
1

NACT 271 
Stationary Reciprocating Engines

April 10

Stationary 
Reciprocating 
Engines

Stationary 
Reciprocating 
Engines

NACT 271

Short pre quiz

1. 4 stroke
2. CI
3. Fuel Injection
4. 2SSI
5. NSC
6. Lean burn
7. Reduction reaction
8. Stroke
9. Combustion Chamber
10. Torque

11. Engine Displacement
12. Scavenging
13. Reed valves
14. ICE vs RICE
15. Otto cycle
16. Oxy Cat
17. Diesel trap
18. HAPs
19. Intercooler
20. Turbocharger
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Course OverviewCourse Overview

• Background Information
• Theory and Operation
• Air/Fuel Delivery Systems
• Reciprocating Engine Emissions  
• Emissions Control Methods
• Regulations
• Inspecting Stationary ICEs
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Internal Combustion Generators by State 2006
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• Natural gas
• Gasoline
• Diesel 
• Sewage gas
• Landfill gas
• Propane gas 

Fuels

History
• Gunpowder engines

• Steam engines

• Air engines

• Petroleum-fueled 
engines
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Types of Reciprocating Engines

Spark-Ignition (S-I)  or Otto Cycle

Compression-Ignition (C-I) or Diesel Cycle

Dual-Fuel (D-F)

Reciprocating 
Engine Operating 

Theory
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Reciprocating Engine 

Valves

Piston in 
Cylinder

Connecting 
Rod

Crankshaft

Intake 
Manifold

Exhaust 
Manifold

Air
Intake 

Fuel Delivery 
System

Courtesy Waukesha

Cooling System

Flywheel

SizesSizes

• Very small engines (1.0-3.0 in; 2-16 hp)
• Small bore (3.0-5.0 in; 3-50 hp)

• Medium bore (3.5-9.0 in; 50-1,200 hp)

• Large bore (8.0-18.0 in; 40-13,000 hp)

Bore Stroke
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1
2
3
4
5
6
7
8

8:1 Compression Ratio

Cylinder and Related ComponentsCylinder and Related Components

Fuel
Injector

Piston

Intake
Valve

Exhaust
Valve

Intake
Manifold

Combustion
Chamber

Exhaust
Manifold

Spark
Plug
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Intake Compression Power Exhaust

Four-Stroke-Cycle Spark-Ignition Engine

Power ExhaustCompression

Fuel Injector
or Spark Plug

Reed 
Valve

Scavenging

Exhaust 
Ports Intake 

Ports

Two-Stroke Cycle EngineTwo-Stroke Cycle Engine

Figure 205.5

16

17



9

NACT 271 
Stationary Reciprocating Engines

April 10

Diesel 
Engine 
Cross-
Section

Fuel
Injector

Camshaft

Pushrod

Rocker 
Arm

Crankshaft
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Energy 
Conversions

Figure 206.1

What is Power?

• Work = Distance x Force
so…lifting a one pound weight one foot off the floor 
= one ft-lb of Work

• Power = Work/Time
so…if it takes one minute to accomplish this, you 
have applied 1 ft-lb/min of Power

• One Horsepower = 33,000 ft-lb/min
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Rating Engine Power

• Horsepower 

• Brake Horsepower

• Rated Brake Horsepower

• Kilowatts

22

Ways to Determine Horsepower

HP = 
Mass flow rate of fuel 

(lb/hr or Btu/hr)
Mass flow rate of fuel 

(lb/hr or Btu/hr)

Specific fuel consumption 
(lb/hp-hr or Btu/hp-hr)

Specific fuel consumption 
(lb/hp-hr or Btu/hp-hr)

HP = HP = 
Torque (foot-lbs) x RPMTorque (foot-lbs) x RPM

52525252

Fuel 
Consumption

Engine 
Torque
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24

Comparison of S-I and C-I Engines

Air/Fuel:  C-I excess air only
S-I wide range of air/fuel

Compression:   C-I  >  S-I

Efficiency:     C-I  >  S-I 

Durability:     C-I  >  S-I

Emissions:   C-I: NOx & PM 
S-I: CO & NOx

24
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Air/Fuel Delivery SystemsAir/Fuel Delivery Systems

• Carburetor

• Gaseous Fuel Regulator

• Fuel Injection

Carburetor 
System

Air-Fuel 
Mixture

Float

Fuel

Fuel 
Discharge
Nozzle

Venturi

Choke Valve

Air

Float 
Chamber  

Fuel Supply 
Valve

Throttle 
Valve 

Vent to 
AtmosphereIdling Air 

Bleed  

Idle
Adjustment

Fuel Metering
Jet

Figure 205.11

26

27



14

NACT 271 
Stationary Reciprocating Engines

April 10

Natural Gas 
Carburetion System

Modes of Fuel Injection  
Gasoline Engine        Diesel Engine

Modes of Fuel Injection  
Gasoline Engine        Diesel Engine

Indirect FI

Direct FI 
Spark Plug Glow Plug
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Multiple 
Pump  
Injector

Unit 
Injector

Unit 
Injector

Rack Assembly

Follower

Fuel Supply

Fuel Injectors

Multiple 
Pump  
Injector

Nozzle Tip

From 
Fuel 
Pump

Valve 
Spring
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Fuel Injection SystemFuel Injection System

Fuel 
Injection 

Lines
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Electronic Solenoids

Increasing Air Intake

• Turbochargers

• Superchargers

• Blower-Scavenging
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Turbocharger 
Cutaway

Exhaust-Driven 
Turbine

Compressor 
Turbine

Compressor 
Turbine

Turbochargers
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Compressor

Air
Intake

Compressor 
turbine

Intercooler

Intake 
Valve Exhaust

Valve

Intake 
Air

E
x
h
a
u
s
t
G
a
s

Piston

TurbochargerTurbocharger

Intercooler

• Heat exchanger 
• Cools air compressed by 

turbocharger or 
supercharger

• Used on most C-I engines
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Emissions From SREsEmissions From SREs

Fuel (C, H, N, S)Fuel (C, H, N, S)

H2O

CO2
CO
HC

NOx
SOx

Aldehydes
PM10

H2O

CO2
CO
HC

NOx
SOx

Aldehydes
PM10

Air (N2 , O2)Air (N2 , O2)

+ 

Hydrocarbons,    

including 

PAHs

Metals

Carbon
And

H2SO4

nuclei

Etc.

Diesel 
Particulate 

Matter

Diesel 
Particulate 

Matter
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National Baseline HAP Emissions from RICE Units
2005

45

Type of Engine Baseline HAP Emissions 
from All RICE Sources
(tons/yr)

Baseline HAP Emissions
from Major Sources
(tons/yr)

Existing Engines:
2SLB Clean Gaseous Fuel 
4SLB Clean Gaseous Fuel 
4SRB Clean Gaseous Fuel
Compression Ignition 
Subtotal 

13,888
11,729

838
1,034

27,489

5,555
4,692
335
414

10,996

New Engines:
2SLB Clean Gaseous Fuel 
4SLB Clean Gaseous Fuel 
4SRB Clean Gaseous Fuel
Compression Ignition 
Subtotal 
Total 

1,565
15,685

785
1,165

19,200
46,689

626
6,274
314
466

7,680
18,676

 Time

 Temperature

 Turbulence

 Oxygen

 Time

 Temperature

 Turbulence

 Oxygen
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Stoichiometric RatioStoichiometric Ratio
Relative amounts of air and fuel that when burned together, will result in 
complete combustion with no excess oxygen.

For Gasoline:

AIR FUEL
MASS 14.7           1
VOLUME    11,500         1

RICH   =   Less than 14.7:1  
LEAN  =   Greater than 14.7:1

Stoichiometric Lean 
Combustion 

PPM
Volume

(@ 15% O2)

PPM
Volume

(@ 15% O2)

Air/Fuel RatioAir/Fuel Ratio

0      

500

1000 

1500 

2000  

14       16 18      20      22        24       26      28

NOx

CO
NMHC

Courtesy Waukesha

Exhaust Emissions and A/F
(Natural Gas Engine)

Exhaust Emissions and A/F
(Natural Gas Engine)

Combustion 
Temp.
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Stoichiometric

Power

Air/Fuel Ratio
12       14 16      18      20        24       26      28

Engine Power and A/F

Rich Lean

Generalized NOx vs. PM 
(for ‘96 engines)

0

1

2

3

4

5

6

7

0.06 0.08 0.1 0.12 0.14 0.16 0.18

PM (gm/hp-hr)

N
O

x 
(g

m
/h

p
-h

r)
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Mechanisms of Formation

CO

NOx
HC
SOx

PM10

51

Incomplete combustion

High temperature combustion of N2

Unburned or partially burned fuel

Oxidation of sulfur

Partial combustion of engine oil 
Partially burned fuel

52

Factors Affecting Emissions

• Engine Design
• Fuel Type 
• Atmospheric Conditions
• Operating Conditions
• Tuning and Maintenance.
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Emission Control Methods for 
Spark-Ignited Engines

Emission Control Methods for 
Spark-Ignited Engines

• Alternate Fuels
• Positive Crankcase Ventilation
• Air/Fuel Ratio Adjustment
• Ignition Timing Retard
• Turbocharging or 

Supercharging with 
Intercooling

• Pre-Chamber/Lean-Burn 
• Exhaust Gas Recirculation
• Pre-Stratified Charge 
• Non-Selective Catalytic 

Reduction
• Selective Catalytic Reduction

Emission Control Methods for Compression-
Ignited Engines

Emission Control Methods for Compression-
Ignited Engines

NOx Control
• Alternate Fuels
• Injection Timing Retard
• Modified Injectors
• Turbocharging or Supercharging with Intercooling 
• Exhaust Gas Recirculation
• Lean-NOx Catalysts
• NOx Adsorbers (“Traps”)
• Selective Catalytic Reduction
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Emission Control Methods for Compression-
Ignited Engines

Emission Control Methods for Compression-
Ignited Engines

PM Control
• Alternate Fuels
• Modified Injectors
• Diesel Oxidation Catalyst
• Diesel Particulate Filters
• Fuel-Borne Catalyst

Fuel TypeFuel Type

• Gaseous Fuels
• Diesel
• Liquid Fuels
• Alternate Fuels

55
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Reciprocating Engine Typical Emission Levels

from:  Emission Control Technology for Stationary Internal Combustion Engines, 
MECA, July 1997, p. 3

Percentages of Gases in Gaseous Fuels

Courtesy Waukesha

Methane 95% --- 65% 55%

Natural Propane Digester Landfill% in Fuel:

Ethane 3% 4% --- ---

Propane 1% 95% --- ---

Butane+ 1% 1% --- ---

CO2 --- --- 35% 45%

Type of Gaseous Fuel

57

58



28

NACT 271 
Stationary Reciprocating Engines

April 10

Positive Crankcase Ventilation (PCV) System

• Some exhaust gases escape 
past pistons into crankcase of 
engine

• Crankcase gases used to be 
vented to atmosphere

• These gases now recirculated 
to intake manifold through a 
hose

PCV
Valve
PCV
Valve

CrankcaseCrankcase

Intake ManifoldIntake Manifold

Gas
Flow
Gas
Flow

PPM
Volume

PPM
Volume

Air/Fuel RatioAir/Fuel Ratio

Rich Adjustment

Decrease NOx by decrease O2 
+ cooling by excess fuel

Increase HC, CO

May increase fuel consumption

Lean Adjustment

Decrease NOx by decrease temp

Increase fuel efficiency at mod. 
lean operation

HC, CO, fuel consumption may 
increase at extremely lean 

Air-Fuel Ratio Adjustment Air-Fuel Ratio Adjustment 

NOx

CO
NMHC
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Piston at 
Top Dead 

Center

Piston at  ~5o

Before Top 
Dead Center

Timing 
Retarded 10o

Piston at ~15o

Before Top 
Dead Center

Piston at 90o

Before Top 
Dead Center

Piston at 
Bottom Dead 

Center

NOx Reductions vs. Ignition Retard for Lean Burn EnginesNOx Reductions vs. Ignition Retard for Lean Burn Engines

IGNITION TIMING (BTDC)

NOx,
lb/hr

Figure 304.5

70

65

60

55

50

45

40

35

30
0 2 4 6 8 10 12 14
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Effects of Air/Fuel Ratio on NOx Reductions at Two Ignition Timing 
Retard Settings

Effects of Air/Fuel Ratio on NOx Reductions at Two Ignition Timing 
Retard Settings

AIR/FUEL RATIO, % OF STOCHIOMETRIC

1

NOx,
ppmv

@
15%
O2

Figure 304.4

Disadvantages
reduce max power output

reduce fuel efficiency

may increase PM (smoke) in C-I

may increase exhaust temps

Disadvantages
reduce max power output

reduce fuel efficiency

may increase PM (smoke) in C-I

may increase exhaust temps

Timing Retard

• NOx control by lowering combustion temperature

• Indicated by degrees of crankshaft rotation

• Injection TR for C-I / Ignition TR for S-I

Advantages
low capital, operating costs

easy to adjust

minimal increase CO, HC

Advantages
low capital, operating costs

easy to adjust

minimal increase CO, HC

63
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Turbocharger 
with 

Intercooler

Low-Emission Combustion or 
"CleanBurn®" Engine

Open Chamber          Prechamber
Courtesy Waukesha
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Pre-Chamber System

Prechamber

Spark plug

Fuel Injector

Courtesy Waukesha

Lean-Burn 
Retrofit Kit
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Conventional Engine

Lean-Burn Retrofit
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Intake 
Manifold
Intake 

Manifold

FuelFuel

CarburetorCarburetor
Signal 

Line
Signal 

Line

EGR 
Valve
EGR 
Valve

Air & FuelAir & Fuel

ExhaustExhaust EGR
System

EGR
System

Engines with Prestratified Charge System
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PSC® Retrofit

73

74



36

NACT 271 
Stationary Reciprocating Engines

April 10

Pre-Stratified Charge: Key Points

• 4-stoke, carbureted engines
• Constant load best
• Operated by manifold vacuum
• NOx reductions to 2 g/bhp-hr

76

Catalytic Converters 

CO   is oxidized  --->   CO2

HC is oxidized  --->   H2O      
OXIDATION 
CATALYST 

(Pt, Pd)
}

REDUCTION 
CATALYST

(Rh)
}

THREE-WAY or 
NON-SELECTIVE 

CATALYST

}

NOx is reduced  --->    N2

CO + HC + NOx --> CO2 + H2O + N2

76
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Dual-Bed Catalyst System

Air

Fuel
Engine

Exhaust

Reduction 
Catalyst

Oxidation
Catalyst

Valve

Treated 
Exhaust

Figure 304.9

NSCR Catalyst SystemNSCR Catalyst System

AIR          

FUEL CARBURETOR

ENGINE 

BY PASS

CONTROL 
VALVE

MICROPROCESSOR

CATALYST 
O2 SENSOR

TREATED 
EXHAUST 

Courtesy Waukesha
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Non-Selective 
Catalytic Reduction (NSCR)

• Converts NOx, CO, HCs  N2, CO2, H2O

• Rich-burn engines only

• Natural gas applications mainly

• A/F must be precisely controlled  O2 sensor  

• Catalyst temperature 800º - 1200º F

Engine with NSCR

80
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Oxygen Sensor

Non-Selective Catalyst

82
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Temperature 
Gauge

Electrode

Oxygen Sensor

+ Electrode

Housing
Protective 

sleeve

Electrical 
connection

Protective 
tube

Sensor 
ceramic

Support
ceramic

Contact part Vent 
opening

Exhaust Side Ambient Side

Source: Bosch 
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Lean NOx Catalyst

• Diesel fuel injected into exhaust as reducing agent for NOx
• Zeolite substrate stores and releases HCs
• Platinum low-temperature catalyst (200 - 300 oC)
• Copper high-temperature catalyst (350 - 500+ oC)
• ~ 30% NOx conversion
• ~ 3% fuel economy penalty
• Sulfur in fuel decreases efficiency, increases PM

86

NOx Adsorbers (“Traps”)

• NO catalytically oxidized to NO2

• NO2 stored in alkaline earth oxide as nitrate
• Stored NOx removed in two-step reduction process:

– Temporary fuel-rich exhaust to release
– NOx converted to N2 over precious metal catalyst 

• Engine management system needed
• 50 - 90% efficiency
• Sulfur poisoning 

87

86
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SCR System SCR System 

NOx
in 

ENGINE 
EXHAUST

CATALYST N2 + H2O (+ NH3)
EMISSIONS

AMMONIA 
(NH3)

AMMONIA 
FEEDER

Courtesy Waukesha

CONTROL 
VALVE

Temperature 
Control

Ammonia 
Tank

Ammonia 
Pump

Ammonia 
Control

Major Parts of 
SCR System 

Figure 304.7

Stack

CEM

SCR Reactor

SCR Catalyst

Ammonia 
Injector

Engine

Generator
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SCR CatalystSCR Catalyst

Catalyst Module

90
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SCR System 
on Gas Turbine

% NOx Removed vs. Vanadium Pentoxide Catalyst Temperature

90

80

70

60

400 500 600 700 800 900

V2O5 Catalyst Temperature (oF)

%of NOx 
Removed

Most 
effective 
operating 

range

Figure 304.8
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Selective Catalytic Reduction 
(SCR)

• NOx Control thru Ammonia Injection
• Lean-Burn, Diesel, and Gas Turbines
• Metal-based (V2O5, TiO2, WO3, Al2O3) or Zeolites
• 70 - 90+% control of NOx

SCR Pros and Cons

• Advantages
– works better than TWC with excess oxygen
– cheaper than reduction catalyst using noble metal (for large-

scale applications)

• Disadvantages
– most expensive NOx control method
– high maintenance
– ammonia slip
– increased fuel consumption.

96
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Diesel Oxidation Catalyst (DOC)

98

Diesel Particulate Filter (DPF)

• Collection of PM on filter with exhaust gas flow-through
• Regeneration required

– High exhaust temperature (600 - 650 oC)
– Catalytic oxidation of particulate (~375 oC)
– Oxidize NO to NO2  adsorbs  reduces regeneration temperature
– Fuel-borne catalyst
– Ceramic coatings
– Engine adjustments

• Collection of PM on filter with exhaust gas flow-through
• Regeneration required

– High exhaust temperature (600 - 650 oC)
– Catalytic oxidation of particulate (~375 oC)
– Oxidize NO to NO2  adsorbs  reduces regeneration temperature
– Fuel-borne catalyst
– Ceramic coatings
– Engine adjustments

99
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Diesel Particulate Filter

Exhaust 
In

100

Exhaust 
Out

Exhaust 
Out

100
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Regulations Affecting 
Stationary Engines

Regulations Affecting 
Stationary Engines

RICE NESHAP
• ◦ Applies to existing, new, and reconstructed

stationary engines (both CI and SI)
• ◦ Focus is air toxics (HAP)
• ◦ Established under CAA section 112

cI/SI ICE NSPS

• ◦ Applies to new, modified, and reconstructed
stationary CI/SI engines

• ◦ Focus is criteria pollutants
• ◦ Established under CAA section 111

Definitions

"Stationary Internal Combustion Engine": 

Any internal combustion engine, except combustion
turbines, that converts heat energy into mechanical work 

and is not mobile. A stationary ICE is not a nonroad
engine as defined at 40 CFR 1068.30, and is not used 
to propel a motor vehicle or a vehicle used solely for 

competition. Stationary ICE includes reciprocating ICE, 
rotary ICE, and other ICE except combustion turbines

102
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NON ROAD ENGINE

• …it is in or on a piece of equipment that is self-propelled or serves a 
dual purpose by both propelling itself and performing another 
function 

• …it is in or on a piece of equipment that is intended to be propelled 
while performing its40 CFR 1068.30function 

• …by itself or in or on a piece of equipment, is portable or 
transportable, meaning

designed to be and capable of being carried or
moved from one location to another. 

104

Definitions (con't)
Rich burn engine - Any four-stroke spark ignited engine where the 
manufacturer’s recommended operating air/fuel ratio divided by the 
stoichiometric air/fuel ratio at full load conditions is less than or 
equal to 1.1.
Engines originally manufactured as rich burn engines, but modified 
prior to December 19, 2002 with passive emission control 
technology for NOX (such as pre-combustion chambers) will be 
considered lean burn engines. Also, existing engines where there 
are no manufacturer’s recommendations regarding air/fuel ratio will 
be considered a rich burn engine if the excess oxygen content of 
the exhaust at full load conditions is less than or equal to 2 percent.

Lean burn engine – Any two-stroke or four-stroke spark ignited 
engine that does not meet the definition of a rich burn engine.

104

105



51

NACT 271 
Stationary Reciprocating Engines

April 10

106

107

106

107



52

NACT 271 
Stationary Reciprocating Engines

April 10

108

108

109



53

NACT 271 
Stationary Reciprocating Engines

April 10

110

111

110

111



54

NACT 271 
Stationary Reciprocating Engines

April 10

112

113

112

113



55

NACT 271 
Stationary Reciprocating Engines

April 10

114

115

114

115



56

NACT 271 
Stationary Reciprocating Engines

April 10

116

117

116

117



57

NACT 271 
Stationary Reciprocating Engines

April 10

118

119

118

119



58

NACT 271 
Stationary Reciprocating Engines

April 10

120

121

120

121



59

NACT 271 
Stationary Reciprocating Engines

April 10

122

123

122

123



60

NACT 271 
Stationary Reciprocating Engines

April 10

124

125

124

125



61

NACT 271 
Stationary Reciprocating Engines

April 10

126

127

126

127



62

NACT 271 
Stationary Reciprocating Engines

April 10

128

128

129



63

NACT 271 
Stationary Reciprocating Engines

April 10

130

131



64

NACT 271 
Stationary Reciprocating Engines

April 10

132
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Inspection

Procedures

Pre-InspectionPre-Inspection

1. Obtain/set up inspection report form
2. File Review
3. Regulation Review
4. Equipment Check
5. Pre-Entry and Entry
6. Pre-Inspection Meeting
7. Permit Check

147
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Typical Permit Conditions

• Fuels
• Hours of operation
• Emission limits
• Emission control equipment
• Recordkeeping
• CEMs

Inspection 

• Visible Emissions Evaluation 

• General Upkeep and Maintenance

• Monitoring Instruments (operation, records)

• Fuel Type, Quality (records, samples)

• Control Devices

• Maintenance Records 
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Inspection (con't.)

• Emissions Screening

• Source Test 

• Timing Check

• Derating Verification 
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SAFETYSAFETY

SAFETY

SAFETY SAFETY

SAFETY

SAFETY

SAFETYSAFETY

SAFETY
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FURTHER INFORMATION
• https://www.epa.gov/stationary-engines - EPA 

stationary engine page

• https://www.epa.gov/stationary-engines/guidance-
and-tools-implementing-stationary-engine-
requirements     - Regulatory Navigation Interactive 
Tools and Regulatory summary pages

• www.combustionportal.org
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