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ObjectivesObjectives

The objectives of this study are to: The objectives of this study are to: 
•• Measure realMeasure real--world duty cycles for specific world duty cycles for specific 

types of types of nonroadnonroad construction vehicles;construction vehicles;
•• Characterize the inCharacterize the in--use emissions and use emissions and 

energy use of energy use of nonroadnonroad construction vehicles construction vehicles 
and equipment; and equipment; 

•• Develop vehicleDevelop vehicle--specific microspecific micro--scale models scale models 
of fuel use and emissions; andof fuel use and emissions; and

•• Assess the variations of fuel use and Assess the variations of fuel use and 
emissions among different duty cycles.emissions among different duty cycles.



US National Total Emissions of Onroad, Nonroad, US National Total Emissions of Onroad, Nonroad, 
and Nonroad Construction Vehicle in 2002and Nonroad Construction Vehicle in 2002



MethodologyMethodology

•• Study Study DDesignesign
•• InstrumentationInstrumentation
•• Data Collection ProcedureData Collection Procedure
•• Data Screening and Quality AssuranceData Screening and Quality Assurance
•• Exploratory Analysis of Empirical DataExploratory Analysis of Empirical Data
•• Development of PhysicallyDevelopment of Physically--Based Regression Based Regression 

ModelsModels
•• Comparison of RealComparison of Real--World Duty CyclesWorld Duty Cycles



General Overview of Study DesignGeneral Overview of Study Design

•• Study LocationStudy Location
–– Near NCSU campusNear NCSU campus

•• Vehicle SelectionVehicle Selection
–– Prioritized based on Prioritized based on EPAEPA’’ss NONROAD modelNONROAD model

•• Vehicle ActivitiesVehicle Activities
–– Such as moving and pushing by dozersSuch as moving and pushing by dozers

•• Data Collection SchedulingData Collection Scheduling
–– Cooperation must be obtained from the ownerCooperation must be obtained from the owner

•• Driver/OperatorDriver/Operator
–– Based on contractor driver scheduleBased on contractor driver schedule



Locations of  Construction SitesLocations of  Construction Sites



Portable Emission Measurement  SystemPortable Emission Measurement  System

•• OEMOEM--2100 Montana System2100 Montana System
–– Clean Air TechnologClean Air Technologiesies International,International, Inc.Inc.
–– CarryCarry--on Luggage shapeon Luggage shape
–– Weight:  35Weight:  35 lbs.lbs.
–– 13.813.8 vvoltolt with 5with 5~1~18 8 aampsmps..
–– 2 gas 2 gas aanalyzersnalyzers
–– Global Global PPositioning System (GPS)ositioning System (GPS)

•• Gas AnalyzerGas Analyzer
–– NO and ONO and O22 from from eelectrolectro--chemical chemical ssensorsensors
–– HC, CO, and COHC, CO, and CO22 from from nnonon--dispersive dispersive iinfrared (NDIR)nfrared (NDIR)

•• Global Positioning System (GPS)Global Positioning System (GPS)
–– GPS system measures vehicle GPS system measures vehicle locationlocation



RealReal--World Field MeasurementWorld Field Measurement



Procedure for Installation of the Portable Emission Procedure for Installation of the Portable Emission 
Measurement System and Field MeasurementMeasurement System and Field Measurement



Foam Padding and Cover for the PEMSFoam Padding and Cover for the PEMS

Cover for the 
PEMS

Foam Padding



Typical Time Period for Testing ProceduresTypical Time Period for Testing Procedures

Safety CageSafety Cage
SetupSetup

Sensor Array SetupSensor Array Setup
(MAP, RPM, IAT sensors)(MAP, RPM, IAT sensors)

External External 
Battery SetupBattery Setup

Cables, Hoses and Cables, Hoses and 
Sampling Line SetupSampling Line Setup

30 min30 min 60 min60 min 20 min20 min 40 min40 min

Montana Unit Montana Unit 
SetupSetup

Laptop, CamcorderLaptop, Camcorder
and GPS Setupand GPS Setup

Montana Unit Montana Unit 
Warming upWarming up

30 30 -- 40 min40 min 20 min20 min 30 30 -- 45 min45 min

PrePre--InstallationInstallation

InstallationInstallation

Data CollectionData Collection Vehicle Activity Monitoring, Recording, and Periodic System ChecVehicle Activity Monitoring, Recording, and Periodic System Checkk

9:00 AM9:00 AM 0101:00 PM:00 PM



Fuel Use and Emissions Database DevelopmentFuel Use and Emissions Database Development



Exploratory Analysis of Empirical DataExploratory Analysis of Empirical Data

•• TaskTask--Based ModesBased Modes
–– ActivityActivity--based realbased real--world duty cycleworld duty cycle
–– Record in the field with laptop computerRecord in the field with laptop computer

•• EngineEngine--Based ModesBased Modes
–– Sorted the data by manifold absolute pressure (MAP)Sorted the data by manifold absolute pressure (MAP)
–– Divide the data into MAP strata so that each strata   Divide the data into MAP strata so that each strata   

represents 10% of total duty cycle NOrepresents 10% of total duty cycle NOxx emissionsemissions

Estimation of Modal Emission Rates Estimation of Modal Emission Rates 



TimeTime--Based Modal Emission Factors for a FrontBased Modal Emission Factors for a Front--
End LoaderEnd Loader

TaskTask--Oriented Based Modes Oriented Based Modes Engine Based Mode Engine Based Mode [MAP (kPa)]

Manifold Absolute Pressure RangesManifold Absolute Pressure RangesTaskTask--Oriented ModesOriented Modes

Each mode accounts for 10 percent of total NO emissionsEach mode accounts for 10 percent of total NO emissions

TaskTask--Oriented ModesOriented Modes EngineEngine--Based ModesBased Modes
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1: 100-106  4:123-127  7: 141-147
2: 107-116  5:128-134  8: 148-158
3: 117-122  6:135-140  9: 159-193

10: 194-228

Idle: Idling  
Moving: Moving without using bucket
Scoop: Moving while using bucket



FuelFuel--Based Modal Emission Factors for a FrontBased Modal Emission Factors for a Front--End End 
LoaderLoader

Manifold Absolute Pressure RangesManifold Absolute Pressure RangesTaskTask--Oriented ModesOriented Modes

TaskTask--Oriented ModesOriented Modes EngineEngine--Based ModesBased Modes
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TaskTask--Oriented Based Modes Oriented Based Modes Engine Based Mode Engine Based Mode [MAP (kPa)]

Each mode accounts for 10 percent of total NO emissionsEach mode accounts for 10 percent of total NO emissions

1: 100-106  4:123-127  7: 141-147
2: 107-116  5:128-134  8: 148-158
3: 117-122  6:135-140  9: 159-193

10: 194-228

Idle: Idling  
Moving: Moving without using bucket
Scoop: Moving while using bucket



Summary of Modal ModelsSummary of Modal Models

•• For nonFor non--idle modal models, fuelidle modal models, fuel--based emission based emission 
factors typically have less variability compared to timefactors typically have less variability compared to time--
based emission factors.based emission factors.

•• Manifold absolute pressure (MAP) is a good Manifold absolute pressure (MAP) is a good 
explanatory variable for statistical emission modelsexplanatory variable for statistical emission models



tΔ
ii

tΔ
i MAPβαY ×+=

Where,
= Average mass emission rate (g/sec) for specie i

(fuel use, HC, CO, CO2 and Opacity) for 
consecutive averaging time of 12 seconds 

= Coefficients for specie i (fuel use, HC, CO, CO2, 
and Opacity) 

= Average manifold absolute pressure (kPa) for 
consecutive averaging time of 12 seconds

tΔ
iY

tΔMAP

Ordinary Least Squares RegressionOrdinary Least Squares Regression

NOTE: Consecutive averaging time of 12 seconds is used to reduce 
the influence of instrument response time and autocorrelation.

ii β ,α
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Where,
= Average mass emission rate (g/sec) for NO for 

consecutive averaging time of 12 seconds
aNO , bNO = Coefficients for NO

= Average manifold absolute pressure (kPa) for 
consecutive averaging time of 12 seconds

tΔ
NOY

tΔMAP

Ordinary Least Squares RegressionOrdinary Least Squares Regression



Steps for Developing Calibration and Validation Steps for Developing Calibration and Validation 
DatasetsDatasets

STEP 1: Identify time series STEP 1: Identify time series ““segments.segments.”” Each segment  Each segment  
representsrepresents one complete duty cycle. one complete duty cycle. 

STEP 2: Randomly assign the time series segments to the STEP 2: Randomly assign the time series segments to the 
calibration dataset (75% of total data) or validation calibration dataset (75% of total data) or validation 
dataset (25% of total data). dataset (25% of total data). 

STEP 3: STEP 3: Compare the mean and standard deviation of Compare the mean and standard deviation of 
manifold absolute pressure (MAP) and emissions manifold absolute pressure (MAP) and emissions 
for the calibration and validation datasets.for the calibration and validation datasets.

STEP 4: If the distributions of these two datasets are STEP 4: If the distributions of these two datasets are 
similar, the calibration and validation datasets are similar, the calibration and validation datasets are 
ready. If not, go back to STEP 2 and reready. If not, go back to STEP 2 and re--assign the assign the 
segments. segments. 



Parity Plots of Observed Fuel Use and Parity Plots of Observed Fuel Use and 
Emissions versus Predicted ValuesEmissions versus Predicted Values

Note: This is for validation data. The slope for all Note: This is for validation data. The slope for all 
of the parity plots was 1.0of the parity plots was 1.0

Example of Excavator 1Example of Excavator 1

RR22=0.99=0.99 RR22=0.99=0.99



Coefficient of Determination of TimeCoefficient of Determination of Time--Based Regression Based Regression 
Models for Fuel Use and Emission Rates (Validation Dataset)Models for Fuel Use and Emission Rates (Validation Dataset)

0.96
0.950.95

0.900.90
0.950.95
0.910.91
0.950.95
0.970.97
0.990.99
0.990.99
0.970.97
0.970.97
1.001.00
COCO22

0.780.410.610.880.96Average R2

0.760.760.800.800.800.800.910.910.950.95Skid Steer Loader
0.850.850.600.600.790.790.790.790.900.90Front-End Loader
0.330.330.250.250.080.080.770.770.950.95Backhoe 2
0.840.840.0020.0020.270.270.860.860.910.91Backhoe 1
0.900.900.440.440.780.780.820.820.950.95Off-Highway Truck
0.750.750.130.130.420.420.940.940.970.97Excavator 3
0.920.920.450.450.800.800.960.960.990.99Excavator 2
0.920.920.660.660.720.720.990.990.990.99Excavator 1
0.620.620.070.070.560.560.920.920.970.97Dozer 3
0.760.760.210.210.890.890.920.920.970.97Dozer 2
0.950.950.910.910.630.630.990.991.001.00Dozer 1

OpacityOpacityCOCOHCHCNONOxxFuelFuelRR22



Summary of the Regression ModelsSummary of the Regression Models

•• The RThe R22 for fuel use, COfor fuel use, CO22, and , and NONOxx emission emission 
rates are high for all vehicles.rates are high for all vehicles.

•• The statistical regression models perform well.The statistical regression models perform well.



Duty Cycle 1:Duty Cycle 1: Material Handling using a frontMaterial Handling using a front--end loaderend loader
Duty Cycle 2:Duty Cycle 2: Clearing land using a bulldozerClearing land using a bulldozer
Duty Cycle 3:Duty Cycle 3: Spreading materials using a bulldozer (Dozer 2)Spreading materials using a bulldozer (Dozer 2)
Duty Cycle 4:Duty Cycle 4: Spreading materials using a bulldozer (Dozer 3)Spreading materials using a bulldozer (Dozer 3)
Duty Cycle 5:Duty Cycle 5: Tree/Stump removal using an excavatorTree/Stump removal using an excavator
Duty Cycle 6:Duty Cycle 6: Moving objects using an excavatorMoving objects using an excavator
Duty Cycle 7:Duty Cycle 7: Mass excavation using an excavatorMass excavation using an excavator
Duty Cycle 8:Duty Cycle 8: Material hauling using an offMaterial hauling using an off--highway truckhighway truck
Duty Cycle 9:Duty Cycle 9: Load a dump truck using a backhoeLoad a dump truck using a backhoe
Duty Cycle 10:Duty Cycle 10: Mass excavation using a backhoeMass excavation using a backhoe
Duty Cycle 11:Duty Cycle 11: Material handling using a skid steer loaderMaterial handling using a skid steer loader
Duty Cycle 12:Duty Cycle 12: Power generation using a generatorPower generation using a generator
Duty Cycle 13:Duty Cycle 13: ISOISO--C1 engine dynamometer test cycleC1 engine dynamometer test cycle

Definitions of Duty CyclesDefinitions of Duty Cycles



4.5
2.0
4.5
4.0
9.6
3.9
6.4
8.3
5.0
3.9
5.0
6.0

Disp.a

4
4
4
4
6
4
6
6
6
4
6
6

Cyl.b

108
44
88
88
306
93
138
254
90
85
80
149

HPc

Tier 12003Skid Steer Loader11
12

10
9
8
7
6
5
4
3
2
1

ID No.

Tier 12002Generator

Tier 11999Backhoe 2
Tier 12001Backhoe 1
Tier 22005Off-Highway Truck
Tier 12002Excavator 3
Tier 22003Excavator 2
Tier 12001Excavator 1
Tier 12003Dozer 3
Tier 22004Dozer 2
Tier 01988Dozer 1
Tier 22004Front-end Loader

Engine TierYearDescription

a Engine Displacement (liters) b Number of cylinders c Rated Engine Horsepower

Vehicle or Equipment  InformationVehicle or Equipment  Information



Maps of Typical Work DutyMaps of Typical Work Duty



EngineEngine

DC12
DC13

DC11

DC10
DC9
DC8
DC7
DC6
DC5

2.51.21.6DC4
3.31.62.2DC3

3.61.82.5DC2
DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Fuel Use Cycle Variations of Fuel Use 
Rates (gallon/hour)Rates (gallon/hour)

DozersDozers



EngineEngine

DC12
DC13

DC11

DC10
DC9
DC8

2.44.86.0DC7
1.83.74.6DC6
1.63.34.1DC5

2.51.21.6DC4
3.31.62.2DC3

3.61.82.5DC2
DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Fuel Use Cycle Variations of Fuel Use 
Rates (gallon/hour)Rates (gallon/hour)

DozersDozers

ExcavatorsExcavators



EngineEngine

DC12
DC13

DC11

1.51.2DC10
1.10.9DC9

DC8
2.44.86.0DC7
1.83.74.6DC6
1.63.34.1DC5

2.51.21.6DC4
3.31.62.2DC3

3.61.82.5DC2
DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Fuel Use Cycle Variations of Fuel Use 
Rates (gallon/hour)Rates (gallon/hour)

DozersDozers

ExcavatorsExcavators

BackhoesBackhoes



EngineEngine

0.80.21.20.51.10.51.00.81.10.51.00.8DC12
1.03.32.47.12.75.47.05.02.43.54.0DC13

1.13.82.78.53.36.58.45.92.84.24.6DC11

0.61.51.23.61.22.73.32.41.21.52.2DC10
0.51.10.92.70.92.02.41.70.91.01.7DC9
0.51.10.92.70.92.02.41.70.91.01.7DC8
0.92.82.06.22.44.86.04.32.02.93.5DC7
0.72.21.64.91.83.74.63.31.62.32.8DC6
0.71.91.54.41.63.34.12.91.51.92.5DC5
0.61.61.23.71.42.83.42.51.21.62.2DC4

0.72.21.64.81.83.64.53.31.62.22.7DC3

0.82.41.85.32.04.15.13.61.82.53.1DC2
0.61.51.13.51.22.63.22.31.11.52.0DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Fuel Use Cycle Variations of Fuel Use 
Rates (gallon/hour)Rates (gallon/hour)



EngineEngine

DC12
DC13

DC11

DC10
DC9
DC8
DC7
DC6
DC5

1053867DC4

1304492DC3

15351103DC2
DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Cycle Variations of NONOxx
Emission Rates (mg/sec)Emission Rates (mg/sec)



EngineEngine

DC12
DC13

DC11

DC10
DC9
DC8

6998170DC7
5479132DC6
4775112DC5

1053867DC4

1304492DC3

15351103DC2
DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Cycle Variations of NONOxx
Emission Rates (mg/sec)Emission Rates (mg/sec)



EngineEngine

DC12
DC13

DC11

4152DC10
2232DC9

DC8
6998170DC7
5479132DC6
4775112DC5

1053867DC4

1304492DC3

15351103DC2
DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Cycle Variations of NONOxx
Emission Rates (mg/sec)Emission Rates (mg/sec)



EngineEngine

26834154619293341124522DC12
223846181801012021344714483DC13

253547208951172391485317294DC11

144152119386388102376356DC10
1122328929486965254943DC9
1121298831487364245242DC8
22525817569981701545012781DC7
1842491435479132120419767DC6
1749571384775112123438265DC5
154252122396593105386757DC4

1849571475280125130449268DC3

20606716358891391535110376DC2
14334211038608989336452DC1

121110987654321
Duty 
Cycle

InterInter--Engine and InterEngine and Inter--Cycle Variations of Cycle Variations of NONOxx
Emission Rates (mg/sec)Emission Rates (mg/sec)



ConclusionsConclusions

•• The procedures described in this paper are The procedures described in this paper are 
applicable to any construction site and type of applicable to any construction site and type of 
nonroadnonroad construction equipment. construction equipment. 

•• InterInter--cycle and intercycle and inter--engine variations of fuel use engine variations of fuel use 
and emissions are significant. and emissions are significant. 

•• RealReal--world inworld in--use measurements should be a use measurements should be a 
basis for developing duty cycle correction factors basis for developing duty cycle correction factors 
in models such as NONROAD.in models such as NONROAD.
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37.637.69.09.0152152DC4DC4

28.528.58.08.0143143DC3DC3

23.123.117.617.6110110DC4DC4
18.218.217.017.0100100DC3DC3

34.134.19.39.3152152DC4DC4

30.130.17.77.7154154DC3DC3

25.525.538.938.96.86.811.311.381819292DC1DC1FrontFront--End LoaderEnd Loader

62.762.7
25.825.8

9.59.5
7.97.9

9292
152152DC2DC2

Dozer 3Dozer 3

40.740.7
17.917.9

6.26.2
16.316.3

8181
101101DC2DC2

Dozer 2Dozer 2

92.492.4
27.527.5

1818
7.17.1

114114
149149DC2DC2

Dozer 1Dozer 1

NONROAD NONROAD 
ModelModelCycleCycleNONROAD NONROAD 

ModelModelCycleCycleNONROAD NONROAD 
ModelModelCycleCycle

CO (g/gal)CO (g/gal)HC (g/gal)HC (g/gal)NONOxx (g/gal)(g/gal)

Duty Duty 
CycleCycle

EquipmentEquipment

Benchmarking Weighted Average Emission Benchmarking Weighted Average Emission 
Rates with NONROAD ModelRates with NONROAD Model



15.915.99.79.7107107DC6DC6

13.613.68.88.8104104DC7DC7

25.025.08.98.97474DC7DC7

27.927.99.39.37676DC6DC6

10.210.24.64.6102102DC7DC7

10.910.94.94.9102102DC6DC6

62.162.1
18.218.2

9.59.5
10.410.4

9292
107107DC5DC5

Excavator 3Excavator 3

25.525.5
29.629.6

6.86.8
9.69.6

8181
8282DC5DC5

Excavator 2Excavator 2

22.022.0
11.511.5

6.26.2
5.25.2

102102
9999DC5DC5

Excavator 1Excavator 1

NONROAD NONROAD 
ModelModelCycleCycleNONROAD NONROAD 

ModelModelCycleCycleNONROAD NONROAD 
ModelModelCycleCycle

CO (g/gal)CO (g/gal)HC (g/gal)HC (g/gal)NONOxx (g/gal)(g/gal)

Duty Duty 
CycleCycle

EquipmentEquipment

Benchmarking Weighted Average Emission Benchmarking Weighted Average Emission 
Rates with NONROAD ModelRates with NONROAD Model



41.441.468.168.19.19.111.411.49898118118DC12DC12GeneratorGenerator

35.035.06.46.47070DC9DC9

71.671.615.915.914.614.612.712.789898080DC11DC11Skid Steer LoaderSkid Steer Loader

43.743.7
31.831.8

19.119.1
5.45.4

9595
100100DC10DC10

Backhoe 2Backhoe 2

20.220.213.313.3150150DC10DC10
40.640.6

27.827.8
17.717.7

16.316.3
9191

127127DC9DC9
Backhoe 1Backhoe 1

21.921.953.053.06.26.29.09.08282117117DC8DC8OffOff--Highway TruckHighway Truck

NONROAD NONROAD 
ModelModelCycleCycleNONROAD NONROAD 

ModelModelCycleCycleNONROAD NONROAD 
ModelModelCycleCycle

CO (g/gal)CO (g/gal)HC (g/gal)HC (g/gal)NONOxx (g/gal)(g/gal)

Duty Duty 
CycleCycleEquipmentEquipment

Benchmarking Weighted Average Emission Benchmarking Weighted Average Emission 
Rates with NONROAD ModelRates with NONROAD Model


