 

The low-emission design requires higher combustion airflows and 


an upgraded turbocharger, similar to SI designs. Consistent with 

the SI engine cost methodology, the retrofit hardware cost is 


multiplied by 1.3 to cover the cost of replacing the inlet and 

exhaust systems and aerial cooler. Taxes and freight are 

assessed as shown in Table 6 - 1 .  Direct and indirect installation 

factors of 1 5  and 20 percent, respectively. are included, along 

with a contingency factor of 20 percent. Based on this 

methodology, the.tctal.capita1 costs For retrofit of existing 


dual-fuel engines to low-emission combustion are preaented in 

F i g u r e  6-22 and can be aatimated by the following equation: 



Figure 6-22.  Total capital and annual costs and cost 
effectiveness for retrofit to low-emission combustion 


for dual-fuel engines. 




Total capital cost = $405,000 + ($450 x hp) 

The total capital costs range from $720,000 for a 700 hp engine 

to $4,000,000 for an 8,000 hp engine. 


6.4.2.2 Annual Costs. Annual costs associated with 


low-emission combustion include maintenance and overhead, fuel 


consumption, taxes, insurance, administrative costs, and capital 


recovery. No power reduction results from low-emission 


combustion, and no increase in operating labor is expected. 


Maintenance costs are calculated as 10 percent of the PEC, 

plus overhead equal to 60 percent of maintenance costs. A fuel 


penalty of 3 percent is assessed and is calculated based on 


100 percent natural gas fuel to simplify the calculation. 


(Diesel fuel represents only 1 percent of the total fuel 

consumption.) Plant overhead, taxes, insurance, administrative 


costs, and capital recovery are calculated as discussed in 

Section 6.1. An mission test cost of $2,440 is also included. 
The capital recovery cost is included as discussed in 

Section 6.1.2.11. 


The resultant total annual costs for low-emission combustion 


for dual-fuel engines are presented in Figure 6-22, and can be 

estimated by the following equations: 


O~esatins hours Total annual coat 

8,000 $102,000 + ($115 x hp) 
6,000 $92,200 + ($103 x hp) 
2,000 $72,800 + ($79.3 X hp) 
500 $65,500 + ($70.4 x hp) i 

The total annual costs for a 700 hp dual-fuel engine range from 
$115,000 for 500 kr/yr to $182,000 for 8.,000hr/yr. For an 8,000 
hp dual-fuel engine, the total annual costs range from $628,000 
for 500 hr/yr to $1,020,000 for 8,000 hr/yr. 


6 .4 .2 .3  Cost Effectiveness. Data presented in Chapter 5 
suggests that controlled NO, emission levels Lor low-emission 

dual-fuel engine designs range from 1.0 to 2.0 g/hp-hr. A 




2.0 g/hp-hr controlled NOx emission level is used to calculate 


cost effectiveness, as presented in Figure 6-22. 


For continuous-duty engines (8,000 hr/yr), the cost 

effectiveness is approximately $4,56O/ton for a 700 hp engine and 

decreases to $2,25O/ton for an 8,000 hp engine. The cost 

effectiveness increases for engines operating less than 


8,000 hr/yr, and is $46,10O/ton for a.700 hp engine.operating 

500 hr/yr and $22,10O/ton for an 8,000 hp engine operating 


500 hr/yr. The cost-effectiveness range from $30,000 to 


$46,000 per ton is not shown on the plot in Figure 6-22 in order 

to more clearly present the range of $0 to $10,000 per ton. 
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7.0 ENVIRONMENTAL AND ENERGY IMPACTS . 

This chapter presents environmental and energy impacts for 


the NO, emission control techniques described in Chapter 5. These 


control techniques are air-to-fuel ratio (A/F) adjustment, 

ignition timing retard, a combination of A/F adjustment and 


ignition timing retard, prestratified charge (pSCm),nonselective 


catalytic reduction ( N S C R ) ,  selective catalytic reduction (SCR), 

and conversion to low-emission combustion. The impacts of the 


control techniques on air pollution, solid waste disposal, and -

energy consumption are discussed in this chapter. 


This chapter is organized in three sections. Section 7.1 


presents air pollution impacts; Section 7.2 presents solid waste 


impacts; and Section 7.3 presents energy consumption impacts. 


7.1 AIR POLLUTION 


Applying the control techniques discussed in Chapter 5 


reduces NO, emissions from spark-ignited (SI)and compression-


ignited (CI) engines. The tables in this section present 


uncontrolled NOx emissions, percent NO, reduction, controlled NO, 


emissions, and annual NO, removed for each control technique. 


Since the applicable control techniques vary by type of engine, 

tables in this section are organized by engine type. 

Furthermore, the tables presented in this section are for 

continuous-duty engines operating at 8,000 hours per year 


h . Nitrogen oxide emission reductions for engines 

operating at reduced anma1 capacity levels would be calculated 

by prorating the NO, reductions shovin in these tables. 


7.1.1 &Qx]rn $1 Ensines . 

The available control techniques for rich-burn Sf engines 


(discussed in Section 5.1) are A/F adjustment, ignition timing 

retard, a combination of A/F adjustment and ignition thing 
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TABLE 7 - 2 .  LEAN-BURN SI ENGINES 

Percent NOx Controlled NOx, NO, renwvd,Pours Uthco&oIled Coa&ol tdmiqw 
output, HP NO,, tody t  i.ecluctfoa tondyr tonsly 

200 29.6 AIF Adjustment 20 23.7 5.9 
200 29.6 IT RetPrd 10 26.6 3.O 
200 29.6 A/F & IT Adjustment 22 22.2 7.4 

29.6 SCR 90 3.O 26.6200 
29.6 Law-Emission Combustion 88 3 .5 26.1200 

350 51.8 AIF Adju-ent 20 41.4 10.4 
350 51.8 IT Regrd 10 46.6 5.2 
350 51.8 A/F & IT Adjustment 25 38.9 13.0 

51.8 SCR 90 5.2 . 46.6350 
350 51.8 Low-Ennssion Combusaon 88 6.2 45 -6 

550 81.4 AIF Ad- 20 65.1 16.3 
550 81.4 ITRccprd 10 73.3 8.1 
550 81.4 AIF & IT A d . .  25 61.1 20.4 
550 81.4 SCR 90 8.1 73-3 
550 81.4 Low-Emission Combustion 88 9.69 71.7 

800 118 AIF Ad- 20 94.7 23.7 
800 118 lT R d 10 107 11.8 
800 118 AIF & IT Adjustmeat 25 88.8 29.6 
800 118 SCR 90 11.8 107 
800 118 Low-EmissionCombustion 88 14.1 104 

1350 200 An= Adjus4~~d  20 160 40.0 
1350 200 IT R d 10 1 80 20.0 
1350 200 AIF & IT Adjustment 25 150 50.0 
1350 200 SCR 90 20.0 180 
1350 200 Low-EmissionCombdon 88 23.8 176 

1550 229 AIF Ad- 20 184 45 .9 
1550 229 IT RecPtd 10 206 22.9 
1550 229 AIF & IT Adjusrment 25 172 57.4 
1550 229 SCR 90 22.9 206 
1550 229 Low-Enri9sion Combustion 88 27.3 202 
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10 266 ' 29.6 
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2000 296 SCR 90 29.6 266 
2000 296 Low-Emission Combusha 88 35.2 26 1 
2500 370 AIF Ad- 20 296 74.0 
2500 370 lT R d 10 333 37.0 
2500 370 AIF&ITAdjustmeat 25 278 . 92.5 
2500 370 SCR 90 37.0 333 
2500 370 Low-Emision Combustion 88 44.1 326 

3500 518 AIF Ad- 20 414 104 
3500 518 IT- 10 466 51.8 
3500 518 AIP & IT Adjlwbmmt 25 389 130 
3500 518 SCR 90 51.8 466 
3500 518 Low-Emissioa Combustion 88 61.7 456 
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25 885 

I 
295 

90 1 1 2 0  1,060 
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),NTABLE 7-3. EMISSION REDUCTIONS FOR DIESEL CI ENGINES 

Pctaat NO, 
Control technique reduction I NO,, tonslyr tonslyr 

LT Retard 25 I 6.3 2.1 
SCR (base metal) 80 1.7 6.8 
SCR (zeolite) 90 0.85 7.6 

IT Retard 25 11.9 - 4.0 
SCR (base metal) 80 3.2 12.7 
SCR (zeolite) 90 . 1.6 14.3 

ITRetatd 25 19.8 6.6 
SCR (base metal) 80 5.3 21.1 
SCR (zeolite) 90 2.6 23.8 

IT Retard 25 27.8 9.3 
SCR (base metal) 80 7.4 29.6 
SCR (=lib) 90 3.7 33.3 

,lTRefard 25 39.6 13.2 
SCR (base metal) , " I ?f I 42.3 
SCR (zeolite) 47.6 

T T  ~ s t a r d  25 55.5 18.5 
1 SCR (base metal) 80 14.8 59.2 
I SCR (zeolite) 90 7.4 66.6 

IT Retard 25 71.4 23.8 
sCR (bar0 meal) 80 19.0 76.1 
1 SCR (mlite) 90 9.5 85.6 

~d 25 87.2 29.1 

ma) 80 23.3 93.0 

90 1 1'.6 105 

'ITRetard 25 11 1  37.0 
,=(bass m e w  80 29.6 118 
SCR (zeolite) 90 14.8 . 133 

IT Retard 
SCR (base metal) 

IT Relad 25 198 66.1 
SCR @ass meal) 80 52.9 211 
SCR (zeolite) 90 26.4 238 

rrmami 25 317 106 
s a  @- metal) 80 84.6 338 
SCR (=lib) 90 42.3 381 

TT Retard 25 476 159 

SCR (bese @I 80 127 507 
SCR ( d t e )  #) 63.4 571 

IT Retard 25 634 211 
SCR (bast -1 80 169 677 
SCR (zeolite) 84.6 761 
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efficiency (90 percent) for continuous-duty engines and removes 


from 7.61 tons/yr (for the smallest engine [SO hpl) to 

761 tons/yr (for the largest engine [ a ,  000 hp] ) of NOx emissions. 

Zeolite catalyst vendors quote a 90 percent NO, reduction 


efficiency; base-metal catalyst vendors quote either 80 or 


90 percent. For this reason, NOx reduction levels are shown for 


both 80 and 90 percent in Table 7-3. 


7.1.4 mx Emission Reductions for Dual-Fuel CI Ensines 
The available control techniques for dual-fuel engines are 


ignition timing retard, SCR, and low-emission combustion. These 


controls are discussed in Section 5.3.2 and are shown in 
Table 7-4. Ignition timing retard has the lowest NOx reduction 


efficiency (20 percent), removing 10.5 tons/yr for the smallest 


continuous-duty engine (700 hp) to 120 tons/yr for the largest 
continuous-duty engine (8,000 hp) . Selective catalytic reduction 

has the highest reduction efficiency (90 percent), removing 


47.2 tonslyr for the smallest continuous-duty engine (700 hp) to 

539 tons/yr for the largest continuous-duty engine (8,000 hp). 


7.1.5 Emissions Trade-offs 


Control techniques that modify combustion conditions to 


reduce the amount of NO, formed may also increase the amounts of 

CO and unburned HC emissions produced. Also, SCR produces 


ammonia emissions. These air pollution impacts are discussed in 


the following two sections. 


7.1.5.1 Imnacts of Combustion Controls on CO and HC 


Emissions. As discussed in Chapter 5, reducing NOx emission 


levels may increase CO and HC emissions. Table 7-5 shows the 


effect on CO and HC emissions of various control techniques on 


all engine types. For rich-burn engines, CO and HC emissions 


increase for most control techniques used. Emissions of CO 


increase sharply at fuel-rich A/F1s due to the lack of oxygen to 


fully oxidize the carbon. As the A/F increases toward fuel-lean 


conditions, excess oxygen is available and CO emissions decrease 


as essentially all carbon is oxidized to C02. Emissions of BC 
increase at fuel-rich A / F 1 s  because insufficient oxygen levels 

inhibit complete combustion. 


7 - 7  
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TABLE 7 - 4 .  DUAL-FUEL CI ENGINES 


1 Uncontrolled I ( P-t NO,.. (Power ~ o n t k c e d xremoved, 
output, HP 1 NO,, tons/yr 

.. 

( Control technique I reduction I NOx, tonsyr I tomtyr 
ITRetard 20 41.9 10.5 
SCR 90 5.2 47.2 
Inw-Emission Combustion 76 12.3 40.1 

P 

ITRetard 20 53.9 13.5 
SCR 90 6.7 60.7 
Low-EmissionCombustion 76 15.9 51.5 

IT Retard 20 98.9 24.7 
SCR 90 12.4 11 1 
bw-Emission Combustion 76 29.1 94.5 

ITRetard 20 132 33.0 
SCR 90 16.5 148 
Low-Emission Combustiw 76 38.8 126 

ITRetatd 20 180 44.9 
SCR 90 22.5 202 
Low-Emisaion Combustion 76 52.9 172 

ITRetard 20 300 74.9 . 
SCR 90 37.4 337 
Low-Emission Combustion 76 88.1 286 

lTRetard 20 479 120 
SCR 90 60.0 539 
Low-Emission Combustion 76 141 458 
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TABLE 7 - 5 .  EFFECTS OF NO CONTROL TECHNIQUES ON CO AND 
HC ~ I S S I O N S  

- .--

Engine W Control techaique Effect on CO emissions Effect on HC emissions 

Rich-Bum SI NF Adjustment increase increase 
(1 to 33 flphr) (0.2 to 0.3 ghphr) 

IR Retard minimal minimal 

A/F and IR Adjustments increasea increasea 

PSC increase increase 
K 3 . 0  g b - w  K 2 . 0  ghp-hr)  

NSCR increase minimalC 
1<37 g/hp-h)'J c 3 . 3  gihp-hr) 

Law-Emission Combustion increess increase 
(<3-5 m - h r )  (52.0 ghp-br) 

h - B u r n  SI A/F Adjustment minimal slight increase 

JR Retard minimal minimal 

AIF and IR Adjustmeats minimala minimala 

SCR minimal minimal 

Lnw-Emission Combustion incmse incmse 
(33.5  &/hP-W K 2 . 0  g/hpw 

Diesel CI IR Retard variedd variede 

SCR miaimal minimal 

I1 Dual-Fuel CI IR Retard - ' increase 
(13 to 23 percent) (6 to 21 percent) 

SCR - minimal minimal 

Law-Emission Combustion variedf variedf 

%e increase is expected to ba less tbaD that shown for AIF adjustment. 
%om VCAPCD data base, consistent with 4,500 ppmv CO emission limit. 
C ~ c c o d i gto a VCAPCD twt report ss~mmary. 
d~angedfrom a 13.2 persent dec- to a 10.8 percent increase for limited b t  results. 
%ged from a 0 to 76.2 w t incrt89c for limited test d t s .  
f ~ a ybe slight in- or dccrtrst, dcpading on engine model aad maoufachuer. 



Control techniques used on lean-burn engines to reduce NO, 


generally have less effect on CO and HC emissions. At fuel-lean 

A/F1s, CO and HC emissions increase slightly as excess oxygen 
cools combustion temperatures and inhibits complete combustion. 


While it is unclear what effect ignition timing retard has on CO 


and HC emissions for diesel engines (see Section 5.3.1.1), SCR 


has a minimal effect on these emissions. For dual-fuel engines, 


ignition timing retard increases CO and HC emissions, while SCR 

has little effect on CO and HC emissions. 


As NO, control techniques increase CO and HC emissions to 


unacceptable levels, an oxidation catalyst can be used to reduce 


these emissions. The oxidation catalyst is an add-on control 


device that reduces CO and HC emissions to C02 and H Z O  This 


reaction is spontaneous in the presence of the catalyst but 

requires excess oxygen in the exhaust. For thLs reason, air may 

need to be injected into the exhaust upstream of the oxidation 


catalyst for rich-burn engines, especially for rich-burn engines 


operating with an NSCR system to reduce NO, emission. 

7.1.5.2 Amnonia Emissions from SCR. The SCR process 

reduces NO, emissions by injecting ammonia (NH3)into the Flue 


gas. The ammonia reacts with NO, in the presence of a catalyst 


to form water and nitrogen. The NO, renioval efficiency of this 


process is partially dependent on the NH3/~0, ratio. Increasing 

this ratio reduces NO, emissions but increases the probability of 


passing unreacted amnonia through the catalyst unit into the 


atmosphere (known as m o n i a  W l i p R ) .  Although some ammonia slip 
is unavoidable because of ammonia injection control limitations 


and imperfect distribution of the reacting gases, a properly 


designed SCR system will limit ammonia slip to less than 10 ppmv 
for base-load applications. Ammonia injection controls for 


variable-load applications have limited experience to date, and 
armonia slip levels may be higher for variable or cyclical-load 

applications.1 




7.2 SOLID WASTE DISPOSAL 


Catalytic materials used in SCR and NSCR systems have a 


finite life, and the spent catalyst material must be disposed of 


or recycled. Most catalyst suppliers accept return of spent 


catalyst materials. 1 


While spent precious metal and zeolite catalysts are not 


considered hazardous waste, it has been argued that vanadium- and 


titanium-based catalysts are classified as hazardous waste and 


therefore must be handled and disposed of in accordance with 


hazardous waste regulations. According to the Best Demonstrated 


Available Technology (BDAT)Treatment Standards for Vanadium PI19 


and P120, spent catalysts containing vanadium pentoxide are not 


classified as hazardous waste. 2 


State and local agencies are authorized to establish their 


own hazardous waste classification criteria, however, and spent 

catalyst material may be classified as a hazardous material in 


some areas. For example, the State of California has reportedly 


classified spent catalyst material containing vanadium pentoxide 


as a hazardous waste. 3 


7.3 ENERGY CONSUMPTION 

Fuel consumption increases as a result of some control 

techniques used to reduce NO, emissions. In particular, those 


techniques that adjust operating or combustion parameters often 


increase BSFC. These increased fuel consumptions, where 


applicable, are discussed in Chapter 5 and are summarized in 

Table 7-6. 


Some control techniques may reduce the power engine output 


due to lower fuel input to the engine caused by lean A/Ffs, or 


increased backpressure on the engine caused by placement of a 


catalyst in the exhaust. Although this reduction in power output 


produces lower NO, missions for the plant, the lost power must 


be produced by another source, such as a utility. Increased NO, 


emissions may result at these alternative power sources. These 

reductions in power output, where applicable, are discussed in 


Chapter 5 and are sumnarized in Table 7-6. 




TABLE 7 - 6 .  

.Rich-burn SI 

h - b u m  SI 

Diesel CI 

Dual Fuel CI 

mted l d .  

EFFECTS OF NOy CONTROL TECHNIQUES ON FUEL CONSUMPTION 
POWER OUTPUT 


Control ttehnique Fuel consumption Effect on power outputa 

A/FAdjustment 0-5 percent incnme bnone 

IR Retard 0-7 percent incmse nodeb 

A/Fand IR 0-7 percent inctease minimalC 
Adjustments 

PSC 2 percent increase 5-20 percent reduction 

NSCR 0-5 percent iacmse 1-2 percent reductiond 

Low-Emissin va,riablee none 
Combustion 

AW Adjustmeat 0-5 percent inc- bnone 

IR Retard 0-5 percent increase bnone 

AfF and IR 0-5 percent increase minimalC 
Adjustments 

SCR 0.5 percent increase 1-2 percent reduction 

taw-bnissian variablee none 
Combtion 

IR Retard 0-5 percent increase noneb 

SCR 0.5 percent increase 1-2 percent reduction 

IR Retard 0-3 percent increase bnone 

SCR 0.5 percent hcreast 1-2 percent reduction 

hw-Emission 0-3 percent increase none 
Combustion 

b ~ e r eadjustment or retard may reduce power output. 
'One source reported a 5 percent power reduction at rated load (Refettnce 4). 
d~owerreduction associated with lmckpmsum on the engine created by a catalyst. Fuel-rich adjustment for 
HSCR operation may offsettbis pow- duction. 

%n mast engines, the efbt  is a de~ta94in fuel cw~sumptiwof 0-5 percent. 



Furthermore, for SCR units, additional electrical energy is 


required to operate ammonia pumps and ventilation fans. This 


energy requirement, however, is believed to be small and is not 


included in this analysis. 


7.4 REFERENCES FOR CHAPTER 7 


1. . Letter and attachments from Smith, J. C., Institute of Clean 
Air Companies, to Neuffer, W. J., EPA/ISB., May 14, 1992. 
U s e  of catalyst systems with stationary combustion sources. 

2. 55 FR 22576. June 1, 1990. 


3. M. Schorr. NO,-Control for Gas Turbines: Regulations and 

Technology. General Electric Company, Schenectady, NY. 

Presented at the Council of Industrial Boiler Owners NO, 

Control IV Conference, February 11-12, 1991. pp. 3-5. 


4. Letter from Eichamer, P. D., Exxon Chemical Company, 

Baytown, TX, to Snyder, R. B., Midwest Research Institute. 

June 24, 1992. Engine adjustments for NO, control. 










APPENDIX A 

This appendix contains a summary of emission tests conducted 

on reciprocating engines in Ventura County, California. The 


summary was compiled from a data base provided by the Ventura 

County Air Pollution Control District (VCAPCD) .l The data are 

tabled by control technique as follows: 


Table A-1: Prestratif ied charge (PSC"); 

Table A-2:  Nonselective catalytic reduction (NSCR) ; 

Table A-3 : Low-emission combustion, rich-bum engines; 
Table A-4: Low-emission combustion, lean-burn engines; and 

Table A-5: Selective catalytic reduction (SCR) . 

An explanation of the table entries and abbreviations is given 


below: 


Engine No.: Each engine is given a specific number, assigned 


by VCAPCD. 


Test No.: For those tables in which this column appears, 


this number corresponds to the number of emission 

tests performed on the engine. This number was 


added to the data base provided by VCAPCD. 

Manufacturer: The engine manufacturer as listed in the data 

base. 


Model : The engine model as listed in the data base. 

Test date: Date of the test as listed in the data base. 

Status: The status of the engine, as listed in the data 

base. The key for this column is: 




c- controlled and currently operating (at the time 


the database was received) 


d- deleted, removed from service 


e- exempt from Rule 74.9  

rn- deleted, but electrified in Southern California 


Edison's incentive program 


s- standby 


Emissions: Emission levels, as reported in the database in 

ppmv, referenced to 15 percent oxygen. 





TABLE A-2. VENllJRA C O U W  APCD EMISSION DATABASE FOR NSCR CONTROL FOR K: ENGINES. 

Ensrm 
No. NMHC 

2 28 
3 24 
5 53 
15 22 
16 23 
16 30 
.39 0 
81 4 
81 0 
81 0 
81 0 
81 0 
81 0 
81 0 
81 0 
81 0 
81 0 
81 0 
81 0 
83 0 
83 0 
83 0 
83 0 
83 0 
83 0 
83 0 
83 0 
83 0 
83 0 
83 0 
W 185 
84 12 
a4 0 
84 0 

0 
84 0 
84 0 
84 0 
84 0 
& 0 
M 0 
w 0 
84 0 
84 0 
8s 21 
es 0 
85 0 
85 0 
85 0 
89 0 
85 0 
89 0 
85 0 
85 0 
85 0 
85 0 
05 BB1 
87 0 
gt Slll 
87 0 
87 0 





No. w. NMHC 
208 12 0 
X18 7 87 
208 30 ;#) 
208 18 22 
233 45 105 
233 38 167 
233 41 0 
234 17 122 
234 37 0 
234 46 137 

* 23s 8 13 
2 3 9  25 0 

240 31 84 
240 26 40 
240 37 0 
240 24 17 
241 37 0 
241 39 31 
241 20 89 
241 18 0 
241 17 0 
244 3 0 
294 6 0 
294 3 3 
294 2 0 
294 12 14 
244 1 0 
244 1 0 
294 17 0 
a 68 50 
244 1 0 
294 3 0 
303 11 0 
3a3 27 142 
303 18 9 
303 15 28 
303 31 0 
303 17 7 
303 20 0 
303 13 0 
303 7 0 
303 31 0 
303 35 0 
303 13 0 
a3 5 0 
303 41 0 
303 20 3 
304 4s 226 
304 ae 0 
304 14 0 
304 12 0 
a 'SO 0 
904 14 0 
3M 5 7 
3W 36 0 
309 16 0 
304 10 8 
304 18 0 
305 23 0 
36s 12 0 
305 7 28 



TABLE A.2. CWNW APCO EMlSSJON DATABASE FOR NSCR CONTROL FOR K: ENGINES. 

e-

No. 


m 
305 

345 

305 

305 

345 

306 

m 
3a5 

305 

320 

320 

320 

320 

m 
3#) 

320 

3aD 
320 

m 
320 

320 

3#] 
321 

321 

321 

321 

321 

321 

821 

3n 

321 

322 

322 

322 

322 

322 

322 

322 

322 

322 

330 

330 

334 

330 

330 

331 

331 

m1 
a 1= 

332 

332 

332 

393 

333 

533 

333 

a3 

394 

334 


NMHC 
0 
3 

0 
0 
6 


133 

0 
0 
39 

7 

0 
k 

11 

0 
38 

45 

194 

0 
0 
0 
4 

3 

0 
41 

0 
0 
78 

0 
0 
8 

0 
0 
0 
0 
14 

39 

0 
0 
0 
0 
92 

20 

0 
7 

0 
43 

1s 
9 

9 

19 

32 

30 

a 

1 


57 

29 

51 

0 
41 

0 
0 
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TABLE A-2. VPrrUAA COUNTY APCD EM1SSDN DATABASE FOR NSCR CONTROL FOR IC ENGINES, 

NMHC 
G39g 23 
G398 0 

w Gas 17 
-m- 6398 32 

a398 17 
G398 31 

c-w- w 34 
w m P i k  G398 0 
Catwplhr G398 0 
C-rPiW '3398 0 
Q-'@k G398 54 - 4398 12 
w G398 43 w 0398 8 
Wearkssha F2W5 0 
~ 8 0 0 . 6 A 64 - 22-m 
Teao~en CM-75 6 
T- CM-60 0 
T m - CM-75 0 
T-wl c w  2 
T - v l w i m  Cha-60 0 
f=%m CMso 3 
T e o o a s n W  Ch4-w 0 
W U e a h  H2476Q 113 
W m k d l a  F1197Q 75 
W- F1197G 0 
wauk* t5790G 20 
w w k e  L5790G 24 
waukssha L5790G 15 
w- LBpggq 2 
waukwta L!mQQ 12 
wdmdn w9oQ 24 
lrrsersoRaend 20 
IngaWCAend XVG 0 

12 
0 

-- XVQ -mo 0 
-Fbnd XVQ 0 

0- XVQ 
k&Jmd-Rand XVO 0 

XVB 0 
lneerwsawdxvQ 0 
- x v a  18 
- x V o  0 
- x v Q  0 
broasaFlwndN 0 
-x 'JQ 12- =  0 
- x v Q  0 
lneeraaand XVQ 0 
- X V Q  11 
- X V Q  13 

9 
0 

- ) ( V O  0 
- x v a  0 

XVQ 0 
- m  13 

0 
ln9mmww SVGlO 0 



TABLE A-2 VPrrWU COUNTY APCO EMlSSlON DATABASE FOR NSCR CONTROL FOR EENGINES. 

NOx 

Uncmk. 

65 

0 
344 

67 

58 

89 

366 

91 

283 

la 
m 

390 

ea 

142 


0 

0 

?I5 

gel 
4m 
321 

m 
f3 
514 

501 

162 

548 

260 

461 

512 

m 
1 82 

m 

399 

278 

116 

587 

443 

157 

543 

428 

328 

117 

389 

903 

154 

585 

308 

16s 
5# 
4m 

=. 

1 s  
431 

24s 
a 

a7 

334 

1 M  
E 8  
277 


A- 9 


NMHC 
n 

2 

0 
0 
33 

0 
0 
0 
20 

12 

0 

10 

0 

0 


244 

47 

0 
0 
0 
0 
11 

0 
9 

6 

0 
7 

0 
6 

7 

0 
0 
0 
7 

0' 
0 
1 

5 

0 
8 

6 

0 
0 
5 

0 
0 
5 

6 

0 

0 

0 

0 

0 

0 

16 

11 

0 


374 

7 

0 
9 






TABLE A2 WUNW APCO EMISSION DATABASE FOR N8CR CONTROL FOR K: ENGINES. 

Eneins 
No. NMHC 

8s 0 
91 0 
91 0 
91 0 
91 0 
91 0 
91 0 
91 a 
91 0 
91 0 
91 0 
91 0 
91 0 
92 0 
ge 0 
9Q 0 
92 0 
w 0 
9Q 0 

. 9 2  0 
82 0 
se 18 
a 0 
se 0 
s 0 
@ 0 
316 7 
316 8 
31 6 0 
316 0 
316 0 
316 6 
316 8 
318 0 
316 6 
316 0 
316 0 
316 0 
316 0 
316 0 
316 0 
31 7 0 
31 7 0 
317 0 
31 7 6 
317 4 
31 7 0 
317 1 
31 7 0 
317 0 
317 0 
317 0 
317 7 
31 7 0 
317 0 
327 10 
327 16 

0 0 
0 6 
0 5 



TABLE &2. VPlTURA COUNlY APCD EMISSION DATABASE FOR NSCR CONTROL FOR IC ENGINES. 

Engine 
No. 


0 
0 
0 
0 
0 
0 
0 

,o  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
76 
76 
323 

T d  Status 
dete 

m13m 

08H6/86 

12/07/8e 
12117/82 
11H 0187 
lllloltn 
ww32 
lYl7r82 
11I24188 
1Yluss 
1a17m 
lanalat 

08/11/87 
W l 1 m  
10122/8f 
WPW82 

o2mIB2 
12191m 
08/15/87 
07-
1211am 

1-



TABLE A-3. W R A  COUNlY APCO EMISSIONDATABASE FOR LOW-EMISSION ENGINESOnmOPED FROM RICH-BURN DESIQNS 

m 

No. 

74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
75 
75 
75 
75 
7s 
7s 
75 
75 
75 
75 
295 
295 
295 
295 
295 

295 
295 
295 
2ElS 
295 
298 
298 

296 

298 
298 

298 
298 

298 
298 
298 

296 
298 
298 

297 
297 

m 
297 
297 
a7 

297 
297 
297 

2a7 
297 
29f 
a? 

297 
29f 

298 
298 
298 
298 

m 

Model 

16SQTA 
168GtA 
16SQTA 
1 M A  
16SOfA 
16SaTA 
1 M A  
16SQtA 
1 r n A  
16SGTA 
1W T A  
1 r n A  
16SQtA 
16SOtA 
1 r n A  
1 6SQTA 
16SQTA 
1 r n A  
1 r n A  
16sGTA 
V W X L  
L7042QL 
L7042GL 
L704ML 
L7WXL 
L7W2GL 
L704XL 
L7042GL 
V042GL 
L7042GL 
L7042QL 
L M L  
L7042GL 
L7042QL 
L7oeGL 
L7042GL 
Lfo4zoL 
Lm42GL 
L7w2QL 
m L 
V042aL 
L7042GL 
L7042GL 
lnea 



I TABLE A-3. VENTIJRA COUNW APCD EMISSION DATABASE FOR LOW-EM1SSION ENGINES DEVELOPED FROM RICMBURN DESIGNS 

Model 

V042GL 
LT042GL 
L7W2GL 
L;IW2QL 
L7oeQL 
VD42GL 
L7042GL 
L'1WXL 
L M L  
Lit042(3L 
L M L  
L;f04ML 
L7042GL 
V042QL 
L?M2a 
LTW2QL 
LirW2GL 
00420L 
Liro12oL 
L7042QL 

L 7 O a a  
L7042QL 
L7WXL 
L70rCXL 
L7-L 
LH142GL 
L7W2GL 
L7w2GL 
UIW2QL 



TABLE-M. VENTUCUCOUMV APCO EMISSION DATABASE FOR LOW-EMISSION IC ENGINES DEVELOPED FROM LEAN.BURN OESKiNS 

No. 

6' 

67 

67 

67 

67 

67 

67 

67 

68 

116 

116 

116 

116 

116 

116 

l l 6  
117 

117 

117 

117 

117 

117 

1 l? 
117 

117 

l l ?  
117 

117 

117 

117 

117 

117 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

118 

119 

119 

119 

119 

119 

11s 
119 

119 

119 

119 

11s 
11s 
110 

119 

1l a  
119 




1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

TABLE A-5. VEM'UAA COUNlY APCD EMISSION DATA6ME FOR SCR WED WITH LEAN-BURN REClPROCAllNQ ENGINES 

Engim Tost 
Ne. No. 

45 1 

45 2 

45 3 

45 4 

45 5 

47 1 

47 2 

47 3 

47 4 

47 5 

139 1 

139 2 

248 1 

248 2 

248 3 

2 4  4 

2 4  5 

248 6 

248 7 

248 8 

240 9 

248 10 

909 

309 

308 

309 

309 

309 

3w 

309 


309 

309 

309 

357 1 

3 5 ; 1 2  




REFERENCE FOR APPENDIX A 

1. Diskette from Price, D. R., Ventura County Air Pollution 

Control District, to Snyder, R. B., Midwest Research 

Institute. Received March 22, 1993. Data base of 

reciprocating engine emission test swanaries (ENGTESTM.DBF). 









APPENDIX B .  

This appendix contains tables of the cost and cost-


effectiveness figures presented in Chapter 6. The methodologies 


used to calculate the values shown in these tables are discussed 


in chapter 6 .  



TABLE B-1. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF AN 
AUTOMATIC A/F CONTROL SYSTEM TO A RICH-BURN SI ENGINE 

D i r ~ tand 
Power Heat Hours Capital Sales Tax Indirect Total 

Output Rate. Per Equipment & Freigh~ tndation. Capital 
hp Btulhp-hr Year CosrS $ Contingency. S Cost 5 

XO 8.140 . R.000 7.000 560 3.850 11.400 
150 8.140 , 8.000 7.000 560 3.850 1 1.4W 
150 7.820 %.OoO 7.000 560 3.850 ll.JO(3 
350 7.820 8 . 0 0  7.m 560 3.850 11.400 
500 7.540 8.000 7.000 560 3.850 11.400 
650 7 9 0  8.000 7.m 560 3.850 11.400 
850 7540 8,000 7.000 560 3.850 11.400 
1.200 7.460 8.000 10.000 800 16.300 

5,5001.600 7.460 8.000 10,000 800 5m 16333 
2.000 7.460 8.000 10,000 800 5500 16300 
2.500 6,780 8.000 10.000 &MI 16300 

8,2504,000 6.780 8.000 15.000 1.200 Ira 24,Sm 
6.000 6.680 8,000 15.000 1am 8.250 24.500 
8,000 6,680 8 . m  15,000 1200 8.250 24.500 

ANNUAL COSTS 
Tax-. Total 

Power 
Ourpuf 

hp 

Hcat 
Rate, 

BtrJhphr 

Hours 
Per 

Yew 
Maintenma. 

t 
Cherhcad 

S 

Fuel 
Penalty. 

5 

Insurance, 
Admm.. 

S 

Compliance 
Test 

S 

Captal 
Rexvery, 

S 

Annual 
Cost 

5 

80 8,140 8.000 700 420 1,080 456 2.440 1,250 6,340 
150 8,140 8,000 700 420 2.020 456 2.440 1.250 7,290 
250 7.820 &OM3 700 420 3.230 456 2.440 1.250 8.500 
350 
500 

7,820 
7.540 

8.W 
8.000 

700 
700 

4 s  
420 

4520 
6,220 

456 
456 

2,440 
2.440 

1250 
1.250 

9.790 
11500 

650 7,540 8 . 0  700 4.2a 8.090 456 2.440 1.250 13,400 
850 7,540 8.m 700 420 10,~oo 456 2.400 1.250 15.900 
1.200 
1.600 

7.460 
7.460 

8.000 
8.W 

I,OM 
1.m 

600 
600 

IASOO 
19.700 

652 
652 

240 
2.440 

1,790 
1,790 

21300 
26.200 

2.W 7,460 8.000 l . m  600 , 24,600 652 2,440 1,790 31.100 
2500 6,780 8.000 1,OM) 600 28ml 652 2.44-0 1 . m  34,500 
4.000 6,780 8.000 1 . m  900 44.800 978 2.440 2.680 53.300 
6,000 6,680 8,000 1,HX) 900 66.200 978 2.460 2,680 74.700 
8.000 6.680 8.m 1.500 9MI 88,200 978 2,440 2,680 96,700 

COST-

cost 

Power Hcrt Houm U~eonetolld NOn ConmUd NOX Total effeEtivcmss. 
Rr Nolt. rrdrrdoa NOX. removed, d SbnNOx 

% W y r  torelyr cosrs r#noval 

80 8.140 &OOO 11.1 20 8.9 1 2.23 6.340 U S 0  
150 8.140 8,W 20.9 a3 16-7 4.17 7390 1.740 
250 7.820 8,000 34.8 M 27.8 6.96 8500 l a 0  
350 7.820 8,000 4g.7 20 39.0 9.74 9,790 1XKWl 
500 7% 8.000 69.6 20 55.7 13.9 11.m 826 
650 75-40 8.Oal 905 20 72.4 18.1 13,400 739 
850 7,540 8.000 118 20 W.6 23.7 15.900 670 
1.200 7,440 AOOO 167 20 134 33A 21.300 637 
1.600 7 4 0  &M)I] 223 20 178 445 26.200 588 
2000 7m 8,000 ns 20 m 55.7 31.100 559 
25(30 6,780 8,KU 348 20 278 69.6 3AS00 495 
4.000 6.780 8,000 557 20 445 111 53331 479 
6.m 6.680 8,W 835 20 ME 167 74.700 447 
8 . m  6.680 %MX) 1,110 2Q 891 223 %.700 434 



TABLE B-2. COSTS AND COST EFFEmfVENESS FOR RETROFIT OF AN 
ELECTRONIC IGNITION SYSTEM TO A RICH-BURN SI ENGINE 


CAPITAL COSTS 
k t and 

Power Heat Hours Capid SakTax  IndireEt Total 
Output. Rue, P a  Equipment & FreighL htallotion, Capiral 

hp Btuhphr Year Cosr S S Contingcney. S Cost f 

ANNUAL COSTS 
Taw, Total 

Poww 
Output 

Heat 
Ram, 

Hours 
Pu M a i m m w c .  Ovcrkd. 

Fuel 
Wty. 

burma 
Admin, 

C o m p l i a  
Tar 

Capital 
R-very. 

Annual 
Cosf 

hp Btuhphr Year S I S S S S S 

80 8.140 8.000 750 450 869 489 ' h440 1340 6.340 
150 8.140 8.000 750 450 1.630 489 L440 1340 7.100 
250 7.820 8.000 750 450 2610 489 2,440 1.340 8 . M  
350 7.820 8.000 750 450 3.650 489 2.W 1340 9.130 
500 7.540 8.000 750 450 5 . W  089 2,440 1,340 10500 
650 7.540 8.000 750 s50 6540 489 2.440 1340 12.000 
850 7,540 8.000 750 450 8560 489 2440 1.340 14.000 
1.W 7.460 8.W 1.000 boo 12.000 652 2.440 1,790 18,400 
1,HJl 7.460 8.000 1.000 600 15.900 652 2.440 1.790 22,400 
Zoo0 7,460 8.000 1 . W  600 19.W 652 2.440 1,790 26.400 
t S O O  
4.000 

6,780 
6,780 

8.000 
8.000 

1.MX) 
1.MO 

600 
9M) 

22.6fN 
WXJ 

652 
978 

2.440 
2,440 

1.790 
2,680 

29.100 
44.700 

6.0(10 
8.OMl 

6,680 
6.680 

8.000 
8.000 

1.500 
1.MO 

900 
900 

5 3 . m  
71.m 

978 
978 

2.440 
2.440 

2.680 
2.680 

62.000 
79,800 

COSTE-S 
Cwt 

Power Hcat Horn UnconuoUed NOx ComroUcd NOx Total effcaivcncs, 
Oufpuf 

hp 
Rat% 

Bnrlhphr 
Pw 

Year 
No& 

t o W ~  
t=d=hm 

% 
NOx, 
mhJyr 

mnoved, 
t0rrPh.r 

annual 
cassS 

Sbn NOx 
m v c d  

80 8.140 8.a00 11.1 2a 8.91 223 2.850 
150 8.140 8,000 20.9 #) 16.7 4.17 62Mi7.100 1.7W 

34.8 2 0 '  27.8 6.% 8.080 1.160 
350 73ao7.820 8,000 48.7 20 39.0 9.74 9,130 937 
500 7.540 8.000 69.6 20 55.7 13.9 1QMO 755 
650 7540 8.000 905 M 7Z4 18.1 lZOOO W 
850 7.540 8.000 118 SO P4.6 23.7 14,000 593 

1 . D  7.460 8.W 167 #I 134 33.4 18.400 552 , 

1,600 7.460 8.m 223 20 178 445 22,400 5(1J 
20M)
2500 

7.460 
6,780 

8.000 278 
348 

MJ 
M 

m 
na 

55.7 
69.6 

26,400 
29.100 

474 
418 

4000 4780 8.000 557 20 445 111 44.m 402 
6,OO 
&OOO 

6,680 
6,680 

8.000 
8.000 

835 
1110 

20 
20 

668 
891 

167 
U3 

62MO 
79.800 

371 
349 



TABLE B-3. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF 
AUTOMATIC A/F CONTROL AND ELECTRONIC IGNITION SYSTEMS TO A 


RICH-BURN SI ENGINE 


CAPITAL COSTS 
Duccr and 

Power Heat Horn Ca~ilal SalcsTax Indirect Total. .  -

(lugut 
hp 

Rate. 
Btuhp-hr 

Per 
Year 

~ q u i ~ c n f  & Freight 
Cost $ $ 

Insrallauon, 
Contingency. f 

Capital 
Cost S 

80 
I50 
'SO 
350 
500 
650 
850 
1.2m 
1.m 
Loo0 
2300 
4.000 
6.W 
8.000 

ANNUAL COSTS 
Tam. Total 

Power Heat Hours Fucl Insurance, Compliance Capiral Annual 
Ouwr  Rate. Pa Mainten-, 0vd-d. Penalty. Admin., T* Rtcwery, Cost 

hp Btu/hphr Year $ S S 5 S S S 

COSTE-S 
Cost 

P o w  Heat Horn Uncfflwlld NOx Conaolled NOx Total efktivcncss, 
Outpur Raw. Per Nos dusion, NO*, m w v d  mud SIton NOx 

h BtUh Yslr 

80 8.140 8.000 11.1 30 7.79 3.34 9,810 2.940 
150 
250 

8.140 
7.82.0 

8.000 
8,000 

2Q9 
34.8 

30 
30 

14.6 
24.4 

6.26 
10.4 

11.100 
lfm 

1.780 
1.230 

350 7,820 8,000 48.7 30 34.1 14.6 I d a  1,000 
H)c) 7S40 8,000 69.6 30 48.7 20.9 I~.OW 815 
650 7.540 8,000 90.5 30 63.3 27.1 19,&Kl 723 
850 7340 8,000 118 30 82.8 353 23,100 651 
1,200 7,460 8.000 167 M 117 50.1 3 1 m  623 
1 7,460 8,000 223 30 156 66.8 38.100 571 
LOO0 7 , W  8,000 278 M 195 835 45.000 539 
2500 6.780 8 , W  348 30 244 1W 49,700 476 
4,000 6,780 8,000 557 30 390 167 n m  463 
6000 6,680 8.000 835 30 584 250 107,mO 428 
8.W 6.680 8.m 1110 30 779 334 138.000 413 



TABLE 8 - 4 .  COSTS AND COST EFFECTIVENESS FOR RETROFIT OF A 
PRESTRATIFIED CHARGE (PSC~)SYSTEM, WITHOUT TURBOCHARGER 


MODIFICATION OR ADDITION, TO A RICH-BURN SI ENGINE: 


CAPITAL COSTS 
OireEt and 

Power Heat H o w  Capital SalesTax Indirect Total 
Ourpur. Rate. 

hp Btuhp-hr 
P a  

Year 
Equipment 

Cost S 
& Freighl 

S 
hslallation. 

Contingency, S 
Capital 
CosL S 

80 8.140 8.000 11.800 948 6.520 19.300 
150 8.140 8.000 18.800 1.500 10.300 30.600 
0 7.820 8.000 24.900 2 . W  13.700 50.700 
350 7.820 8.000 '18,4M3 2,280 15.600 46.400 
500 7540 8.000 31.000 2.480 17.000 5O.W 
650 7540 8.m 32,100 U 7 0  17.7&, 5 L m  
8%
1.m 

7340 
7 . M  

8,000 
8.000 

33.300 
34.600 

2.670 
2,770 

18.300 
19.000 

54.300 
56.400 

1.600 7,- 8,000 35.700 2.860 19,600 58.2Cm 
LOOO 7 . W  8.000 36.800 2,940 20200 60.000 
L5M 6.780 8.000 38.200 3.050 21.000 62.200 
4,000 
6.000 

6.780 
6,680 

8.000 
8.000 

42.300 
47.800 

3.380 
3.820 

23.300 
26.300 

68.900
7.m 

8,000 6.6%0 8.000 53300 4,260 29300 86.800 

ANNUAL COSTS 
Taxes. Total 

Power Heat Hours Opewing Sl~pavisory Fwl Inxwmcc, Compliance Caprtal Annual 
Output R a e  Pa Labor, LabDr. Mainten-, Ov- Penalty. Adinin., T e a  Recovery. Cost 

COSTE-S 
Cast 

Po- Heat Hours UmmUed Conmllcd ContmUed NOn Total dktiv-. 
Oupk  Ram. k NOx. Nor, NOx. rarwd annual SlmnNQx 

hp Bnrlhp.hr Ycar lunr/yr g/hp-h W W lMlJYr cogs$ Icmwed 

80 8.140 sm 11.1 20 1.41 9.n 7.170 
150 8.140 8,000 20.9 2.0 2.M 182 72.900 4 . a  
2 9  7.8aD 8.000 34.8 2.0 4.41 30.4 75.900 ZHK) 
350 7.8#1 BOM) 48.1 2.0 6.17 4 U  7.8MI 1,830 
MO 7540 8.000 69.6 2.0 8.81 60.8 'F).6QO 1,310 
650 1540 8.000 905 2.0 115 79.0 H&8M) 1,020 
850 7,540 8.000 118 2.0 15.0 403 8L#K] 796 

1.200 7.- 8.000 167 2.0 21.1 144i 84000 579 
1.W 7.- 8m 223 2.0 282 1% 84.800 447 
ZOOO 7AdQ 8.000 278 2.0 353 243 89.300 367 
250D 6.780 8,000 348 LO 44.1 XU 91- MD 
4.000 6,7%0 8.000 557 20 705 486 993x1 u15 
&OD0 6.W 8.000 835 2.0 106 729 11Q000 151 
8.000 6.680 8,000 Il l0  2.0 141 972 121.M10 12s 



TABLE B-5. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF A 
PRESTRATIFIED CHARGE ( PS@ ) SYSTEM, WITH TURBOCHARGER 
MODIFICATION OR ADDITION, TO A RICH-BURN SI ENGINE 


CAPITAL COSTS 
Dirstand 

Power Heat Hours Capital Salcs TU Indirect Total 
Output. Rate. Per Equipment & Freighr Indlarion. Capital 

hp Btuhphr Ye= C ~ L  $ Contingency. l C o s ~SS 


ANNUALCOSTS 
Taxes. 

Power Heat Hours *rating Suprvisory Fuel I n s m e ,  Cornplian~ Capital Annual 
Output R a e  Pa Labor, Labor, Maintenance. C)vcrhcad, Penalty. Admin.. Test. Rcwvuy. Cost 

hp Bnrlhphr Ycar S $ S S S S 5 f f 



TABLE B-6. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF 
NONSELECTIVE CATALYTIC REDUCTION (NSCR) TO A RICH-BURN SI ENGINE 

CAPITAL COSTS 
D i mrnd 

P m r  Hur Houn Capd ! h k T u  M h  Toul 
O l a p ~  Rorc. Per Equlpmcw &FfcigbL Lrulluim. C a p d  

Shp BNmphr Year Cons S ' C m ~ n e n q ,  Ctm.S 

ANNUAL COSTS 

- .  
Unprr. Ruc. Per inbor. - m.Owrbcd, Pearlty. c&~. Rq&ntn~. Admm.. <st. ~ - t y ,  Con,, 

h Btuh Yur  S S ts
S s s s s S 

80 8,OM 8 . W  54.000 8.100 720 432 1.060 ZZO 293 593 2.440 1.630 69.300 
I50 8.050 8,000 54.000 8.100 825 495 1.990 41.3 550- 663 2.440 1.820 70 .W 
3 0  7.830 8.000 54,000 8.100 975 585 3 3 0  68.8 917 784 2440 LlSO 77.300 
350 7.830 8.000 54.000 8.100 1.130 615 4530 963  1280 905 L440 ZJSO 75.600 
500 7.700 8.000 54,000 8.100 1.350 810 6360 138 1.830 1.090 L440 2.980 79.100 
650 7.700 8,000 54,000 8.100 1.S80 945 8.270 179 U80 1.270 LW 3.W 82.600 
850 7.470 8,W 54.000 8.100 1.880 1.13~ IONO 234 3.120 1510 2440 4.130 17.000 
1200 7.470 8.000 54,000 8.100 ZJOO 1.44 14,800 330 4.- 1.930 L440 5.300 95.100 
1.600 7.340 8.000 54.000 8.100 3.m IW 19.700 440 5.870 ' L4lO Z440 6.620 1M.W 
2,000 7.440 8,000 54.000 8.100 3.600 2.160 24.600 550 7330 2890 2.W 7 . W  I I 4 . W  
25m 7.110 8.000 54,axl 8.100 4.350 U l O  29300 688 9.170 3.- L440 9,600 IZJ.OOU 
4,000 7,110 8.000 54x100 8.100 6600 3 . b  46,- 1.100 14.700 5.310 L440 1 4 . a  158.000 
6,000 6.m 8.000 54.000 8.100 9.600 5.760 67.400 1.650 TZOOD 7,720 2440 2 1 . m  100.000 
8.000 6.803 8.000 54P00 8.100 1- 7560 %9$W 2200 29.m 
 10.14) 2,440 27.800 2U.000 

co!nEFFECmrplESS 

Pmwer Hut Holn U n m t r d l d  NOx C m NOx T d  
Colt-. 

Omp* Ilrtc. Per N*. NOI. removed rauulYroDNOl 
hp BaJbphr Yerr mldy~ % lodv  auLs remavsd 

ID0 8.050 8 . m  11.1 90 1.11 10.0 a-100 6.920 
150 8 . W  8 . W  20.9 90 2.09 18.8 70.90~ 3,7m 
254 7.830 8 m  34J 5WJ 3.48 31.3 n~ wo 
350 7.830 8 m  43.7 90 4.87 43.8 7 5 m  1.730 
500 7,700 8m 696 90 6.96 626 79,100 1-
650 7.700 8POO 90j #I 9.M 81.4 gZdOO ILIIO 
850 7.410 8.000 118 90 11.8 IM K7pOO 817 
1200 7.470 167 90 147 150 W. IM 633% 23 #) 22.3 1- 7.400 #10 1 0 4 m  521 
U)O 7.440 am ns w n . 8  30 IIQOLID 414 
ZSOO 7.110 8 m  348 90 348 313 1 2 4 W  -5. 
4 . W  7.110 8 W  557 90 55.7 501 1 5 8 m  315 
6 m  6,800 8.000 835 90 83.5 751 mpoD 266-
8 . W  6.m 8,MW 1110 90 111 1 m  244m 244 



TABLE B-7. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF LOW-
EMISSION COMBUSTION TO A MEDIUM-SPEED, RICH-BURN OR LERN-BURN SI 

ENGINE 


CAPITAL COSTS 
Direct and 

Power Heat Hours Capital Salcs Tax Indirect Total 
Output Rate. P a  Equipment & b i g h t .  I~nallation. Cnpital 

hp Btuhphr Year Cosf S S Contingency. S Cost S 

ANNUAL COSTS 
Taaes, Total 

Power Heat How Futl Insurance Compliance Capital Annual 



TABLE B-8 .  COSTS AND COST EFFECTIVENESS FOR RETROFIT OF LOW-
EMISSION COMBUSTION TO A LOW-SPEED, RICH-BURN OR LEAN-BURN SI 


ENGINE 


Dirrnand 
Power 

Outpur 
Heat 
Rate. 

Horn 
Per 

CapirPl 
Equipmatt 

Salc~Tax 
& Frcigk 

M i t  
Installation. 

Total 
Capital 

hp Btuhp-hr Year CosS S S Contingency. S Cosr, f 

80 8.140 8.000 198,000 15.800 129.000 343.000 
150 8,140 K . M 3 0  212000 17.000 138.000 367.000 
150 7.820 8.000 232000 18.600 151,000 402~x1 
350 7,820 . 8,000 253.U10 20,MO 164,OUO 437.000 
5M1 7,540 8,000' 283,000 22.600 184.000 489,000 
650 7,540 8,000 313.000 25.000 203.000 541.000 
850 7.540 8,000 353.000 28.300 230.000 611,000 

1.200 7.460 8.000 424000 33.900 275.000 733.000 
1 . m  7,460 8.000 504000 40.400 328,000 873.000 
Zoo0 7,460 8,000 585,000 46.- 380.000 1.010,000 
2.500 6.780 8,000 686.000 54.900 446.000 1.190,OM) 
4.000 6.780 8,000 988.000 79.000 642.000 1.710.m 
6.000 6.680 8.000 1390.000 111,000 904.000 2.410.000 
8.000 6.680 8,000 1.790.000 144.000 1.170.000 3.100.(]W 

ANNUALCOSTS 
Tax=. Total 

Power Heat Hows Fuel tnswante. CO~DL~MK Caoiral Annual 
Oumut Rate. Pet Main- Ov* Ptnaltv. A h i n . .  Test Recovav. Cost 



TABLE B-9. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF AN 
AUTOMATIC A/F CONTROL SYSTEM TO A LEAN-BURN SI ENGINE 

CAPITALCOSTS 

DiIect and 
Power Heat Hours Capital Sales Tax Indirect Total 

nutpur. Rate, Per Equipment & FrcighL ballation. Capid 
hp Btu/hp-hr Y e a  Cost. O S Contingency. S Cosf S 

ANNUAL COSrS 
Taxts. Total 

Power Hear Horn Fuel Insurance. Cornplian~ Capital Annual 
Output Rate. Per Mainten=, Owrhcad, Penalty. Admin., Test, Re~overy. Cosf 

hp Btulhphr Year S S S S S S S 



TABLE B-10. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF 
ELECTRONIC IGNITION S Y S m  TO A LEAN-BURN SI ENGINE 

CAPITAL COSTS 

200 8.7611 
350 8.760 . 
CTO 7.660 
800 7 . w  
800 7.-
1.350 7.490 
1,550 7.490 
Lam 7.490 
2.500 7.020 
L500 7.020 
3.500 7.020 
5.W 6 . M  
8.000 6.660 
9.m 6.660 
1 1 . 0  6.660 

ANNUAL COSTS 
Tpxa. Tad 

h r Heat Hwo M hslurna. Cmplimue Capiul Aapul - Rae. P u  M~~IMUUC. (kerhcd. eenrlty. A h . .  Teak h e w .  Coy 
bp BaJhpbr Yur S S S S S S S 



TABLE B-11. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF 
AUTOMRTIC A/F CONTROL AND ELECTRONIC IGNITION S Y S T ~ M STO A LEAN-

BURN ST ENGINE 


CAPITAL C-

hrca and 
Power Heas Harm Capid SPLCSTPX hdim T d  

h, Pu Eqipncnt & Fmighr. Inwllrticn. Capital 
S Contingency. S Cost, S 

200 8.760 8.t lM 50.290 4.010 30.100 R4.3OO 
. .:CO 8.760 I.W 50.607 -1.0sa. 7 n . w  xs .m 
550 7.660 X.(XI(I 51.200 4.lOD 30.700 86.000 
BUO 7.6M d.tlM 52,000 4.160 3 13MI X7.3M 
8aO 7 . M  8,000 54,500 4,f60 32.700 9lJW 

1.350 7.W 8.000 56,100 4.490 33.700 94.300 
1,SSO 7.490 8.000 56.700 4343 34.000 - 95.3m 
2 . W  7.490 S.MO 58.100 4.640 .U.800 91500 
2.500 7.020 8.000 5 9 W  4.760 35.700 l00.000 
2.m 7,020 8.000 5.160 38.700 108.000 
3,500 7,020 8 . W  67,600 5.40D 113.000 
5.500 6 H I  8 . W  73,600 5.880 54,100 
8.000 6.660 8,000 81.100 6.480 58.600 136.MIo 
9.500 6.660 8.000 8 5 m  6640 513W le).M]o 
11.000 6.- 8.000 90,100 7200 M W  151.000 

ANNUAL COSTS 
T-. T d  


Prnror Hvu Hmo Fuel Luuma, Cmnplisna Capid b u r l  
OUpt. h. Per Mimaunu. I)velkul. k d l y .  Admin.. Test, Rmwry,  Cost 

hp Btulhplr Yur S S 0 S S S S 

CQSFEFFECITVENESS 
coa 

Power H u t  Ham U e NOx Comrdlsd NOn Tcwl dT4vmaa. 
omPu. h. Ptt N0lL U a b .  Nor raaoved auwd WmNOx 

a00 

350 
550 
800 
8W 
1.350 

, ISM 
2.m 
2500 
2#rD 
3m 
5MO 
1.008 
9m 

11.m 



TABLE B-12. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF SELECTIVE CATALYTIC 

REDUCTION (SCR) TO A LEAN-BURN SI ENGINE 



TABLE B-13. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF AN 
ELECTRONIC INJECTION CONTROL SYSTEM TO A DIESEL ENGINE 


ANNUAL COSE 
Tucs. Tad 



cra 
tI 9 
tzt 
wz 
IIL 

nl 

911 

WSb 

6XL 
I'LS 
6% 
)'9t 
H I  
V8 



TABLE B-15. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF AN 
ELECTRONIC INJECTION CONTROL SYSTEM TO A DUAL-FUEL ENGINE 


CAPITAL COSTS 

k t and 
Power Heat Hours Capital SalesTax Indirect Total 

Ourput. Rate. Per Equ~pment & Ece.tghl. Instahion. Cap~tal 
hp Btuho-hr Year Cost. S 9 Continwmcv. 5 Cost. S 

700 6.920 8.000 7,5m 600 4.130 12.200 
900 6.920 8.000 7.500 600 4.130 12.WO 
900 6,920 8,000 lO.OO0 800 5.500 16.300 
1.200 7.220 8.000 10.W 800 5,Wl 16.300 
1.650 7,220 8.000 10,WO 800 5.500 16.300 
2,200 6,810 8,000 1 0 m  Hxl 5.500 16.300 
2.200 
4 . m  

6.810 
6.810 

8,000 
8.000 

15,oOO 
15,000 12001 200 

8250 
8250 

24.500 
24,500 

6.000 6.150 
13.W 6.150 

8.000 
8,000 

IS.Oo0 
15 .W 

1 200 
1~~ 

8250 
8250 

24,500 
24,500 

ANNUAL COSTS 
Taxes. Total 

Power Heat Horn Fuel Insmce. Compliance Capid Annual 
Output. Rate. Per Maintenance. OverheaQ Penalty. A&., T e s ~  Recovery. Cost. 

hp BaJhphr Year S IE 0 $ S S S 

COST EFFECnVEPSSS 
Cost 

Power Heat Horn Unconmllerl NQx ConmUed Total effeujvehess, 
Ourpuk Rate. 

hp Btu/hpIu 
Pa 

Year 
NOx. reduction, Nox. ranored, 

todyr  
annual 
c o a S  

$/ton NOx 
removed 



TABLE B-16. COSTS AND COST EFFECTIVENESS FOR RETROFIT OF SELECTIVE CATALYTIC 

REDUCTION (SCR) TO A DUAL-FUEL ENGINE 


CAPITAL COSTS 
DirsclMd 

Told 

C O S T ~ W e S S  
Cot1 

Powa Hou Horn Ull~~~lmolbdNOR ConooUed NOx Tad o f f d v e n c y  
Oupr Rm, Pa NOx, rsdu&~n, NO., ranoved, mmd flroaNOI 

hp Bt4lhphr You roerr/)lr % tonrfvr lMuEyr OOSI,S nmovcd 

700 6,Pm 8,000 52.1 90 5.2 46.9 170,000 3,630 
900 , 6,920 8,000 671 PO 6.7 60.3 i79,oOO 2.970 

1.200 7.2N 8.000 89.4 . 90 8.9 BOA 192.000 2.380 
1,650 7.220 8.000 123 90 12.3 I11 211.000 1,910 
2.200 6,810 8.000 IM 90 16.4 I47 234m 1.590 
4 m 1  6,810 8,000 ~8 90 29.8 268 310,000 1.160 
6JlOO 6.150 8.000 147 90 44.7 402 3W.000 979 
8,OMl 6,lW 8 . m  5% 90 59.6 136 478.000 891 , 



TABLE B-17. COSTS COST EFFECTIVENESS FOR RETROFIT OF 
LOW-EMISSION COMBUSTION TO A DUAL-FUEL ENGINE 


CAPITAL costs 
Direct and 

Power Heat Hours capiral Sales Tax Iniiirect Total 
- Output. kt=. Per-Equipment & Freight. Insuhtion. Capid 

hp Btwhp-hr Year Cost. S 

270.0M) 720.000 
3W.m 8lo.m 
355.000 945.000 
431,000 1,150,000 

524.000 1.390.000 
828.000 2200.000 

1.170.000 3.100.000 
1.500.m 4.000.000 

ANNUAL COSTS 
Taxes. Total 

Power Heat H m  Fuel Insmince. Compliance Capital Annual 
Ourput. Rate, Pw Maintenance. Overhead. Penalty, Admin., Test. Recovery, Cost. 

hp BMp-ht Y~XU 0 S 5 $ S S 

700 6,920 8,000 41.W 25.000 4.800 28,800 2,440 79,000 182,000 
900 6,920 8.W 46.8CKl 28.100 6,170 32,400 2,440 88,900 205,000 
1.200 722Q 8,000 54&M 32.W 8580 37.800 2,440 IW.000 240.000 
1.650 7.220 8.000 66300 39.800 11,800 45.900 2,440 126.000 292.000 
22W 6.810 8,000 80.600 48.400 14,800 !%so0 2,440 153.000 355.OCU 
4.000 6.810 8,000 127,000 76,400 27.000 88a 2.440 242,000 563,000 
6,000 6.150 8,000 179.000 1OBJW 36.600 124,MKl 2440 341.000 791,000 
8.000 6.150 8,000 231,800 139.000 48.m 160,M)O 2,440 440.000 1.020.000 

COST -S 
Cost 

Power Heat Hours UnccnumMed Cona~lled effectiveness. 
Output, Rite, Per NOx. PKk. Sloon NOx 

hp Btu/hphr Year tonstyr @pht moved -

4360 
4 m  
3520 
3.1 10 
2,840 
2,480 
2320 

2240 
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