
ABSTRACT 

KIM, KANGWOOK. Operational Evaluation of In-Use Emissions and Fuel Consumption of 
B20 Biodiesel versus Petroleum Diesel-Fueled Onroad Heavy-duty Diesel Dump Trucks and 
Nonroad Construction Vehicles. (Under the supervision of Dr. H. Christopher Frey). 
 

Diesel vehicles contribute substantially to statewide emissions of NOx, an ozone precursor, and to 

particulate matter.  North Carolina Department of Transportation (NCDOT) is conducting a pilot 

study to demonstrate the use of B20 biodiesel fuel on approximately 1,000 vehicles in selected 

areas of the state; there are plans to extend the use of B20 fuel to a much larger number of 

vehicles in all 100 counties in North Carolina.  Real-world in-use onroad and nonroad emissions 

of selected heavy-duty diesel vehicles, including those fueled with B20 biodiesel and petroleum 

diesel, were measured during normal duty cycles using a portable emissions measurement system 

(PEMS).  Each vehicle was tested for one day on B20 biodiesel and for one day on petroleum 

diesel, for a total of 68 days of field measurements.  The vehicles were operated by drivers 

assigned by NCDOT.  Each test was conducted over the course of an entire workshift, and there 

were approximately 2 to 10 duty cycles per shift.  Each duty cycle is comprised of a uniquely 

weighted combination of operating modes based on vehicle speed, acceleration, and typical 

modes of activities.  Average emission rates on a mass per time basis varied substantially among 

the operating modes.  Average fuel use and emissions rates increased 26 to 35 percent when 

vehicles were loaded versus unloaded.  The use of B20 instead of petroleum diesel lead to a 

slight decrease (approximately 2 to 10 percent depending on the vehicle) in NO emission rate and 

significant decreases (approximately 10 to 30 percent depending on the vehicle) for opacity, HC, 

and CO, respectively.  These trends are similar to nonroad vehicles.  Factors that were 

responsible for the observed variability in fuel use and emissions include: operating mode, 

vehicle size, engine tier and size, vehicle weight, and fuel. In particular, emission rates were also 

found to decrease significantly when comparing newer, higher tier vehicles to older ones.  



Recommendations were made regarding operating strategies to reduce emissions, choice of fuel, 

and the need for future work to collect real-world duty cycle data for other vehicle types. 

EXECUTIVE SUMMARY 

NCDOT is proceeding with the use of alternative fueled vehicles (AFVs), including 

biodiesel-fueled medium duty trucks. A significant number of counties in North Carolina will be 

designated for non-attainment for both ozone and particulate matter under forthcoming Federal 

environmental standards.  Diesel vehicles contribute substantially to statewide emissions of NOx, 

an ozone precursor, and to particulate matter.  NCDOT is conducting a pilot study to 

demonstrate the use of biodiesel (e.g., B20) fuel on approximately 1,000 vehicles in selected 

areas of the state; there are plans to extend the use of B20 fuel to a much larger number of 

vehicles in all 100 counties in North Carolina.  There is a need for empirical quantification and 

comparison of emissions, fuel economy, and vehicle operation on both conventional and 

biodiesel fuels.  Furthermore, there is a need for detailed insight into factors influencing both 

emissions and fuel consumption on a second-by-second basis in order to develop 

recommendations for improved operation to further reduce emissions and fuel consumption. 

Research Objectives 

The objectives of this research are to:  (1) characterize baseline real-world in-use on-

road emissions of selected heavy-duty diesel vehicles, including those fueled with B20 biodiesel 

and petroleum diesel, during normal duty cycles; (2) characterize the episodic nature of 

emissions and fuel use; (3) identify factors responsible for variability in emissions and fuel use, 

with specific focus on factors leading to episodes of high emissions and fuel use; and (4) develop 

recommended strategies for reducing the frequency and duration of high emissions and fuel use 

episodes, with consideration of operational constraints as well as other possible benefits 
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1.0 Introduction 

The purpose of this research is to provide real-world assessment of the emissions and fuel 

use of heavy-duty diesel vehicles operated by NCDOT.  There are many needs for this 

information, each with different implications.  Four critical needs are briefly summarized here. 

An understanding of the episodic nature of emissions and fuel use, which has been 

demonstrated in recent data collection and modeling efforts, is the foundation for the 

development of scientifically-sound operational strategies aimed at pollution prevention and 

energy resource conservation. Moreover, there may be opportunities to reduce emissions and 

energy use without significant compromise with respect to duty cycles. 

Heavy-duty diesel equipment contributes substantially to statewide emissions of nitrogen 

oxides (NOx) and particulate matter, including particulate matter less than 2.5 microns in 

aerodynamic diameter(EPA, 2001;2003).  The latter is refered to as “PM2.5.”  NOx is a key 

precursor to the formation of tropospheric ozone.  Under new National Ambient Air Quality 

Standards (NAAQS) for ozone, three major areas of North Carolina are in non-attainment for 

both pollutants.  These areas include Charlotte, the Triad (Greensboro, Winston-Salem, High 

Point), and the Triangle (Raleigh, Durham, and Chapel Hill).  In total, 32 counties are included 

in nonattainment areas for ozone.  Eight counties, or portions thereof, have been recommended 

by EPA for nonattainment designation under the PM2.5 standard (EPA, 2002a; 200b).  The 

economic consequences of non-attainment status are significant.  This research will enable the 

NCDOT to assess its role in these areas and in this problem 

A third motivation for this work is to develop a rigorous baseline for estimation of 

emissions from heavy-duty diesel vehicles under conditions typical of North Carolina. 

A fourth motivation is to establish a baseline for comparison of alternative fuels and 

vehicle technologies, whether included in this research or in future work. For example, by 
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establishing a statistically sound baseline regarding emissions from the current fleet of diesel 

vehicles, it is later possible to determine whether a new fuel additive or a change in lubricating 

oil (as examples) lead to significant reductions in emissions and/or fuel use and under what 

conditions of engine load, ambient temperature, road grade, and so on that such changes are 

observable. 

This chapter provides background regarding the need for this study, a definition of the 

problem addressed by this work, and the key research objectives. 

1.1 Background 

In compliance with the Energy Policy Act of 1992, NCDOT is proceeding with the use of 

alternative fueled vehicles (AFVs), including biodiesel-fueled medium duty trucks. Biodiesel 

(e.g., B20) fuel may offer benefits of lower emissions than conventional diesel fuel for at least 

some pollutants. However, there is some concern that biodiesel fuel usage may lead to higher 

NOx emissions than with petroleum-based diesel fuels. Thus, there is a need to quantify the real-

world emissions for biodiesel fueled vehicles to confirm whether a problem actually exists.  

Furthermore, because real-world emissions are episodic in nature, it is important to have a 

thorough understanding of factors that lead to episodes of high emissions, as well as high fuel 

consumption.  Such information will be used to recommend specific operational strategies for 

reducing emissions and fuel use.  Based upon previous work at NCSU and elsewhere using 

portable on-board emissions and fuel use measurement instruments, a consistent finding is that 

how a vehicle is driven, and not necessarily how many miles it is driven, plays a critical role with 

respect to emissions and fuel use (Frey 1997; 2002a;2002b; 2002c).  Thus, there are 

opportunities to reduce emissions and fuel use without reducing miles traveled or without 

interfering significantly with typical duty cycles. 

A significant number of counties in North Carolina will be designated for non-attainment 
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for both ozone and particulate matter under Federal NAAQS standards. Diesel vehicles 

contribute substantially to statewide emissions of NOx, an ozone precursor, and to particulate 

matter. In order to enable NCDOT to quantify and claim appropriate credit/benefit for changes in 

real-world in-use emissions and fuel use associated with use of biodiesel instead of conventional 

diesel fuel, and with implementation of strategies developed in this research, there is a need to 

quantitatively evaluate the environmental sustainability benefits of AFVs, with specific focus on 

biodiesel fuels. Specifically, there is a need for empirical quantification of second-by-second 

real-world in-use emissions, fuel economy, and vehicle operation on biodiesel fuels. Furthermore, 

there is a need for detailed insight into factors influencing both emissions and fuel consumption 

on a second-by-second basis in order to develop recommendations for improved operation to 

further reduce emissions and/or fuel consumption. These benefits accrue in both short and long 

term. 

One of the most important air pollution regulations that affect mobile sources is the 

“conformity” rule. Conformity is a determination made by Metropolitan Planning Organizations 

(MPOs) and Departments of Transportation (DOT) that transportation plans, programs, and 

researchs in non-attainment areas are in compliance with the standards contained in State 

Implementation Plans (SIPs) (i.e., plans that codify a state’s CAAA compliance actions) (FHWA, 

1992). To demonstrate conformity, a transportation plan or research must improve air quality 

with respect to one or more of the following: (1) the motor vehicle emission budget in the SIP; 

(2) emissions that would be realized if the proposed plan or program is not implemented; and/or 

(3) emissions levels in 1990 (TRB, 1995). Conformity requirements have made air quality a key 

consideration in transportation planning (Sargeant, 1994). 

The Congestion Management and Air Quality Improvement (CMAQ) program is another 

important piece of legislation that integrates air quality and transportation. The CMAQ program 

was introduced under the Intermodal Surface Transportation Efficiency Act (ISTEA) in 1991 and 



 

 5

continued later under the Transportation Efficiency Act for the 21st Century (TEA-21) in 1998. 

Only non-attainment and maintenance areas are eligible for CMAQ funding. The first priority for 

CMAQ funding is programs and researchs in the SIP. Regardless of whether a research is in the 

SIP, the research must be in a state’s Transportation Improvement Plan (TIP) to be eligible for 

CMAQ funding. Various research types are allowed for CMAQ funding, such as transit researchs, 

pedestrian/bicycle researchs, traffic signal coordination researchs, travel demand management 

programs, and emissions inspection and maintenance (I/M) programs 

The development of representative in-use empirical data regarding emissions from 

biodiesel fueled vehicles will support the development of emission inventories, air quality 

management strategies under the new Federal ozone and PM standards, CMAQ compliance, 

EPACT compliance, and selection of alternative fuels and AFV programs. This information will 

be useful as a guide for continued implementation of AFV programs. 

There is a price premium for B20 fuel compared to conventional diesel fuel. At this time 

NCDOT is conducting a pilot study to demonstrate the use of B20 fuel on approximately 1,000 

vehicles in selected areas of the state. There are plans to extend the use of B20 fuel to a much 

larger number of vehicles in all 100 counties in North Carolina. Therefore, it is important to be 

able to quantify the benefits of using the more expensive B20 fuel so that these benefits can be 

explained to constituencies within the agency. 

NCDOT has a state-owned fleet of approximately 12,000 vehicles and equipment that 

include dump trucks, motor graders, front-end loaders, backhoes, and others.  These operating 

onroad and nonroad heavy-duty diesel vehicles constitute a substantial portion both with respect 

to the total number of vehicles as well as with respect to fuel consumption.   They are used for 

a variety of tasks, including transport of sand, gravel, aggregate, and other materials, as well as 

for use as spreaders and snow plows.  Thus, this research focuses on heavy-duty diesel vehicles.  

There are several types for each vehicle.  For example, NCDOT dump trucks include single 
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rear-axle and double rear axle vehicles.  Single rear-axle vehicles that have two front wheels on 

one axle, and dual wheels on the rear axle (for a total of four wheels on the rear axle).  These are 

sometimes referred to as “single axle” trucks.  The double rear axle trucks are referred to as 

“tandems.”  The tandems have a pair of wheels on the front axles, and four wheels on each of 

the two rear axles, for a total of ten wheels.  The NCDOT fleet contains vehicles built at 

different periods in time, including those with engines subject to the Federal Tier 1 emission 

regulations (from approximately 1996 to 2003) and new vehicles subject to the Federal Tier 2 

emission regulations (e.g., 2004 model year).  Both types of vehicles are included in this study. 

1.2 Problem Definition 

The key problems to be addressed by this work are the following:  (1) what are the 

baseline real-world in-use emissions and fuel use during actual operation of the vehicle under 

typical duty cycles?; (2) what factors contribute the most to episodes of high emissions and/or 

fuel use?; (3) what operational strategies can be demonstrated and verified with respect to 

reductions in episodes of high emissions and fuel use?; and (4) what is the feasibility of such 

strategies? 

1.3 Research Objectives 

The objectives of this research are to:  (1) characterize baseline real-world in-use on-

road emissions of selected heavy-duty diesel vehicles, including those fueled with B20, during 

normal duty cycles; (2) characterize the episodic nature of emissions and fuel use; (3) identify 

factors responsible for variability in emissions and fuel use, with specific focus on factors leading 

to episodes of high emissions and fuel use; and (4) develop recommended strategies for reducing 

the frequency and duration of high emissions and fuel use episodes, with consideration of 

operational constraints as well as other possible benefits. 
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1.4 Overview of Research and Organization 

This dissertation is organized into chapters that cover major topics relevant to the 

problem definition and study objectives.  A brief summary of the chapters is given here: 

Chapter 2 provides an overview of factors that affect emissions and fuel consumption 

rates for diesel vehicles, based upon information reported in the literature.  This information 

provides a scientific and technical basis for prioritizing what type of data should be collected in 

the field study that is the key component of this work. 

Chapter 3 provides an overview of commonly used and accepted methods for measuring 

vehicle emissions.  Many of the data that are available in the literature have been measured 

using laboratory based methods, such as engine dynamometers or chassis dynamometers, or 

using either tunnel studies or infrared remote sensing.  The latter two provide real-world, in-use 

data but are limited to conditions encountered at specific locations.  In contrast, the 

measurement method used in this study involves portable on-board instrumentation, which 

enables measurement of real-world, in-use emissions for an actual duty cycle at any location and 

under any conditions encountered by the vehicle. 

Chapter 4 provides details regarding the instrumentation used in this study, which is the 

OEM-2100 “Montana” system manufactured by Clean Air Technologies International, Inc. 

Chapter 5 discusses the methods used to review and screen data collected in the field 

study and, where appropriate, to correct or discard data if problems were encountered.  

Furthermore, methods for estimating emission rates and fuel consumption for different “modes” 

are described.  A “mode” is a specific type of activity performed by the vehicle.  The modes 

include idle, various magnitudes of accelerations, various levels of cruising (depending upon 

different speed ranges), deceleration, and dumping.  Disaggregating a total activity cycle into 

modes facilitates comparisons between vehicles and fuels for similar operating conditions. 

Chapter 6 provides an overview of the key factors that must be considered in designing a 
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field data collection study to measure real-world, in-use emissions and fuel consumption, and 

summarizes the key components of the study design for this research. 

Chapter 7 provides the results of this study submitted to the journal of Transportation 

Research Board and the journal of Air and Waste Management Association.  The key findings 

and recommendations of this research are summarized in Chapter 8.  Chapter 9 suggests the 

alternative design of the PEMS using wireless technology.  Supporting Appendices in Chapte 10 

were also provided additional results regarding the comparison of B20 biodiesel vs. petroleum 

diesel from onroad cement mixers and fuel additive effects on emissions from combination trucks. 
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2.0 Introduction 

The purpose of this chapter is to identify the key factors associated with the magnitude 

and variation in emission rates and fuel consumption for diesel vehicles.  These factors include 

vehicle characteristics, vehicle activity patterns, ambient conditions, fuel properties, and several 

related issues.  Examples of the latter include driver behavior, traffic flow (for activity that 

occurs on the roadway network), and roadway and route characteristics.  The information 

provided here is based upon the existing literature, and provides background and context for the 

new data that was collected in this research and that is described in later chapters.  Furthermore, 

an understanding of the key factors associated with emissions and fuel use provides a scientific 

and technical basis regarding what issues should be considered in designing a field study as well 

as regarding what data should be collected in such a study. 

2.1 Vehicle Categories and Characteristics of Test Fleet 

This section briefly reviews two of the most important vehicle characteristics that affect 

fuel use and emissions, which include engine design and vehicle weight. 

2.1.1 Engine Design 

Engines are developed under different exhaust emission certification requirements, and 

thus are designed to comply with the standards in effect at they time that they were manufactured.  

As these standards have changed, the emissions of new engines have also changed.  The in-use 

fleet is comprised of contributions from various model years, and thus there is variability in 

emission rates among in-use vehicles.  Thus, engine design has a substantial impact on fuel use 

and emissions.  For example, engines that are designed to operate with gasoline fuel are spark 

ignited, and tend to operate at relatively lower peak pressures and temperatures than those 

designed to operate with diesel fuel.  The latter are compression ignited.  The higher peak 

pressures reached by diesel engines tend to make them more fuel efficient, but are also conducive 
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to formation of larger quantities of nitrogen oxides (NOx) during combustion (e.g., Flagan and 

Seinfeld, 1998).  Furthermore, whereas gasoline engines operate with approximately the 

stoichiometric (theoretical minimum for complete combustion) ratio of air to fuel, diesel engines 

operate with “excess” air.  Thus, there is a substantial amount of oxygen present during 

combustion of fuel in the power stroke, and there is a larger proportion of oxygen in the exhaust 

of a diesel engine than a gasoline engine.  The increased amount of oxygen is partly responsible 

for the higher NOx emissions of diesel versus gasoline engines.  However, the increased oxygen 

levels also tend to lead to lower emissions of products of incomplete combustion, such as CO and 

HC, compared to gasoline engines. 

The trade-off between improved engine efficiency and NOx emissions, as well as between 

higher NOx emissions and lower emissions of CO and HC, is a typical one for many emission 

sources.  Another characteristic of diesel engines is that they emit larger quantities of particulate 

matter than do gasoline engines.  There is variability in fuel use and emissions for specific 

diesel engines, depending on the manufacturer and engine model.  For example, the specifics of 

the time and temperature history of the fuel and air, and exhaust products, during the combustion 

process depend on the design of the combustion chamber and fuel injection system, among other 

factors (Haddad and Watson, 1984). 

The performance of diesel engines is often enhanced by the use of a turbocharger.  

However, transient events during engine operation can produce higher than normal emission rates 

on an episodic basis.  In particular, “turbocharger lag” is an effect that causes turbocharged 

diesel engines to emit excess CO and PM emissions. Turbocharger lag happens during large 

accelerations or other rapid changes in engine load. This hesitation results in a temporary lack of 

adequate air to the intake manifold, which in turn leads to a lower air-to-fuel ratio.  As the air-

to-fuel ratio decreases, then products of incomplete combustion (such as CO and PM) tend to 

occur at a higher rate.  Thus, one strategy for preventing emissions from turbo-charged diesel 
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engines is to attempt to reduce or minimize the turbo-charger lag effect (Haddad and Watson, 

1984). 

Table 2-1 shows EPA Tier 1 through Tier 3 Highway Heavy-duty Diesel Engine Emission 

Standards.  Heavy-duty vehicles are defined as vehicles of GVWR (gross vehicle weight rating) 

of greater than 8,500 lbs.  GVWR is the maximum recommended weight for a vehicle, 

including the weight of the vehicle itself, fuel and all cargo.  Under the 1994 and later standards, 

sulfur content in the certification fuel (No.2 diesel) has been limited to 500 ppm by weight. 

The different Tiers of standards have been announced in advance to allow engine 

manufacturers time to modify designs and introduce new engines to the market.  Tier 1 and Tier 

2 engines are currently available.  Manufacturers of heavy-duty diesel Tier 2 engines have the 

flexibility to certify their engines to one of the two options, which are shown in Table 2-1.  Tier 

3 engines are required starting in 2007.  On December 21, 2000 the EPA signed emission 

standards for model year 2007 and later heavy-duty highway engines.  The Tier 3 PM emission 

standard will take effect in the 2007 heavy-duty engine model year.  The Tier 3 NOx and non-

methane hydrocarbon (NMHC) standards will be phased in for diesel engines between 2007 and 

2010.  The phase-in will be on a percent basis: 50 percent of heavy-duty engines sold need to 

achieve NOx emissions of 0.20 g/bhp-hr and NMHC emissions of 0.14 g/bhp-hr from 2007 to 

2009 and 100 percent need to achieve these standards in 2010. 
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Table 2-1. EPA Tier 1 through Tier 3 Heavy-duty Diesel Engine Emission Standards, g/bhp-hr 
basis 

Tier Model Year HC CO NOx PM NMHCa + 
NOx 

NMHCa 

 1988-1989 1.3 15.5 10.7 0.60 - - 
 1990 1.3 15.5 6 0.60 - - 

Tier1 1991 1.3 15.5 5 0.25 - - 
 1994-1997 1.3 15.5 5 0.10 - - 
 1998-2003 1.3 15.5 4 0.10 - - 

2004 Option 1 1.3 15.5 2 0.10 2.4 N/A Tier2b -2006 Option 2 1.3 15.5 2 0.10 2.5 0.50 
Tier3 2007-2010 1.3 15.5 0.20 0.01 - 0.14 

a non methane hydrocarbon : These are hydrocarbons such as ethylene, butane, hexane, propane.  Typically, large 
quantities of NMHCs are emitted from vegetation, the vast majority as isoprene, C5H8. 

b Manufacturers of heavy-duty diesel Tier 2 engines can choose either Option 1 or 2 options. 
Source : Yanowitz, McCormick, and Graboski (2000); Sheehan et al. (1998) 

2.1.2 Vehicle Load and Weight 

This section summarizes the findings of published studies regarding the effect of vehicle 

load and vehicle weight on emissions and fuel use.  Heavier loads for given vehicles typically 

result in increased fuel consumption and, thus, decreased fuel economy (EPA, 2002a). 

In response to lingering concerns about dynamometer data, the U.S. EPA has constructed 

an on-road test facility to characterize the real-world emissions of heavy-duty diesel trucks.  

Data are collected by a computerized data acquisition system (DAS) and continuous emissions 

monitoring (CEM) system analyzers installed in the trailer of a tractor-trailer truck (Brown et al., 

2002).  One objective of this research was to identify the magnitude of emissions increase 

associated with increase of vehicle load.  Particular attention was paid to NOx and PM 

emissions because heavy-duty diesel vehicles are large contributors of these pollutants, but they 

are relatively smaller sources of CO and HC.  Increases in gross vehicle weight from 52,000 lb 

to 80,000 lb resulted in approximately 40 percent or greater increases in NOx grams per mile 

emissions during the accelerations and high cruise operations. 

In addition to the EPA study, a variety of testing has been conducted to determine the 

effect of weight variations on heavy-duty vehicle emissions.  Durbin et al. (2000) tested diesel 
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vehicles to determine the effect of vehicle weight on emissions.  PM and NOx emissions were 

increased with increasing vehicle weight.  The trends in HC and CO emissions were not 

consistent over the tests.  Keller and Fulper (2000) also found that vehicle weight increases 

resulted in increased NOx and PM.  Only slight changes in HC and CO were observed as vehicle 

weight increased.  The level of emissions varied considerably between vehicles.  McCormick 

et al. (1998) examined the effect of changes in payload on PM, NOx, and CO emissions from 

eight heavy-duty dump trucks.  NOx and PM increases were observed as vehicle load increased. 

2.2 Vehicle Activity 

Vehicle activity refers to the sequence of events that occur during a duty cycle, which can 

include vehicle movement, as well as various activities that might occur while the vehicle is 

stationary.  For example, vehicle activity includes over-the-road driving, as well as idling and 

other effects on engine load. 

Engine load will affect emissions and fuel economy for heavy-duty diesel trucks.  For 

example, changes to the load on a diesel engine affect the engine torque that in turn affects the 

emissions and fuel use (Brodrick et al., 2002).  The use of accessories, such as air conditioners 

or lift equipment (e.g., for unloading a dump truck by raising the rear bed), as well as changes in 

load during over-the-road driving, affects emissions and fuel use. 

Several of the key factors that can be used to quantify vehicle activity include vehicle 

speed, acceleration, and operating mode (e.g., Frey et al., 2002b).  Each of these is briefly 

discussed in the following sections. 

2.2.1 Speed 

Vehicle speed is a potentially useful measure of activity for vehicles that operate over-

the-road.  In an analysis of second-by-second data regarding in-use emissions of a small fleet of 

diesel transit buses, Frey et al. (2002b) found that speed was a statistically significant 
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explanatory variable for NOx, CO, HC, and CO2 emissions. 

There are some exceptions to the association between speed and emissions.  For 

example, speed was not statistically significant with respect to NOx emissions when the vehicle 

operated under “high accelerations,” possibly because the engine was at or near maximum power 

demand.  In such cases, the engine operates at approximately a steady-state condition and the 

NOx emission rate might not vary even though speed is changing during the hard accelerations.  

For some operating modes, speed was not statistically significant with respect to HC emissions.  

The latter result is because HC emissions are primarily dependent upon the air-to-fuel ratio, 

which has a weak dependence on second-by-second speed and may depend more on all of the 

factors that contribute to overall engine power demand. 

Because most of the carbon in the fuel is emitted as CO2, CO2 emissions may serve as a 

surrogate for fuel consumption. Therefore, there is a relationship between speed and fuel use. 

Although a statistically significant relationship was found between emissions of some 

pollutants and second-by-second vehicle speed, speed alone explains only a small portion of the 

observed variation in emissions.  Thus, speed alone is not expected to be an adequate basis for 

attempting to discriminate among different levels of emissions or fuel use. 

2.2.2 Acceleration 

Acceleration is a change in speed and is typically inferred on a second-by-second basis, 

such as in the study by Frey et al. (2002b) that evaluated the relationship between emissions and 

activity data for selected diesel transit buses.  In that study, a statistically significant association 

was found between emissions of NOx, CO, HC, and CO2 with respect to acceleration for at least 

some operating conditions.  Thus, acceleration is a potentially useful explanatory variable for 

both emissions and fuel use.  Also, Kean et al. (2003) noted that fuel consumption and 

emissions might be more sensitive to the level of vehicle acceleration than to the vehicle speed.  
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However, by itself, acceleration does not explain much of the total variation in emissions. 

2.2.3 Operating Modes 

As noted in previous sections, there does not appear to be any single explanatory variable, 

such as speed or acceleration, which provides an adequately complete basis for estimating the 

measured variability in emissions and fuel use for diesel vehicles.  Frey et al. (2002b) evaluated 

many candidate explanatory variables, including engine size, ambient temperature and humidity, 

speed, acceleration, and road grade.  Individually, none of these explain a substantial portion of 

the variation in emissions.  However, an alternative approach to evaluating the variation in 

emissions is to classify second-by-second measurements into categories that represent different 

operating modes.  For each operating mode, an average emission rate is estimated based upon 

measured data.  The operating modes can be weighted to represent a real-world duty cycle. 

An operating mode can be defined in a variety of ways.  Using the example of a select 

fleet of diesel transit buses, Frey et al. (2002b) developed a simple set of four operating modes:  

(1) idle; (2) acceleration; (3) deceleration; and (4) cruise.  Idle is defined as zero speed and zero 

acceleration.  Acceleration was defined as vehicle movement during which the increase in speed 

exceeded a minimum criterion for acceleration.  Deceleration was defined as vehicle movement 

during which the magnitude of the decrease in speed exceeded a minimum criterion.  Cruise 

was defined as all vehicle activity not otherwise categorized, and typically represented driving at 

approximately constant speed.  Thus, the modes are based upon various combinations of speed 

and acceleration. 

The usefulness of these modal definitions was evaluated by comparing the mean emission 

rates among the different modes.  The average emissions during the acceleration mode were 

significantly higher than for any other driving mode for all of the pollutants, except for HC.  

Conversely, the average emission rate during idling was the lowest of the four modes for all four 
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pollutants.  The ratio of the mean acceleration to the idle emissions was approximately a factor 

of five to ten for NOx, CO, and CO2, but only about a factor of 2 to 3 for HC.  Idle and 

deceleration emissions were approximately the same for NOx, CO, and CO2.  The amount of 

variability that can be captured by comparing operating modes is large compared to the amount 

of variability that can be explained by any individual variable.  Frey et al. (2002b) explored 

additional refinements to the driving mode definitions, such as by splitting the acceleration mode 

into two modes, one for “low” acceleration and one for “high” acceleration.  The average 

emissions were found to differ significantly between these two acceleration modes. 

The results from Frey et al. (2002b) imply that the definition of a suitable set of operating 

modes for a particular vehicle type or duty cycle can be useful as a method for explaining and 

estimating variability in emissions and fuel use within a duty cycle. 

2.3 Ambient Conditions 

The purpose of this section is to discuss the relationship between ambient conditions 

versus the emissions and fuel use of diesel vehicles. 

2.3.1 Temperature 

The emissions of various pollutants may have some relationship with ambient 

temperature.  For example, to the extent that a change in ambient temperature might lead to a 

change in the peak temperatures reached in the engine cylinders during combustion, there could 

be an effect on NOx emissions.  In particular, NOx emissions tend to increase as peak 

combustion temperatures increases (e.g., Flagan and Seinfeld, 1998).  

However, the relationship between ambient air temperature and peak combustion 

temperatures during combustion is not well-characterized.  For example, as noted in Chapter 6, 

measurements conducted in this work occurred under different ambient temperatures; however, 

the intake air temperature as reported by the vehicle electronic control unit remained 
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approximately constant.  This implies that the temperature of the air entering the combustion 

chamber was approximately constant, even though ambient temperature varied.  This might 

have occurred because of preheating of the air as it entered the air intake passages but prior to 

entering the cylinder.  To the extent that intake air reaches an approximately constant 

temperature prior to entry into the cylinder, then peak combustion temperatures would not be 

affected significantly by changes in ambient temperatures.  Hence, NOx emissions might have 

little sensitivity to ambient temperature. 

2.3.2 Humidity 

Humidity is an environmental parameter that can have an effect on NOx emissions for 

diesel engines (SwRI, 2003).  Ambient humidity may affect the peak combustion temperature, 

which would affect NOx formation.  In particular, as humidity goes up, NOx emissions are 

expected to decrease.  According to SwRI (2003), humidity has some effect on NOx emissions 

for heavy-duty engines.  However, Hearne (2004) reports that there are no conclusive trends for 

NOx between humidity and emissions. 

The US EPA has developed a correction factor for NOx with respect to the humidity of 

inlet air for diesel engine (EPA, Part II, 40 CFR 85, 86, 90 et al., 2004; Chapter1, 40 CFR 

86.1342-90, 2003): 

                   
)71.10(0182.01

1
−−

=
H

K H                   (2-1) 

Where, 

  KH =  Humidity Correction factor on NOx formation for diesel engines 

H =  Absolute Humidity (g/kg);  HA: 10.71 g/kg if relative humidity is 54.5 percent. 

 

Because the absolute humidity is a function of temperature, the humidity correction needs 
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to be calculated simultaneously with ambient temperature. Ambient temperatures varied from 

approximately 14 °C to 32 °C during the course of the field measurement study results that are 

reported in Table 6-5 of Chapter 6.  As an example to illustrate the possible range of variation in 

NOx emissions that might be attributable to humidity, the humidity correction factor for NOx 

emissions after converting relative humidity to absolute humidity are shown Table 2-2. 

Table 2-2. Variation of Humidity Factors based on the Ambient Conditions from the Field Study 
Vehicle Type Minimum Maximum 

Tandem 0.92 1.15 Tier 1 
Single Axle 0.87 1.02 

Tandem 0.93 1.11 Tier 2 Single Axle 0.93 1.06 

Based upon the temperatures and humidities observed during data collection, as reported 

in Table 6-5, a bounding analysis was performed to determine the extent to which differences in 

temperature and humidity might affect comparisons of NOx emissions.  For all of the vehicles, 

the humidity correction factor ranges from as low as 0.87 to as high as 1.15, or a range of 

approximately ±15 percent.  Although the reliability of this correction factor is not known, the 

implications of differences in humidity should be considered when interpreting comparisons of 

NOx emissions.  The results after applying these NOx correction factors are incorporated in the 

Appendix. 

2.4 Fuel Properties 

2.4.1 Petroleum Diesel 

For petroleum diesel fuel, three types of diesel fuel are commonly used in the United 

States: No. 1 diesel, No. 2 diesel, and No. 4 diesel.  No.1 diesel and No. 2 diesel are used for 

highway vehicles and industrial application.  No. 4 diesel is a lower quality blend of distillates, 

compared to No. 1 and No. 2 diesel, which is used for low speed engines or non-automotive 

applications (Singer et al., 1996; Flagan and Seinfeld, 1998). 
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2.4.2 Biodiesel 

Biodiesel is a naturally oxygenated and possibly cleaner burning diesel replacement fuel 

made from natural, renewable sources such as new and used vegetable oils or animal fats.  It can 

be used directly in diesel engines without major modifications to the engines and vehicles (EPA, 

2002a).  Biodiesel can be blended with petroleum diesel fuel at any ratio.  A common blend 

rate is 20 percent renewable source and 80 percent petroleum diesel.  Biodiesel is registered as a 

fuel and fuel additive with the U.S. EPA (Bockey, 2004; Coltrain, 2002). 

However, use of biodiesel fuel can lead to clogging of a fuel filter.  Biodiesel fuel has a 

strong solvent action, and thus can dissolve residues in the fuel tank and fuel line.  These 

dissolved residues can cause clogging of the fuel filter (Tyson, 2001).  Thus, a typical need is to 

replace or enlarge fuel filters when switching for petroleum diesel to biodiesel. 

 Blend Stocks (B100) 

Pure biodiesel blend stock is referred to as B100 or as “neat” biodiesel.  B100 has been 

classified as an alternative fuel by the U.S Department of Energy, and meets California Air 

Resources Board (CARB) clean diesel standards (Morris et al. 2003) 

Biodiesel blend stocks contain a variety of fatty acid methyl esters with carbon chains.  

The carbon number ranges approximately from C12 to C22 (Faupel and Kurki, 2002).  Blend 

stocks degrade about 4 times faster than petroleum diesel (Coltrain, 2002).  Because of the high 

molecular weight esters, it elevates the boiling point up to 573 °F (Mushrush et al., 2000). 

B100 is sensitive to cold weather and may require special antifreezing precautions 

(Morris et al., 2003).  B100 acts like a detergent additive, loosening and dissolving sediments in 

storage tanks.  Because biodiesel is a solvent, B100 may cause rubber and other components to 

fail in older vehicles (McCormick et al, 2001). 
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 Biodiesel Fuel (B20) 

B20 can be used in any diesel vehicle without major modifications (Duffield et al., 1998), 

but a typical required change is to replace or enlarge the fuel filter.  B20 is often used because it 

has some of the advantages of petroleum diesel, such as with respect to handling, and some of the 

emissions of the blend stock, such as with respect to lower emissions of some pollutants.  For 

example, B20 has a higher energy content compared to B100, and a higher cetane number and 

lower aromatic content compared to petroleum diesel.  Based upon engine dynamometer testing, 

it appears that B20 is associated with lower emissions of HC, CO, and PM compared to 

petroleum diesel (Bockey, 2004). 

Disadvantage of this fuel is presence of the sodium- and potassium- containing ash.  

These ashes are made from contamination from catalysts used in trans-esterification.  Trans-

esterification refers to the process of exchanging the alkoxy (alkyl with oxygen) group of an ester 

by another alcohol.  Algae growth might be also a problem the long-term storage (Sheehan et al., 

1998). 

2.4.3 Effects of Fuel Properties on Emissions 

The characteristics of B20 fuel, in comparison to No.2 petroleum diesel, are considered 

with respect to expected or observed changes in emissions of key pollutants, based upon 

information reported in the literature. 

 Particulate Matter (PM) 

Diesel vehicles emit significant quantities of PM.  Reducing PM emissions from diesel 

vehicles tends to be of highest priority because these PM emissions are likely to cause cancer 

(Morris et al., 2003).  Typically, oxygenation of fuel, cetane number, distillation range, and 

aromatic content can affect PM emissions at tail-pipe. 

PM reduction is related to the amount of oxygen in the fuel.  Substantial reduction in 
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PM emissions can be obtained through the addition of oxygenates to diesel fuel (Yanowitz et al., 

2000).  B20 has approximately 2.2 weight percent oxygen, compared to no oxygen in petroleum 

diesel.  According to Akasaka et al.(1997) and McCormick et al.(2001), PM reduction using 

B20 instead of petroleum diesel is between 0 to 16 percent during turbocharged engine operation. 

However, PM reduction is affected by factors other than oxygen content because PM 

concentration can be increased due to a decrease in cetane number and increase in aromatic 

compounds and distillation end point.  Decreased cetane number and increased aromatic content 

along with higher end point are correlated with higher PM.  Cetane number helps improve 

combustion quality.  Poorer combustion quality makes PM emissions increase.  Also, 

aromatics have a great tendency to form carbonaceous soot in burning and end point 

temperatures might minimize deposits in combustion chamber.  Thus, B20 and B100, which 

have high cetane number, but lower end point without any aromatics, can actually reduce PM 

emissions (Akasaka et al., 1997; McCormick et al., 1997; 2001). 

 Nitrogen Oxides (NOx) 

The blending effect for the NOx emissions is complicated and NOx emissions do not 

appear to be simply related to the blend percentage as characterized by the oxygen level 

(Graboski et al., 2003).  Provisionally, one could estimate NOx emissions by a linear 

combination of petroleum fuel and neat biodiesel.  For 20 percent blends such an estimate 

would seem to be conservative. 

Reported NOx emissions from biodiesel are slightly higher than those from petroleum 

diesel fuel (EPA, 2002a; 2002b).  The higher NOx emissions are theorized to come from the 

higher density of fuel (Durbin and Norbeck, 2002).  Linear increases in NOx emissions occur 

when the concentration of biodiesel in the fuel increased (McCormick et al., 2001).  Durbin and 

Norbeck (2002) reported that an increase in fuel density of 3.5 percent is associated with an 
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increase in NOx emissions of 3 to 4 percent.  Based on EPA (2003) study of cetane effects on 

NOx emissions, cetane number also tends to have a role in slight increase of nitrogen oxides 

emission effects for heavy-duty diesel engines. 

 Hydrocarbons (HC) 

HC emissions can be either unburned or partially burned fuel molecules (Flagen and 

Seinfeld, 1998).   HC emissions are typically from incomplete combustion.  According to EPA 

(2001), a 19 to 32 percent decrease of HC emissions can be expected after switching from 

petroleum diesel to B20 fuel.  This might be in part because of the higher oxygen content of 

B20, which tends to promote more complete combustion. 

 Carbon Monoxide (CO) 

CO is a result of incomplete combustion and is formed mostly when fuels containing 

carbon are burned where there is too little oxygen.  As described in Section 2.1.1, CO emissions 

from diesel engines are generally low since diesel engines operate fuel lean.  However, 

oxygenated fuels such as biodiesel can further reduce CO emissions because of the oxygen 

content in the fuel itself, which further promote complete combustion (Durbin and Norbeck, 

2002).  For example, Wang et al. (2000) found that there is a 12 percent reduction in CO 

emissions when using B35, which is 35 percent of biomass and 65 percent of petroleum diesel, 

instead of petroleum diesel. 

 Carbon Dioxide (CO2) 

Biodiesel provides a reduction in net CO2 emissions (Sheehan et al., 1998).  Although 

the amount of CO2 emitted from the exhaust pipe is slightly higher than for petroleum diesel fuel, 

a significant portion of the carbon in B20 is based upon biomass from soybeans, which in turn is 

based upon CO2 taken up by the soybean plant from the ambient air.  The net CO2 emissions 

from the soy-based blend stock component of the fuel are approximately zero (McCormick et.al, 
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2001; Graboski et al., 2003).  In contrast, the CO2 emitted from the petroleum portion of the 

fuel results in a net increase in CO2 flux to the atmosphere.  However, when compared to 

petroleum diesel, the portion of carbon in the fuel that is non-renewable is smaller. 

The total CO2 emissions on a per energy basis depend on the weight percent of carbon in 

the fuel, the combustion efficiency, and the heating vale of the fuel (Sheehan et al., 1998). 

2.4.4 Fuel Economy 

Fuel consumption is proportional to the volumetric energy density of the fuel, which in 

turn depends on the heating value and the density of the fuel (Monahan and Friedman, 2004).  

Fuel economy is related to the volume-based heating value of the fuel (Muhrush et al., 2000).  

Tsolakis et al. (2003) estimated that fuel economy will decrease when comparing biodiesel with 

petroleum diesel. 

For petroleum diesel and biodiesel fuels, the heating value on a BTU per gallon of fuel 

basis was calculated from the lower heating value and the fuel density, shown in Figure 2-1.  

B20 biodiesel has a 2.2 percent lower volume-based heating value than does petroleum diesel.  

This implies that a reduction in fuel economy of approximately two percent is expected when 

switching from petroleum diesel to B20 biodiesel fuel. 
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Figure 2-1. Average energy content of conventional diesel and soy-based blend stocks per gallon 
of fuel 
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2.4.5 Power Loss 

This section focuses on evaluating the possibility of power loss when switching from 

petroleum diesel to a biodiesel fuel.  According to Wayne et al. (2004), the peak engine 

horsepower is related to the heating value of the fuel.  A fuel with a smaller volume-based 

heating value might affect engine operation if there is a volumetric fuel flow limitation, such as 

that less chemical energy is delivered to the engine under peak load conditions.  In turn, the 

reduction in the chemical energy available to the engine under peak flow conditions would lead 

to less peak horsepower.  This amount of difference is typically referred to as “power loss.” 

According to Tsolakis et al.(2003), there is a small amount of power loss using B100 

instead of petroleum diesel.  According to EPA (2002), the use of B20 biodiesel instead of B100 

blend stock is expected to reduce the power loss problem. 

There are few studies that have quantified power loss for biodiesel fuels.  A study by 

Dorado et al.(2003) involved testing of B100 blend stock on 6 different engine setting that had 

previously used petroleum diesel.  Initially, a loss in maximum power of 5 to 7 percent was 

observed.  However, after 50 hours of engine operation, the power loss was found to decrease to 

less than 2 percent.  A clear explanation was not available as to why power loss changed with 

time.  A possibility is that the solvent properties of B100 blend stock might clean out fuel lines 

and fuel injectors, such that after an initial period of introduction of the new fuel, a slight increase 

in fuel delivery rate might be achieved.  However, an actual mechanism for the change in power 

loss has not yet been confirmed. 

2.5 Related Issues 

In this section, other variables that can influence vehicle emissions and fuel consumption, and 

that are not discussed in previous sections, are briefly considered. 
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2.5.1 Driver Behavior 

Driving behavior may affect the emissions of heavy-duty diesel vehicles (Clark et al., 

2002).  Drivers may undergo different periods of attentiveness during long periods of repetitive 

activity (Gordon and Deborah, 1991). Although a professional driver must respond to the task at 

hand, and conduct a duty cycle that meets the needs of the task, there can be some variation in the 

specifics of how the duty cycle is performed.  For example, drivers might be more or less 

aggressive in terms of accelerations and might choose different cruising speeds if traffic 

conditions allow.  Different driving behaviors might affect engine power demand and lead to 

differences in emissions. 

2.5.2 Traffic Flow 

Traffic flow can have an influence on fuel consumption and emissions.  Smooth traffic 

flows correspond to lower accelerations and driving dynamics (Chakroborty et al., 2004).  For 

example, cross roads, traffic lights and traffic jams can lead to more frequent stops and 

accelerations, which might lead to variation in emissions (e.g., Mierlo et al., 2004). 

2.5.3 Roadway and Route Characteristics 

Roadway and route characteristics can have an effect on vehicle emissions and fuel 

consumption at specific location of corridors or at work places (Mierlo et al., 2004; Chakroborty 

et al., 2004).  Heavy-duty diesel vehicles can travel on local roads, highways, and off-road.  

Off-road work may involve significant time periods of idling.  On-road driving will be 

influenced by traffic conditions as well as speed limits and design speeds of roadways, and 

roadway geometries (e.g., curves) that might necessitate changes in speed.  Some factors that 

may influence emissions include road type, road design and proximity to a traffic signal 

(Chakroborty et al., 2004). 
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2.6 Conclusion 

Tailpipe emissions are a complex function of many influential variables, including 

vehicle characteristics, vehicle activity patterns, ambient conditions, fuel properties, and related 

issues.  Examples of related issues include driver behavior, traffic flow, and roadway and route 

characteristics.  These latter issues can influence the vehicle activity pattern.  Overall, some of 

the key factors that influence emissions are found to be fuel properties, vehicle weight, speed and 

acceleration, and operating modes.  Based upon the insights from information reviewed in this 

chapter, a recommendation is that vehicles measured in this study be categorized based upon 

their weight, engine design, load, fuel, and operating mode.  These factors are considered in 

later chapters when developing the study design and interpreting the results of the data collected 

in the field. 
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3.0 Introduction 

This chapter provides an overview of methods for measuring vehicle emissions, with a 

focus on heavy-duty diesel vehicles.  Measurements of emissions from heavy-duty diesel 

vehicles have typically been made using the following methods: 

• Engine dynamometer tests 

• Chassis dynamometer tests 

• Tunnel studies 

• Remote sensing 

• On-board instrumentation 

Each of these is briefly described in the sections that follow. 

3.1 Engine Dynamometer 

Engine dynamometer tests involve testing an engine apart from any vehicles in which it is 

used.  There are a variety of test cycles used for these types of measurements, and they 

generally are categorized as either steady state or transient tests.  Steady state tests involve 

running the engine under constant conditions, such as constant engine RPM and load.  Many of 

the steady state tests involve more than one “mode,” where each mode has constant conditions.  

In contrast, transient tests involve some degree of continuous variation of operating conditions as 

part of the test schedule.  The latter may be more representative of real-world conditions. 

The next section provides an overview of engine dynamometer testing, followed by 

sections on steady-state modal tests and transient tests, respectively. 

3.1.1 Overview of Engine Dynamometer 

An engine dynamometer is a device which measures mechanical power of engine.  To 

test an engine's capability, the dynamometer puts a load on an engine.  The dynamometer is 
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typically used for engine research, development, and engine performance tuning or to 

troubleshoot problems such as low horsepower, insufficient torque, and leaks.  A dynamometer 

attaches directly to the engine shaft and places a specified load on the engine.  The use of an 

engine dynamometer requires removing the engine from the vehicle (Artelt et al., 1999; Oh and 

Cavendish, 1985). 

The emissions measurements obtained from engine dynamometers are typically reported 

in units of grams of pollutant emitted per brake horsepower-hour of engine output (g/bhp-hr).  

Thus, engine dynamometers do not produce data in units that are directly relevant to real-world 

activity patterns, such as grams per mile of vehicle travel.  In order to estimate total emissions 

using this type of emission factor, one needs to know the engine capacity (hp), the load 

(percentage of maximum capacity) and the number of hours of operation.  This approach is used 

in EPA’s NONROAD model (EPA, 2002b), but is often criticized for requiring data that are not 

readily available.   

The engine dynamometer usually measures power at the flywheel of the engine for 

highest accuracy: in this case, no transmission or driveline losses influence the results.  It is 

possible to have very good control over all test parameters and test conditions for repeatability.  

An engine dynamometer needs to have a cooling system to control the engine temperature in the 

interest of accuracy and reliability.  Also, it is important to maintain the maximum tested engine 

RPM within safe levels (Oh and Cavendish, 1985). 

3.1.2 Steady-State Test 

Steady state engine dynamometer test cycles typically involve operating the engine at one 

or more settings of constant load and engine speed (revolutions per minute – RPM).  Each 

setting is referred to as a mode.  For each mode, the engine is typically operated for a sufficient 

amount of time to produce approximately stabilized emission rates with respect to time.  When 
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two or more modes are included in the test cycle, the emissions measurements from each mode 

are typically combined using a weighted averaging scheme.  The specific definitions of each 

mode, and the weighting scheme used to combine modes, differ from one test cycle to another 

(Artelt et al, 1999). 

Some steady test cycle are defined in the Code of Federal Regulations (40CFR336) for 

the US.  For example, the EPA 13 mode test typically consists of 13 sequential steady state 

operating modes with 4.5 to 6 minutes of measurements in each mode.  The engine RPM during 

each mode must be within ±50 rpm of the engine speed specified in the test procedure.  The 

actual torque must be within ± 2 percent of the maximum torque at the test speed.  This steady-

state test cycle is categorized by 3 sections: idle (zero speed), intermediate speed, and rated speed.  

The intermediate speed can be defined as a peak torque speed and the rated speed is defined as a 

maximum measured, full power speed.  The loads correspond to 2, 25, 50, 75, and 100 percent 

of maximum available torque at a given test speed (EPA 2001; Oh and Cavendish, 1985). 

Internationally, many different steady state test cycles have been used.  Some of the 

more commonly used ones, including the R49, JAP13, and AVL 8 mode test cycles are briefly 

described.  These three test cycles, as well as the EPA 13 mode cycle, are summarized in Table 

3-1. 

 R49 cycle; The R49 cycle is a European 13-mode steady-state test cycle for heavy-duty diesel 

engines.  This test cycle is similar to the EPA 13 mode cycle, as both cycles have the same 

operating conditions, but they differ with respect to weighting factors.  For example, R49 

has smaller weighting factors for high engine loads and a slightly larger weighting factor for 

the idle mode (EPA, 2001). 

 AVL 8 mode:  The AVL 8 Mode test is an 8 mode steady state engine test procedure.  This 

test cycle was initially designed for simulating the US FTP (Federal Test Procedure) transient 
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engine dynamometer test cycle for heavy-duty diesel engines.  Thus, NOx and HC exhaust 

emissions of this steady state test cycle typically produce similar trends compared to the US 

FTP test cycle (EPA, 2001). 

 Japanese 13 mode (JAP13).   The Japanese 13 Mode test cycle is a steady-state engine test 

cycle for heavy-duty engines in Japan (EPA, 2001).  This test cycle operates at low 

weighting factor compared to AVL8.  Approximately, 80 to 95 percent of weighting factors 

are in the range of 0.032 to 0.142. 

Table 3-1. Characteristics of Engine Dynamometer Test Cycles 
Engine RPM Speed 

(% of nomala) Loading Factor (%) Weighting Factorsb Mode 
No. 

R49 EPA13 JAP13 AVL8 R49 EPA13 JAP13 AVL8 R49 EPA13 JAP13 AVL8
1 idle idle idle 0 - - - 0 0.08 0.07 0.21 35 
2 40 11 10 10 20 25 0.08 0.08 0.037 6.34
3 40 21 25 25 40 63 0.08 0.08 0.027 2.91
4 Idle 32 50 50 - 84 0.08 0.08 0.21 3.34
5 60 100 75 75 20 18 0.08 0.08 0.029 8.4 
6 

Max 
Torque 
Speed 

Max 
Torque 
Speed 

60 95 100 100 40 40 0.25 0.08 0.064 10.45
7 Idle Idle 80 95 - - 40 69 0.08 0.07 0.041 10.21
8 80 89 100 100 60 95 0.1 0.08 0.032 7.34
9 60  75 75 60  0.02 0.08 0.077  
10 60  50 50 80  0.02 0.08 0.055  
11 60  25 25 95  0.02 0.08 0.049  
12 

Rated 
Power 
Speed 

Rated 
Power 
Speed 

80  10 10 80  0.02 0.08 0.037  
13 Idle Idle 60  - - 5  0.08 0.07 0.142  

a: Normalized speed: 0% = low idle, 100% = rated speed; b: Relative weight factors, not normalized (they do not add 
to 100%);  Source: EPA (2001) 

3.1.3 Transient Test 

Transient engine dynamometer test cycles involve dynamic variation in engine operating 

conditions on a continuous basis during the course of a test.  Although transient tests can 

include portions during which engine operation may reach a steady-state, they also include 

portions during which engine speed, engine load, or both are varied in order to reproduce an 

observed real-world engine duty cycle.  For example, a transient test can account for real-world 

operations such as idling, acceleration, and deceleration.  One of the most commonly used 

transient engine dynamometer test cycles is the heavy-duty engine Federal Test Procedure (FTP). 
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The heavy-duty engine FTP is commonly referred to as the Transient test cycle.  This 

cycle is used for certification emissions testing of diesel engines in the US.  The FTP transient 

test is based on the UDDS (Urban Dynamometer Driving Schedule) chassis dynamometer 

driving cycle (EPA, 2001). FTP test cycle consists of four phases: New York Non Freeway 

(NYNF) phase for light urban traffic with frequent stops and starts; Los Angeles Non Freeway 

(LANF) phase for heavy urban traffic with several stops and starts; Los Angeles Freeway 

(LAFY) phase simulating a crowded highway in LA; and repetition of the first NYNF phase.  

This 4-phase cycle is typically carried out twice.  There is a 20 minute period of idle between 

the first and second test.  The second test is intended to represent a hot-start, which is a start 

after the engine is warmed-up.  The equivalent average speed is about 19 mph and the 

equivalent travel distance is approximately 5.7 miles for 18 minutes.  The average load factor of 

the heavy-duty FTP cycle is about 20 to 25 percent of the maximum engine horsepower available 

at a given speed.  The FTP transient cycle run with a hot start only is referred to as FTP (hot) 

(EPA, 2001&2002; DNC, 2005). 

3.2 Chassis Dynamometer 

A chassis dynamometer test involves the entire vehicle.  The drive wheels of the vehicle 

are placed upon rollers, and the vehicle is tied down so that it remains stationary during the test.  

The vehicle is operated according to a predetermined speed profile by a driver who follows a 

computer screen that displays the current required speed.  The driver operates the vehicle to 

closely match the required speed (Nine et al., 1999). 

Chassis dynamometer test cycles are typically transient cycles (Yanowitz and McCormick 

2000). Therefore, the driver must anticipate and comply with changes in the required speed 

within a specified tolerance.  For on-road vehicles, the speed profile represents driving speed in 

miles per hour (Wang et al., 1997; Wang et al., 1999).  The load applied to the vehicle via the 
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rollers can be controlled by the laboratory operator. 

Chassis dynamometer tests are more commonly used for light duty than for heavy-duty 

vehicles (Wang et al., 1999).  As the size of the vehicle increases, so does the cost of the facility.  

Thus, there are fewer heavy-duty chassis dynamometer facilities than there are light duty chassis 

dynamometer facilities. 

An advantage of a chassis dynamometer test over that of an engine dynamometer is that 

is possible to more directly reproduce an on-road duty cycle and to obtain emissions 

measurements in units that might be more useful for emission inventory purposes, such as grams 

of pollutant emitted per mile of vehicle travel (Yanowitz and McCormick 2000; Nine et al., 

1999).  Furthermore, the effect of the entire drive train is accounted for, whereas in an engine 

dynamometer test often the engine is directly coupled to the dynamometer, without a 

transmission or lengthy drive shaft.  A disadvantage of a chassis dynamometer test is that it is 

relatively expensive. 

There are numerous chassis dynamometer test cycles.  Some of the more common ones 

are briefly described here (DNC, 2005) and are summarized in Table 3-2. 

 Business-Arterial-Commuter (BAC):  The BAC cycle was developed to measure the fuel 

economy of heavy-duty diesel vehicles.  It represents driving conditions on arterial roads 

and has a long test period (47 minutes). 

 Braunshweig City Cycle (BCC):  The Braunschweig City cycle was developed at the 

Technical University of Braunschweig.  It is a transient chassis dynamometer test cycle 

simulating urban bus driving with frequent stops in Braunschweig City and has been one of 

very few heavy-duty transient cycles in Europe. 

 Central Business District Cycle (CBD):  The CBD cycle is the activity pattern of a 

delivery vehicle in downtown traffic.  It is composed of 14 repetitive sub-cycles.  Each 
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sub-cycle includes idle, acceleration, cruise, and deceleration modes (Hendricks and O’Keefe, 

2002). 

 City-Suburban Heavy Vehicle Cycle (CSHVC): The CSHVC cycle is a chassis 

dynamometer test cycle for heavy-duty diesel vehicles developed by the West Virginia 

University (Hendricks and O’Keefe, 2002).  This test cycle was made for representing 

emissions from city and suburban areas. 

 Manhattan Bus Cycle (MBC):  The Manhattan Bus Cycle is a chassis dynamometer test 

for urban buses.  It was based on the driving patterns of urban transit buses in Manhattan, 

New York City.  The cycle is characterized by frequent stops and low average speed. 

 New York Bus Cycle (NYBus):  NYBus is a chassis dynamometer test for urban buses.  It 

represents driving patterns of New York transit buses.  It is a short cycle characterized by 

frequent stops, fast average acceleration, and low speed.  This cycle has similar pattern to 

Manhattan, but this cycle is more generalized cycle that is intended to be applicable to all 

urban areas in New York City, not just the borough of Manhattan. 

 New York Composite cycle (NYComp):  NYComp is a chassis dynamometer test cycle for 

heavy-duty vehicles.  It represents driving patterns in New York City and has slightly higher 

average speed and fewer stops compared to the Manhattan Bus Cycle (Hendricks and 

O’Keefe, 2002). 

 Urban Dynamometer Driving Schedule (UDDS):  The Urban Dynamometer Driving 

Schedule (UDDS) is a basis for the EPA FTP engine dynamometer transient test (EPA, 2002).   

This chassis test is characterized by high speed, representing a real-world highway scenario. 

 WVU 5-Peak cycle (WVU 5):  West Virginia University (WVU) developed this cycle in 

1994 for heavy-duty diesel dump trucks.  The cycle is comprised of five components, each 
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of which has four modes: idle, acceleration, cruise, and deceleration.  The five components 

differ with respect to their maximum cruising speed, which ranges from 25 to 40 mph 

(Yanowitz et al., 2000). 

Among these common test cycles, the UDDS is the most relevant, based on similarity to 

driving conditions of our study.  The key similarity is the inclusion of some highway driving, 

which is not included in many of the other test cycles. 

Table 3-2. Characteristics of Chassis dynamometer test cycles. 

Duration Distance Avg. 
Speed

Max. 
Speed 

Average 
Acceleration 

Maximum 
Acceleration 

Number of 
Stops CYCLE 

(sec) (mile) (mph) (mph) (ft/s2) (ft/s2)  
BAC 2,830 14.0 18.0 55.0 - - 23 
BCC 1,740 6.88 14.3 36.4 - - 29 
CBD 560 2.00 12.6 20.0 2.94 5.91 14 

CSHVC 1,700 6.68 14.2 43.8 - - 14 
MBC 1,089 - 6.80 25.4 - - 20 

NYBus 600 0.620 3.70 30.8 3.86 9.14 11 
NYComp - 2.52 8.85 36.0 1.58 17.9 16 

UDDS 1,060 5.55 18.9 58.0 - - 11 
WVU 5 900 5.00 - - - - 5 

On line source : http://www.dieselnet.com/standards/cycles/ 

3.3 Portable On-Board Emissions Measurement Systems (PEMS) 

On-board emissions measurement is widely recognized as a desirable approach for 

measuring emissions from vehicles, since data are collected under real-world conditions in the 

driving environment (Cicero-Fernandez and Long, 1997; Gierczak et al., 1994; Tong et al., 2000).  

Compared to dynamometer-based measurement methods, the advantage of on-board 

measurement is that it is possible to obtain real-world in-use data that is representative of actual 

operation and emissions. 

Portable On-board Emissions Measurement Systems (PEMS) are relatively simple and 

inexpensive.  These system are designed for measuring in-use emissions during real-world on-

road operation under any ambient conditions, traffic conditions, and operational/duty cycles.  

Initially, PEMS have had the capability to measure HC, NO, CO, and CO2 emissions using repair 
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grade gas analyzers (Kihara and Tsukamoto, 2001).  More recently, PM measurement 

capabilities have been added to some PEMS systems (CATI, 2003). 

The key advantage of a PEMS over a more complex on-board measurement system is 

that it can be installed more easily in a wide variety of vehicles.  Thus, it is possible to collect 

on-board, in-use, and real-world emissions data during actual duty cycles.  Whereas the 

complex systems can weight hundreds or thousands of pounds, the portable systems might 

typically weight 30 to 100 pounds, and can typically be installed in about an hour or less.  The 

connections of the portable system to the vehicle are typically reversible, and no modifications 

are necessary in many cases.  There is some trade-off in that the PEMS measurement methods 

may not be as accurate or precise as those of the more complex and expensive equipment used in 

more permanent on-board installations, such as the large tractor trailers at EPA or UCR.  

However, PEMS have been compared with dynamometer measurements on the same test cycles 

and have been found to have adequate accuracy and precision (Vojtisek-Lom et al., 2002).  

Furthermore, PEMS are useful for making relative comparisons of emissions under real-world 

conditions. 

A PEMS system is used as the basis for data collection in this research and is described in 

more detail in Chapter 4. 

3.4 Other Measurement Methods 

3.4.1 Tunnel Study 

Tunnel studies typically involve measuring the total flux of pollutants from vehicles 

passing through a tunnel and correlating the pollutant flux to traffic flow (Jamriska et al., 2004).  

Using statistical analysis, it may be possible to apportion the emissions among major categories 

of vehicles (e.g., gasoline versus diesel, or light duty versus heavy-duty). An advantage of a 

tunnel study is that it can capture a cross-section of the on-road vehicle fleet and represents real-
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world operation at the location of the tunnel. A disadvantage is that it is difficult to apportion 

emissions to specific vehicle classes (i.e. subcategories within diesel fueled-vehicles) and the 

traffic conditions of the tunnel may not be representative of conditions elsewhere.  Emissions 

can be estimated on a fuel consumed basis if a carbon balance can be assumed, or on an average 

per mile basis.  Flux measurements are similar conceptually to tunnel studies, but involve 

measurement of flux of pollution surrounding a roadway (Jamriska et al., 2004, Stemmler et al., 

2004) 

3.4.2 Remote Sensing 

Remote sensing devices uses infrared (IR) and, in some cases, ultraviolet (UV) 

spectroscopy to measure the concentrations of pollutants in exhaust emissions as the vehicle 

passes a sensor on the roadway. Some applications of RSD include: monitoring of emissions to 

evaluate the overall effectiveness of inspection and maintenance programs; identification of high 

emitting vehicles for inspection or enforcement purposes; and development of emission factors 

(Stephens and Cadle, 1991). The major advantage of remote sensing is that it is possible to 

measure a large number of on-road vehicles (e.g., thousands per day). The major disadvantages 

of remote sensing are that it only gives an instantaneous estimate of emissions at a specific 

location, and cannot be used across multiple lanes of heavy traffic. Furthermore, remote sensing 

is more or less a fair weather technology (Frey and Eichenberger, 1997; Rouphail et al., 2000). 

Thus, remote sensing produces only an instantaneous snapshot of vehicle emissions under limited 

conditions, and does not provide insight regarding how emissions vary at different points of a trip 

by any one vehicle. 

Additional assumptions are required to convert fuel-based emissions to distance- or time-

based estimates. For purposes of area-wide emissions estimation, a fuel-based approach may be 

adequate, but for meso-scale or micro-scale emissions inventories, it is not clear that a fuel-based 
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approach is appropriate (Cadle and Stephens, 1994). 

3.5 Estimation of Emissions from EPA’s NONROAD Model 

This section describes the exhaust emission factors from the EPA’s NONROAD model 

used for nonroad diesel engines in the U.S. Environmental Protection Agency (EPA).  Pollutants 

covered include nitrogen oxides (NOx), hydrocarbon (HC), carbon monoxide (CO), and 

particulate matter (PM).  These emission factors are used for comparison purposes in order to 

obtain insight regarding the validity for the field data.  We expect that the field data and the 

nonroad date should be similar in magnitude.  Because the NONROAD model is based on fleet 

average emission rates and on engine dynamometer measurements that have to be converted 

using an assumed brake-specific fuel consumption rate, we do not expect exact agreement with 

the field data. 

Table 3-3 shows the estimation of emission factors for the 3 types of construction 

vehicles obtained by running the EPA’s NONROAD model and PEMS.  All estimates in Table 

3-3 are based on vehicle type, model year, and engine horse power.  The EPA’s NONROAD 

model utilizes the unit of grams per brake horsepower hour instead of grams per unit of time.  

Using brake specific fuel consumption (BSFC) factors from the EPA’s NONROAD model, units 

of grams per brake horsepower hour were converted into units of grams per gallon of fuel in 

order to enable comparisons between NONROAD and PEMS data.  The ranges of the emission 

rates from each type of vehicle can be determined. 
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Table 3-3. The Ranges of Emission Rates from Each Type of Vehicles based on the Real-world 
Tests and the EPA’s NONROAD Model 

NO (g/gallon) HC (g/gallon) CO (g/gallon) PM (g/gallon) 
PEMSa PEMSa PEMSa PEMSa Vehicle 

Idle Non-
idle 

EPAb Idle Non-
idle 

EPAb

Idle Non-
idle 

EPAb Idle Non-
idle 

EPAb

Backhoe 41 
-200 

84 
-110 

90 
-91 

13 
-66

3.5 
-36 18 26 

-65
11 

-77
90 

-91 
0.86 

-4.3 
0.63 

-1.2 13 

Front-end 
Loader 

13 
-220 

130 
-150 

94 
-95 

32 
-41

16 
-23 6.3 37 

-73
16 

-18 24 0.61 
-0.85 

0.63 
-1.0 5.7 

Motor 
Grader 

82 
-200 

95 
-190 

93 
-140 

20 
-41

8.5 
-23

5.8 
-13

32 
-460

13 
-140

21 
-81 

0.29 
-0.79 

0.56 
-1.1

5.5 
-9.7

a: PEMS field measurement data in Idle mode and Non-idle mode 
b: Estimations from the EPA’s NONROAD model 

3.6 Conclusion 

In this chapter, several commonly used methods for measuring vehicle emissions have 

been reviewed, including engine dynamometers, chassis dynamometers, tunnel studies, remote 

sensing, and on-board measurement. 

Most of the available data regarding heavy-duty vehicle emissions is typically from 

engine dynamometer measurements.  These data are reported in units of g/bhp-hr, which are not 

directly relevant to in-use emissions estimation.  Furthermore, many engine dynamometer test 

cycles are based upon steady-state modal tests that are not likely to be representative of real-

world emissions.  There are some transient engine dynamometer tests that may have improved 

representativeness of real-world operating patterns, but it is not likely that any particular and 

arbitrary test cycle will be representative of operation of a particular type of vehicle at all times 

and in all areas of the country.  Thus, although relatively less expensive than chassis 

dynamometer tests, engine dynamometer tests have serious shortcomings for purposes of 

estimating real-world emissions. 

Chassis dynamometer tests provide emissions data in units that are more amenable to the 

development of emission inventories. For example, for on-road vehicles, emissions can be 

reported in units of grams of pollutant emitted per mile of vehicle travel.  This emission factor 
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can be multiplied by estimates or measurements of vehicle miles traveled to arrive at an inventory.  

However, for vehicles that operate off-road, or that have operating modes that cannot easily be 

accommodated in the laboratory setting (e.g., dumping of the bed of a dump truck), it may not be 

possible to obtain data representative of all aspects of a duty cycle.  Furthermore, these tests 

have a non-negligible cost per vehicle and the number of heavy-duty dynamometer facilities is 

limited. 

Tunnel studies are limited in their ability to discriminate among specific vehicle types, 

although it is possible to distinguish between gasoline and diesel vehicles using statistical 

methods.  However, tunnel studies are based upon measurements for a specific link of roadway 

and thus are not representative of an entire duty cycle.  For purposes of this research, there are 

no tunnels through which the study fleet travels.  Thus, this measurement method is not 

applicable here. 

Remote sensing can be used to measure emissions from any vehicle that passes through 

the infrared and, if available, UV beams that are used to measure pollutant concentrations.  For 

purposes of measuring heavy-duty vehicles, remote sensing deployment may need to be adjusted 

to the appropriate plume height, especially if the trucks discharge emissions above the level of 

the vehicle’s cab.  Each measurement is only a snap shot at a particular location, and thus cannot 

characterize an entire duty cycle.  Thus, remote sensing is not applicable here. 

PEMS offer the advantage of being able to capture real-world emissions during an entire 

duty cycle.  Thus, for purposes of this research, such systems are preferred, which are easily 

installed in multiple vehicles for use in real-world in-use emissions study. 

In general, the average emission rates from the PEMS field measurement data are of 

similar magnitude to those based on the NONROAD model for NO, HC, and CO.  For example, 

based on the NONROAD model, the average emission rate for NO varies from approximately 90 
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to 140 g/gallon, compared to ranges of approximately 12 to 220 g/gallon from the PEMS data.  

The two sources of data are not expected to agree because the PEMS data are for individual 

vehicles, whereas NONROAD is intended to predict average emissions for a fleet of vehicles, 

and the real-world duty cycles and ambient conditions of the PEMS data differ from the 

standardized engine dynamometer test conditions that are the basis of the NONROAD model. 

Although the PEMS data are comparable to the NONROAD estimates with respect to 

magnitude for NO, HC, and CO, they are much lower in magnitude for PM.  The PEMS uses a 

light scattering technique for measuring PM concentration, which is similar to an opacity 

measurement. 
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4.0 Introduction 

The portable emissions measurement system (PEMS) that is used for real-world in-use 

data collection in this research is the OEM-2100 “Montana” system manufactured by Clean Air 

Technologies International, Inc.  This chapter provides a description of the Montana system, 

including operating software, data acquisition hardware, and Global Position System (GPS), as 

well as descriptions of procedures for calibration and for system setup and operation. 

4.1 Description of the Montana System 

The OEM-2100 Montana system is comprised of a gas analyzer, a PM measurement 

system, an engine diagnostic scanner, a global position system (GPS), and an on-board computer.  

The gas analyzer measures the volume percentage of CO, CO2, HC, NO, and O2 in the vehicle 

exhaust.  The PM measurement capability includes a laser light scattering detector and a sample 

conditioning system.  The engine scanner is connected to the data link of electronically 

controlled vehicles, from which engine and vehicle data may be downloaded during vehicle 

operation.  For vehicles without electronic control, a temporarily mounted sensor array is used 

instead to measure engine data such as RPM and intake air pressure, and intake air temperature in 

order to estimate air and fuel use (Vojtisek-Lom and Allsop, 2001).  The applicability of the 

system for non-electronically controlled vehicles depends on the ease with which it is possible to 

obtain measurements of vacuum pressures in the intake manifold.  A GPS system measures 

vehicle position.  The on-board computer synchronizes the incoming emissions, engine, and 

GPS data.  Intake airflow, exhaust flow, and mass emissions are estimated using a method 

reported by Vojtisek-Lom and Cobb (1997). 

The gases and pollutants measured include O2, HC, CO, CO2, NO, and PM using the 

following detection methods: 
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• HC, CO and CO2 using non-dispersive infrared (NDIR). The accuracy for CO and CO2 

are excellent. The accuracy of the HC measurement depends on type of fuel used. 

• NO measured using electrochemical cell. On most vehicles, NOx can be inferred from 

NO. On diesel engines with CRT traps, NO, NO2, and NOx can be inferred by 

simultaneous measurement of NO before and after the trap 

• PM is measured using light scattering, with measurement ranging from ambient levels to 

low double digits opacity 

All pollutants are measured continuously, on a second-by-second basis. Where analyzer 

modules require periodic zero and/or span calibration, two modules are used in parallel. 

Exhaust flow is calculated from engine operating data, known engine and fuel properties, 

and exhaust gas concentrations. The engine operating data is acquired from electronically 

controlled vehicles through the Engine Control Unit (ECU) diagnostic port.   

The Montana System is designed to measure emissions during the actual use of the 

vehicle or equipment in its regular daily operation.  The system is inherently safe and has been 

used on shuttle, school and transit buses during their regular operation, with passengers on board. 

The complete system comes in two weatherproof plastic cases, one of which contains the 

monitoring system itself, and the other of which contains sample inlet and exhaust lines, tie-down 

straps, AC adapter, power and data cables, various electronic engine diagnostic link connectors, 

sensor array, calibration gas pressure regulator and other parts.  The monitoring system weighs 

approximately 35 lbs., and is routinely transported as a carry-on luggage on commercial flights.  

The system typically runs off of the 12V DC vehicle electrical system, using the cigarette lighter 

outlet. The power consumption is 5-8 Amps at 13.8 V DC. 
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4.2 Operating Software 

The Montana System includes a laptop computer that is used to collect and synchronize 

data obtained from the engine scanner, gas analyzers, and GPS system.  Data from all three of 

these sources are reported on a second-by-second basis.  The computer is controlled either by 

touching the screen or plugging in a keyboard.  Upon startup, the computer queries the user 

regarding information about the test vehicle, fuel used, test characteristics, weather conditions, 

and operating information.  Most of this information is for identification purposes.  However, 

the fuel type and composition, engine displacement, sample delivery delays, unit configuration, 

intake air sensor configuration, and volumetric efficiency are critical inputs that affect the 

accuracy of the reported emission rates.  The details of the definition and significance of each of 

these are detailed in the Operation Manual of the instrument (CATI, 2003). 

The software provides a continuous display of data during normal operation, including 

gas analyzer data, engine scanner data, GPS data, and calculated quantities including the 

emission rate in units of mass per time.  The following parameters are typically available at 

screen of unit on a second-by-second basis: Road speed, engine rpm, turbocharger boost pressure, 

concentrations of the measured pollutants, exhaust flow, air fuel ratio, fuel consumption, mass 

flow rates of the measured pollutants.  The data are available in ASCII text, comma-delimited 

format, but can be supplied in any user-defined format on demand. 

The user can define the beginning and end of different test segments, as well as enter 

user-defined flags (i.e., encountering a certain traffic condition). Total time, distance, fuel 

consumption and emissions are calculated for each defined test segment.  The labeling of test 

segments is done using a toggle switch to start a new “bag” or to end a “bag.”  The term “bag” 

is borrowed from conventional methods for collecting tailpipe emissions in large tedlar bags as 

part of dynamometer-based approaches.  In the Montana system, exhaust is continuously 

sampled and is not stored.  The operating software integrates the distance, fuel use, and 
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emissions over the duration of each bag and creates a summary report.  The use of the “bag” 

labels is optional. 

4.3 Validation and Calibration 

The Montana System gas analyzer utilizes a two-point calibration system that includes 

“zero” calibration and “span” calibration. 

Zero calibration is performed using ambient air at frequent intervals (every 5-15 minutes 

at power up, every 30 minutes once fully warmed up).  Although zero-air stored in bottles or 

generated using an external zero-air generator can be used, it is believed that the ambient air 

pollutant levels are negligible compared to those found in undiluted exhaust; therefore, ambient 

air is viewed as sufficient for most conditions.  For zero calibration purposes, it is assumed that 

ambient air contains 20.9 vol-% oxygen, and no NO, HC, or CO.  CO2 levels in ambient air are 

approximately 300-400 ppm, which are negligible compared to the typical levels of CO2 in 

exhaust gases. 

Span calibration is performed using a BAR-90 low concentration calibration gas mixture, 

which has a known gas composition.  The calibration gas includes a mixture of known 

concentrations of CO2, CO, NO, and hydrocarbons, with the balance being N2. Span gas 

calibration is recommended once every three months.  The gas analyzer NDIR subsystem used 

in the gas analyzers is very stable and tends not to drift significantly from their span calibrations. 

Data from several laboratories using various vehicles and fuels suggests that when the 

Montana System is operated simultaneously with the laboratory system, the difference is 

typically less than 10 percent for aggregate mass NOx and CO2.  The accuracy of HC and CO 

measurements depends on the fuel used and on the emission levels (Vojtisek-Lom and Allsop, 

2001). 

Data from the EPA laboratory in Ann Arbor, MI, also shows that the difference between 
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the portable system and two laboratory systems (modal and bag sampling) was comparable to the 

differences between the two laboratory systems. 

4.4 System Setup and Operation 

The procedures for setting up and operating the Montana system are briefly described in 

this section. 

The time to install the instrument in a typical truck is approximately one hour.  Figure 4-

1 illustrates several aspects of the installation of the PEMS, using the example of a utility truck.  

The portable instrument is shown, including its placement inside the vehicle and the data 

connection to the engine diagnostic link located under the dashboard near the driver’s door.  

Figure 4-2 illustrates some of the connections made external to the passenger cabin, including 

connection to the vehicle battery (located beneath the driver’s door) using alligator clips, routing 

of hoses and cables using ties to secure these to the chassis, and the location of the exhaust pipe 

and gas sampling probes.  Alternatively, power can be obtained via connection with the 

cigarette lighter inside the cabin of the vehicle.  Figure 4-3 displays the routing of sampling 

hoses to the instrument via the passenger window, the hose used to collect outside air for 

reference purposes, and an external side view of the vehicle in motion after PEMS installation. 

The side view includes notation of the relative locations of the on-board diagnostic link (inside 

the vehicle), the battery, the exhaust pipe, and the routing of hoses and cables.  Figure 4-4 is a 

photograph of the instrumented vehicle as it was leaving the NCDOT maintenance yard. 

To operate Montana system, the user must enter several important input variables. The 

actual data entered into the Montana system are summarized in Chapter 6 in Table 6-1.  For 

example, engine displacement is needed in order to calculate the exhaust flow with instantaneous 

engine speed, intake air temperature, and intake air pressure (CATI, 2003). 
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Figure 4-1. Installation of the portable emissions measurement system (PEMS) in a NCDOT 

heavy-duty diesel vehicle:  (a) the portable unit on a passenger seat; (b) entering vehicle data 
into the PEMS; (c) engine diagnostic link using a 9-pin Deutsch connector. 

 

   
Figure 4-2. Installation of the portable emissions measurement system (PEMS) in a NCDOT 

heavy-duty diesel vehicle:  (a) accessing power from the vehicle battery; (b) routing hoses and 
cables along the chassis using ties; (c) sampling exhaust gases using a probe secured with a hose 

clamp. 
 

   
Figure 4-3. Installation of the portable emissions measurement system (PEMS)  in a NCDOT  
heavy-duty diesel vehicle:  (a) routing sampling hoses through the window, secured with ties; 
(b) obtaining outdoor air for “zeroing”; (c) side-view of truck in motion, illustrating relative 

locations of the on-board diagnostic link (inside the vehicle), battery, exhaust, and cables/hoses. 
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Figure 4-4. Instrumented NCDOT vehicle in motion as it leaves the maintenance yard after 
installation of the portable emissions measurement system 

 

After completing all installation steps, the instrument needs to warm up for 

approximately 30~ 45 minutes.  This time period is recommended in order to ensure consistency 

of measurements made by the instrument (CATI, 2003). 

During testing, periodic checks of the system status are recommended.  For example, the 

security of all connections with the vehicle should be evaluated.  This can be done by 

determining whether engine data is updated on the instrument display in an appropriate manner, 

whether the gas concentrations are reasonable, and whether the instrument is receiving power.  

If the engine data are “frozen” or missing, then it will be necessary to reinstall the engine 

diagnostic data cable or to reboot the engine scanner.  If the CO2 gas concentration is very low, 

then there could be a leakage in the sampling line and therefore inspection and repositioning of 

the sampling line may be indicated.  Chapter 5 provides more detail on diagnosing problems 

with the system and how they can be corrected. 
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After collecting data, it is recommended that the instrument be operated for an additional 

20 minutes while sampling ambient air in order to help clear out the sampling gas path of the 

instrument.  This additional procedure is expected to help maintain proper operation (CATI, 

2003). 

4.5 System Setup for Nonroad Construction Vehicle 

The general procedure of on-board emission data collection for nonroad construction 

equipment includes 3-steps: pre-installation, installation, and field data collection (see Figure 4-

5).  In order to have sufficient time to set up the Montana system without interfering with 

construction work, the data collection crew pre-installs major components of the Montana system 

a day before the test.  These major components include the engine RPM sensor, intake air 

pressure sensor, intake air temperature sensor, sampling hoses, a safety cage, and external battery.  

Typical time for finishing all installation steps are approximately two and half hours for pre-

installation, one and half hours for installation, and three and half hours of data collection.  

More details are shown in Figure 4-6. 

PEMS have been used for a number of years for heavy-duty onroad vehicles, and can 

easily be placed inside the cabin of a car (Frey et al., 2003; 2005).  A typical PEMS installation 

in an onroad vehicle involves routing a sampling hose from the tailpipe to gas analyzers enclosed 

in the main unit of the PEMS, downloading on-board diagnostic (OBD) data from a data port 

under the dashboard in order to characterize engine RPM, manifold air pressure (MAP), and 

intake air temperature, and a power cable from a cigarette lighter outlet in order to power the 

instrument.  However, for construction vehicles, the installation procedure is more complex 

because: (a) the main unit of the PEMS must be located on the exterior of the vehicle, usually on 

a cab roof or engine hood; (b) either there is not an engine diagnostic link or the available link 

requires expensive proprietary hardware and software to decode– instead an engine sensor array 
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is used to directly measure engine RPM, MAP, and intake air temperature; and (c) power is more 

conveniently obtained from an independent set of batteries (Vojtisek-Lom et al., 1997; 2001). 

The engine data is obtained from either the engine scanner, which is used when an engine 

has an electronic diagnostic link, or a sensor array, which can be used as long as the engine has a 

port to which a manifold air pressure (MAP) sensor can be attached.  The sensor array is 

composed of a MAP sensor, an engine RPM sensor, and an intake air temperature sensor.  

Generally, most nonroad construction equipment either does not have an engine control module 

link or has a proprietary link for which the cost of obtaining the appropriate hardware and 

software exceeds the cost of using the sensor array. 

 

Figure 4-5. Data Collection Procedures for the Nonroad Construction Vehicle 
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Figure 4-6. Typical Time Spent for Data Collection from Nonroad Construction Vehicle 
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5.0 Introduction 

In this chapter, methods for data post processing are discussed.  This work is important 

in developing an accurate database, and it includes developing protocols for data post-processing, 

discussion of possible errors in the dataset, and methods for making corrections. 

Data screening and quality assurance are procedures for reviewing data collected in the 

field, determining whether any errors or problems exist in the data, correcting such errors or 

problems where possible, and removing invalid data if errors or problems cannot be corrected.  

The goal of data screening and quality assurance is to produce a database that contains valid data. 

From previous work, a number of possible errors and problems have been identified 

(Frey et al., 2001; 2005).  In the previous work, engine data were collected via the electronic 

data link of the vehicle, such as the on-board diagnostic link of light duty gasoline vehicles and 

the engine control module link of heavy-duty vehicles.  However, in the current study, engine 

data are obtained using a sensor array.  Thus, the data screening and quality assurance 

procedures required modification for this work to account for problems and errors that can occur 

in conjunction with the sensor array.  One possible concern is the synchronization of the data 

streams from the sensor array and the gas analyzers.  The others are the communication between 

sensor array and computer. 

In addition to development of data screening and quality assurance procedures, a 

technique for evaluation of the data obtained from diesel engines was developed that involves 

comparison of the observed air-to-fuel ratio from the data with general expectations for the 

variability in air-to-fuel ratio for diesel engine as reported by others.  This comparison can 

provide insight regarding whether air leakage might be a problem in the sampling line or gas 

analyzer of the Montana system.  In the following sections, problems and errors associated with 

the sensor array, and the gas analyzer are identified and procedures for dealing with them are 



 

 64

detailed. 

5.1 Determination of Screening Steps 

Each run of data collected by the Montana system is summarized in a comma separated-

format file (.csv).  The raw data format is converted to a Microsoft Excel spreadsheet format for 

ease of data analysis in the laboratory.  Traffic/test event information is recorded in a notebook 

during testing.  After the post-processing process, the data includes: vehicle speed (mph); 

distance traveled (mile); acceleration (mph/sec); engine RPM; coolant temperature (°F); intake 

air flow (g/sec); dry exhaust flow (g/sec); fuel flow (g/sec); fuel economy (g/mile); NO 

concentration (ppm); HC concentration (ppm); CO concentration (volume percent); CO2 

concentration (volume percent); O2 concentration (volume percent); Fuel use (g/sec); NO mass 

emissions (g/sec); HC mass emissions (g/sec); CO mass emissions (g/sec); CO2 mass emissions 

(g/sec); and GPS x, y coordinates.  Information on the vehicle, driver, and weather conditions 

are reported in a summary sheet of the file. 

The typical problems that can be encountered are 

 Engine Data Errors 

 Gas Analyzer Errors 

 Zeroing 

 Negative Emission Values 

 Loss of Power to Instrument 

 Gas Concentration Error 

These errors are discussed in more detail in the following sections. 
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5.2 Procedures for Applying Screening Steps to Raw Data 

For quality assurance purposes, the combined data set for a vehicle run is screened to 

check for errors or possible problems.  If errors are identified, they are either corrected or the 

data set is not used for data analysis.  First, the types of errors typically encountered are 

described followed by a discussion of methods for making corrections. 

The predominant types of errors or problems include: 

5.3 Data Quality Checks Associated With Engine Data 

On occasion, communication between the vehicle's onboard computer and the engine 

scanner may be lost, leading to loss of data.  Sometimes the loss of connection is because of a 

physical loss of electrical contact, while in other cases it appears to be a malfunction of the 

vehicle's on-board diagnostic system.  This rarely happens.  However, when it happens, this 

error can be solved easily by rebooting the system in the field.  After rebooting, the computer 

begins logging a new data file automatically.  Thus, when this is noticed in the field, this error 

can be addressed.  Loss of engine data is also obvious from the data file, since the missing data 

are evident and any calculations of emission rates are clearly invalid. 

5.3.1 Acceleration 

Based on Hallmark et al. (1998), acceleration cannot be over 10 mph/s for heavy-duty 

diesel vehicles.  Therefore, if acceleration is found to be greater than 10 mph/s, it needs to be 

investigated.  When an acceleration over 10 mph/s occurs, the data immediately before and after 

the second(s) during which these implausible accelerations occurred are removed from the 

database.  This type of error occurred very rarely, affecting only a few seconds of data. 

5.3.2 Unusual Engine RPM 

Engine RPM typically varies from not less than 600 RPM during idling to about 3,000 

RPM during most kinds of vehicle operation.  As a conservative estimate, the bounds for 
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possible engine RPM were set as greater than or equal to 600 RPM and less than or equal to 

10,000 RPM (Yu and Qiao, 2004).  Thus, if engine RPM is less than 600 or greater than 10,000 

RPM, those data need to be removed for the further data analysis.  However, this problem did 

not occur in any of the data collected in this research. 

5.3.3 Engine RPM Freezing 

“Freezing” refers to situations in which a value that is expected to change dynamically on 

a second-by-second basis remains constant over an unacceptably or implausibly long period of 

time.  Engine RPM tends to fluctuate on a second-by-second basis even if the engine is running 

at approximately constant RPM.  Therefore, we performed a check to identify situations in 

which engine RPM remained constant for more than three seconds.  This problem occurred only 

in situations where the engine scanner became physically disconnected from the data logging 

computer.  This type of error was rare. 

5.3.4 Loss of Power to Instrument 

A loss of power to the instrument resulted in a complete loss of data collection during the 

time period when power was not available.  However, the system saves data up to the point at 

which the power loss occurs.  All of the tested vehicles had manual transmissions.  A typical 

cause of power loss was stalling of the engine due to a problem shifting.  Such problems 

typically occur when going from idle into first gear, or for the lower gears.  After a loss of 

power, the instrument needs to be rebooted, which takes approximately five to ten minutes.  

During the power loss and rebooting, no data can be collected. 

5.4 Data Quality Checks Associated With Gas Analyzer 

The objective of this section is to explain how the errors associated with the gas analyzer 

are considered for data quality assurance.  The most common errors indicated in this study and 

previous works in NCSU regarding gas analyzer are: discrepancy between readings of analyzer, 
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zeroing procedure of analyzer, gas analyzer freezing, and negative emissions values.  Criteria 

for screening, detecting, and correcting theses errors and procedures will be described in the 

following sections. 

5.4.1 Inter-Analyzer Discrepancy 

The Montana system is composed of two identical gas analyzers to measure NO, HC, CO, 

and CO2 pollutants from exhaust flow.  Each gas analyzer receives a continuous sample of 

exhaust gas simultaneously.  However, these analyzers may not produce identical measurements 

due to the influence of environmental factors, drift in data, or the effect of zeroing calibration 

process.  The EPA and the University of California at Riverside have identified the following 

environmental factors influencing portable emission measurements from diesel engines (EPA, 

2005; Norbeck et al., 2001): 

• Barometric ambient pressure; 

• Ambient temperature; 

• Vibration; and 

• Ambient hydrocarbons. 

In this section the methods for examining differences between simultaneous readings of 

the two analyzers are discussed. 

 5.4.1.1  Objective 

This section characterizes the differences in measurements between the two analyzers 

quantitatively.  These differences are referred to as inter-analyzer discrepancies (IAD).  The 

criteria for detecting discrepancies address the following questions: 

• What difference in measurement of a given pollutant is observed between the two 

analyzers? 
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• Are there explainable reasons for these differences? 

• If the differences are experienced, what should be done to ensure data quality? 

 5.4.1.2  Criteria for Detecting Inter-Analyzer Discrepancy 

Inter-analyzer discrepancy (IAD) is the absolute value of the difference in measured 

pollutant concentration for a given pollutant between Analyzer A and Analyzer B.  The IAD is 

compared to the maximum acceptable difference (MAD) between the readings of both analyzers 

to determine if further examinations of the data are needed. 

The MAD for each pollutant is determined by the level of precision of each sensor.  

Table 5-1 provides the levels of precision for each pollutant, as reported by the sensor 

manufacturer (Andros, 2005).  For example, the precision of the NO sensor is reported as ± 25 

ppm for the NO measurement in the concentration range 0 to 4,000 ppm.  This implies that the 

concentration of NO in one second of data collection can be reported 25 ppm higher than the true 

concentration from one analyzer, while the other analyzer provides 25 ppm less than the true 

concentration.  Thus, the typical maximum allowable difference between the two analyzers’ 

readings for NO will be 50 ppm.  Therefore, a MAD value of 50 ppm is assured for NO.  If the 

IAD for NO is less than the MAD of 50 ppm, then an average of NOx analyzer concentrations is 

used to estimate emission rates.  However, if the difference between the analyzers is greater than 

the MAD, further investigation is needed to determine if an error has occurred.  The MAD 

values for HC, CO, and CO2 emissions are shown in Table 5-1. 
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Table 5-1. Measurement Precision and Maximum Acceptable Difference Estimates for Inter-
Analyzer Discrepancies (IAD) 

Analyzer Specifications Provided by Andros Inc. 
Gases 

Precision Concentration Range Detection 
Limita 

Detection Limit 
Estimated by 

NCSUb 

Maximum 
Acceptable 
Difference 

(MAD) 

NO ± 25 ppm 0 ~ 4,000 ppm 1 ppm 1 ppm 50 ppm 

HC ± 4 ppmc 0 ~ 2,000 ppm 1 ppm 11 pm 28 ppmd 

CO ± 0.020 vol-% 0.000 ~ 10.0 vol-% 0.001 vol-% 0.003 vol-% 0.040 vol-% 

CO2 ± 0.30 vol-% 0.00 ~ 16 vol-% 0.01 vol-% 0.02 vol-% 0.60 vol-% 

a Detection limits of each pollutants provided from manufacturer (Andros, 2005) 
b Estimated detection for the Montana system based on measurements of ambient air in the laboratory on September 

9th, 2005.  After 45 minutes warming up of the Montana system, detection limits were tested 4 times.  Each test 
lasted 2 minutes.  Among 4 test results, the worst case was selected as the estimated detection limit. 

c ± 4 ppm is the precision of NDIR calibrated with n-Hexane to detect HC concentrations in the range of 0 to 2,000 
ppm.  However, according to Andros Inc., this NDIR can detect HC concentration in the range of 0 to 30,000 ppm 
(Andros, 2003). 

d The MAD for HC emission is specified as 28 ppm.  The reasons are explained in Section 5.4.1.3. 

 

 5.4.1.3  The Maximum Acceptable Difference (MAD) for Hydrocarbon 

Regarding HC readings, the reported level of precision (see Table 5-1) is not applicable in 

practice as a basis for estimating the MAD value.  Non-dispersive infrared sensors (NDIRs) are 

designed to measure n-hexane, one of the major constituents of total hydrocarbons in exhaust 

fumes.  In order to measure n-hexane, the NDIR analyzer should be calibrated using n-hexane 

as a span calibration gas.  However, n-hexane is not practical for use in the field because it is 

relatively expensive, unstable, and condenses into a liquid.  Historically, propane has been 

preferred as a calibration gas for NDIR analyzers.  Propane absorbs infrared energy at 

approximately the same wavelength used for n-hexane measurement (Andros, 2003).  The 

precision for measurement of HC (as reported by Andros in Table 5-1) is for circumstances in 

which the NDIR analyzer is calibrated using n-hexane.  However, in this study, propane is used 

as a span calibration gas.  By using propane instead of n-hexane as a calibration gas, lower 

precision is expected for measuring HC; thus, the acceptable level of precision will be higher 

than ± 4 ppm for each analyzer. 
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In the field, vibrations can affect the precision of HC measurements.  Hydrocarbons are 

measured at a lower wavelength of NDIR compared to CO and CO2 emissions.  The measured 

concentration values can change with respect to vibration, particularly for the lower wavelengths 

of HC detection (Norbeck et al., 2001; Andros, 2003).  For this reason, the reported HC 

precision cannot be used to estimate the MAD level for HC.  However, if the precision level is 

assumed to be ±14 ppm, then MAD will be 28 ppm.  In assured value of MAD, 99 percent of 

HC readings from both analyzers are below the MAD.  Based on these considerations, a MAD 

level of 28 ppm is chosen.  An additional consideration is that diesel vehicles tend to have low 

HC emission.  Thus, the sensitivity of HC measurements to environmental factors, combined 

with low values of HC, may lead to a high frequency of large discrepancies between analyzers, 

compared to the MAD. 

 5.4.1.4  Application of Determined MAD Values to Real-World Data 

In this section, real-world data obtained from measurements of a 1999 excavator with an 

8.0-liter engine tested on August 25, 2005 were used to help evaluate the use of MAD values.  

Table 5-2 shows the discrepancies between two analyzers.  The IADs are less than the MAD 

values for 93 to 100 percent of the data for all pollutants, except for HC.  As explained in the 

previous section, HC measurements are sensitive to environmental conditions; therefore, a higher 

frequency of discrepancies is expected.  If the IAD is higher than the MAD, the data should be 

further evaluated for possible problems such as malfunctioning of sensors, NDIR damage by dust, 

or pump blockage by condensation. 
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Table 5-2. Inter-Analyzer Discrepancies (IAD) 
95 Percent Range of IADb IAD > MAD Pollutant Estimated MADa 

2.5 % 97.5 % Percentage 

NO 50 ppm 7 ppm 71 ppm 7.0 

HC 28 ppm 0 ppm 32 ppm 1.0 

CO 0.040 vol-% 0.00 vol-% 0.01 vol-% 0.0 

CO2 0.60 vol-% 0.00 vol-% 0.70 vol-% 4.0 

a MAD (Maximum Acceptable Difference) from Table 5-1 
b 95 percent ranges of IAD are from second by second data for an excavator with an 8.0-liter engine, tested on August 

25, 2005.3 
 

 5.4.1.5  Characterizing Cases of Inter-Analyzer Differences (IAD) 

The IADs mentioned above can be classified into several cases.  With two parallel gas 

analyzers, four cases are possible, as explained below: 

 Case I IAD < MAD.  There is no need for further evaluation; 

 Case II IAD > MAD, and the concentration values from both analyzers are greater 

than the detection limits; 

 Case III IAD > MAD, and the concentration value from one analyzer for one or more 

pollutants is lower than the detection limit; or 

 Case IV IAD > MAD, and the concentration values from both analyzers are lower than 

the detection limits. 

When IAD>MAD for a particular pollutant, the data need to be checked.  Figure 5-1 

shows the procedures for detecting IADs, and solutions for all four cases. 

As illustrated in Figure 5-1, Case II has typical situations: 

• Case IIa For situations in which IADi > MADi occurs for  a few consecutive seconds 

 (t ≤ 15), it is typically the case that IADi is only slight larger than MADi 
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 (e.g. by a few ppm or hundredths vol-%, depending on the pollutant). 

 These situations are further explained below. 

• Case IIb When IADi>MADi for all four pollutants and for an extended period of time 

 (t > 15 consecutive seconds), systematic errors in at least one gas analyzer 

 typically exist, as explained below. 

5.4.1.5.1  Case IIa 

Case Iia is a typical situation for IADi>MADi.  Approximately 90 percent of instances 

where IADi>MADi are associated with Case Iia.  As explained above, this case implies that IAD 

exceeds the MAD by few ppm (or fraction of a vol-%) of concentration over the cases of just a 

few seconds. 

In general, if IAD is greater than the MAD, a preference between two analyzers should 

be determined if possible.  However, when IAD is slightly greater than MAD and when data 

from both analyzers follow similar trends, it may not be possible to establish a preference 

between them.  To justify analyzer preference, the engine speed is used as a reference line.  

However, here we answer whether engine speed data can be used to establish a preference 

between the two analyzers when IAD is slightly exceeds MAD for brief periods.  Because the 

electro-chemical NO detector and NDIR sensor for CO, CO2, and HC might respond differently, 

they are considered separately. 
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DLi = Detection Limit for pollutant i; the detection limits for each pollutant are shown in Table 5-1 
IADi = Inter-Analyzer Discrepancy for pollutant i at a given time 
MADi = Maximum Acceptable Difference for pollutant i; the MADs for each pollutant are shown in Table 5-1 
CA, i = Concentration of pollutant i as measured by Analyzer A 
CB, i = Concentration of pollutant i as measured by Analyzer B 
 

Figure 5-1. Flow Diagram of the Procedures for Evaluations of Inter-Analyzer Discrepancies (IAD) between Two Analyzers and Their 
Solutions 
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Figure 5-2 illustrates a typical example of Case Iia based on data collected on February 1, 

2006 for a 2001 Volvo motor grader with an 8.27-liter Cummins engine.  The figure shows 10 

consecutive seconds that include periods which IAD is slightly greater than MAD for two 

pollutants (NO and CO2).  IAD>MAD periods are indicated using a downward arrow in the 

figure.  For this period, IAD>MAD only for NO and CO2, but not for HC or CO.  Furthermore, 

both gas analyzers have the same relative trend compared to each other for a given pollutant.  

For example for NO, both analyzers indicate a slight drop in NO concentration during the first 

four seconds, followed by a slight increase in the last two seconds.  Engine speed is changing 

moderately during this period, but neither analyzer indicates that the change in engine speed in 

this situation is governing the change in emissions.  Therefore, there is no basis here to prefer 

one analyzer over the other.  The emissions are calculated in this type of situation based on the 

average of the concentrations reported by each analyzer in each second. 

To further illustrate the scenario of Case Iia, anther sample of data is shown in Figure 5-3.  

These data represent ten consecutive seconds of measurements of CO and CO2 for a 2002 front-

end loader with a 5.9-liter Cummins engine that was tested on March 8, 2006.  In this example, 

IADNO >MADNO for two consecutive seconds and IADCO2 is greater than MADCO2 in one second.  

However, IAD for HC and CO is less than the applicable MAD.  For all four pollutants, both gas 

analyzers indicate a slight downward trend in concentrations, which is consistent with a modest 

decrease in engine speed.  There is no clear basis for preferring one analyzer over the other.  

Hence, an average of both is used. 
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Figure 5-2. An Example Where IAD >MAD for NO and CO2 based on 10 Consecutive Seconds 

Data for a 2001 Volvo Motor Grader Powered by an 8.27-Liter Cummins Engine Tested on 
February 1, 2006 
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Figure 5-3. An Example Where IAD >MAD for NO and CO2 based on 10 Consecutive Seconds 
Data for a 2002 Front-end Loader Powered by a 5.9-Liter Cummins Engine Tested on March 8, 

2006 
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In order to provide additional empirical support regarding the identification and 

implications of Case Iia additional case studies were identified based on a random sampling 

procedure. 

Table 5-3 shows the results of 30 randomly selected samples of situations in which 

IAD>MAD of these 30 cases, there are 18 for the NO sensor and 9 for the NDIR sensor that 

support the appropriateness of using the average values of two analyzers in IAD>MAD for Case 

Iia.  In Table 5-3, each event was compared separately for the NO and the NDIR sensor after 

randomly selecting 30 events in which IAD>MAD for one or more pollutants from data collected 

on February 1, 2006.  Even though IADNO>MADNO in most of these cases, it was difficult to 

determine a preference for one specific analyzer 18 out of 20 of these events.  For 2 events 

(Events 19 and 25), a preference could be determined for one of the analyzers.  In the remaining 

10 events, IADNO<MADNO and hence an average of both analyzers were use.  The NDIR sensor 

in which IAD>MAD for either HC or CO2 had a similar trend to the NO sensor, but fewer cases 

of IAD>MAD.  In 9 out of 11 events, it was difficult to determine a preference between the two 

analyzers.  In 2 of these events (Events 23 and 29), one of the analyzers was preferred.  In 19 

events, IAD<MAD for all pollutants and averages between the two analyzers were used.  Of 

these 30 randomly selected events, Event 15 was graphed in Figure 5-2. 

The types of results obtained in Table 5-3 for a motor grader were also obtained for other 

tests and types of test vehicles, as exemplified by Table 5-4.  Table 5-4 shows the result of a test 

conducted on March 8, 2006 for a front-end loader.  Figure 5-3 represents Event 7 in Table 5-4.  

In Table 5-4, 19 out of 20 cases where IADNO>MADNO were Case Iia, while for the NDIR sensor, 

11 out of 15 cases were IAD>MAD for one or more pollutants were Case Iia.  Thus, Case Iia is 

a common one. Detailed review of each Case Iia event in Table 5-3 and 10 confirms that when 

IAD>MAD by only small amounts for a short period of time, it is not possible to determine a 

preference between the two analyzers. 
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5.4.1.5.2  Case IIb 

Case IIb is a situation where IAD>MAD and in which there are also systematic errors for 

one of the gas analyzers.  Such systematic errors are assumed to be a temporary malfunction of 

a gas analyzer.  Thus, the data for the errant analyzer needs to be excluded. 

As an example of Case IIb, Figure 5-4 presents a result from a 1998 Kobelco excavator 

with a 3.9-liter engine tested on January 16, 2006.  This example reveals large differences 

between the two analyzers over 160 consecutive seconds for all four measured pollutants.  In 

Figure 5-4(a), the NO concentration measured by Analyzer B increases monotonically, which is 

not inconsistent with the nearly cyclic variation in engine speed.  However, Analyzer A follows a 

trend similar to that of the engine speed.  Thus, there is confidence that Analyzer A is 

responding appropriately, whereas it is clear that Analyzer B is providing incorrect data. 
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Table 5-3. Randomly Selected Samples of IAD>MAD for Data from a 2001 Volvo Motor Grader 
with 8.27 Liter Cummins Engine a 

IAD – MAD when IAD > MAD b Duration 
(seconds) 

Preferred 
Analyzer c Cased 

Event Actual 
Time NO 

(ppm) 
HC 

(ppm) 
CO 

(vol-%)
CO2 

(vol-%)
NO 

 Sensor NDIR NO 
Sensor NDIR NO 

Sensor NDIR

1 11:00:26 1    2 0 Diff Avg IIa I 
2 11:05:14    0.05 0 1 Avg Diff I IIa 
3 11:22:20  1   0 6 Avg Diff I IIa 
4 11:28:55 1    2 0 Diff Avg IIa I 
5 11:31:00 2~15    4 0 Diff Avg IIa I 
6 11:32:00 1    2 0 Diff Avg IIa I 
7 11:37:23 4~14    3 0 Diff Avg IIa I 
8 11:59:51 1~5    2 0 Diff Avg IIa I 
9 12:09:30  1   0 3 Avg Diff I IIa 
10 12:10:05  1   0 1 Avg Diff I IIa 
11 12:16:20  1   0 1 Avg Diff I IIa 
12 12:37:46 3~8    3 0 Diff Avg IIa I 
13 12:56:44 1    1 0 Diff Avg IIa I 
14 1:06:31 1    1 0 Diff Avg IIa I 
15 1:26:21 2~13   0.05 5 2 Diff Diff IIa IIa 
16 1:38:04 9    1 0 Diff Avg IIa I 
17 1:40:39    0.08 0 1 Avg Diff I IIa 
18 1:43:52    0.05 0 1 Avg Diff I IIa 
19 1:48:19 2~11    5 0 B Avg  I 
20 2:16:28 5~14    5 0 Diff Avg IIa I 
21 2:20:43 7~8    2 0 Diff Avg IIa I 
22 2:28:51 2~18    4 0 Diff Avg IIa I 
23 2:33:45    0.04 0 1 Avg A I  
24 2:45:31    0.02 0 1 Avg Diff I IIa 
25 2:59:48 1~8    6 0 B Avg  I 
26 3:05:14 8~11    3 0 Diff Avg IIa I 
27 3:08:10 3    1 0 Diff Avg IIa I 
28 3:10:33 4~11    2 0 Diff Avg IIa I 
29 3:18:38    0.02 0 1 Avg A I  
30 3:21:14 2~3    3 0 Diff Avg IIa I 

a This test was performed on February 1, 2006 for 4.36 hours. 
b At each event, IAD exceeded the MAD for the shown values of each pollutant in the column;  If it is blank, IAD does 

not exceed the MAD 
c Preferred analyzer means the analyzer which produced the values following the trend of engine speed; Engine speed is 

used as the reference line to determine “Preferred Analyzer.” 

Diff = Difficult to determine a preference between analyzers; an average of Analyzers A and B is used. 
Avg = The average between two analyzers is used because it is not associated with cases where IAD>MAD 
A= Analyzer A;  B= Analyzer B 

d This column represents the specific case for each event;  I=  Case I,  IIa=  Case IIa,  blank= possibly determine a 
preference of one bench, but not obvious situation 
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Table 5-4. Randomly Selected Samples of IAD>MAD for Data from a 2002 Front-end Loader 
with 5.90 liter Cummins Engine a 

IAD – MAD when IAD > MAD b Duration 
(seconds) 

Preferred 
  Analyzer c Cased 

Event Actual 
Time NO 

(ppm) 
HC 

(ppm) 
CO 

(vol-%)
CO2 

(vol-%) 
NO 

Sensor NDIR NO 
Sensor NDIR NO 

Sensor NDIR

1 10:02:49 1~3    2 0 Diff Avg IIa I 
2 10:03:06 4~14   0.03 4 1 A Diff  IIa 
3 10:03:43    0.03 0 1 Avg B I  
4 10:05:26 4~9   0.01 5 1 Diff Diff IIa IIa 
5 10:09:56 3~5   0.01 3 1 Diff Diff IIa IIa 
6 10:14:28    0.03~0.06 0 2 Avg Diff I IIa 
7 10:23:40 7   0.02 2 1 Diff Diff IIa IIa 
8 10:44:03 1    1 0 Diff Avg IIa I 
9 11:02:24 12    1 0 Diff Avg IIa I 
10 11:10:40 3~13    5 0 Diff Avg IIa I 
11 12:50:43  1~3   0 9 Avg Diff I IIa 
12 1:11:22    0.09 0 1 Avg B I  
13 1:29:39 7    1 0 Diff Avg IIa I 
14 1:35:03    0.07 0 1 Avg Diff I IIa 
15 1:42:33 8~10    2 0 Diff Avg IIa I 
16 1:49:08 5~8    2 0 Diff Avg IIa I 
17 1:49:45    0.01~0.09 0 3 Avg A I  
18 1:56:11 1~7    4 0 Diff Avg IIa I 
19 1:58:34 1    2 0 Diff Avg IIa I 
20 2:00:42    0.08 0 1 Avg Diff I IIa 
21 2:06:05 5    1 0 Diff Avg IIa I 
22 2:10:07 4    1 0 Diff Avg IIa I 
23 2:22:57 6    2 0 Diff Avg IIa I 
24 2:28:25 1    2 0 Diff Avg IIa I 
25 2:32:48    0.05 0 1 Avg B I  
26 2:42:46    0.01 0 1 Avg Diff I IIa 
27 2:53:08    0.09 0 1 Avg Diff I IIa 
28 2:59:50 3~11    4 0 Diff Avg IIa I 
29 3:08:54 9   0.02 1 1 Diff Diff IIa IIa 
30 3:14:43 8~9    2 0 Diff Avg IIa I 

a Test was performed on March 8, 2006 for 4.85 hours. 
b At each event, IAD exceeded the MAD for the shown values of each pollutant in the column;  If it is blank, IAD 

does not exceed the MAD 
c Preferred analyzer means the analyzer which produced the values following the trend of engine speed; Engine 

speed is used as the reference line to determine “Preferred Analyzer.” 

Diff = Difficult to determine a preference between analyzers; an average of Analyzers A and B is used. 
Avg = The average between two analyzers is used because it is not associated with cases where IAD>MAD 
A =  Analyzer A;  B =  Analyzer B 

d This column represents the specific case for each event;  I= Case I,  IIa= Case IIa,  blank= possibly determine 
a preference of one bench, but not obvious situation 
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In Figure 5-4(b) and Figure 5-4(c), representing HC and CO concentration values 

respectively, Analyzer B produces extreme values, compared to Analyzer A, that range from -100 

ppm to 400 ppm for HC and from -0.02 vol-% to 0.07 vol-% for CO.  In contrast, Analyzer A 

reports nearly constant and low concentrations, where the engine speeds are fluctuating only 

slightly relative to a typical value of approximately 2,000 RPM.  The incompatible of the trend 

between Analyzer B and the engine speed data suggests that data from this analyzer are invalid 

during this period of time. 

In Case IIb, systematic errors are suspected if IAD is greater than MAD for all four 

pollutants with a large magnitude of difference over a substantial number of consecutive seconds.  

In this case, data from the non-preferred analyzers should be removed, and values from the 

analyzer that is deemed to be free of systematic error, should be used to calculate emission rates.  

The CO2 concentration measured by the Analyzer A follows a similar trend as the engine speed 

data, which is expected because fuel flow and CO2 emissions are a function of engine speed.  

However, Analyzer B is providing much lower CO2 values that are not sensitive to the 

fluctuations in engine speed.  Therefore, Analyzer A is preferred in this case.  Overall for all 

for pollutants in this example, Analyzer A is preferred. 

5.4.2 Zeroing Procedures of PEMS Instrument 

The Montana system includes two identical but separate analyzers referred as Analyzer 

“A” and “B”.  Each of the analyzers perform periodic zero calibration with ambient air in every 

10 minutes.  The mechanism of starting and ending periodic zeroing is potentially a source of 

error in measurement. 

The Montana system takes an average of readings from both analyzers in order to 

estimate emissions and fuel use rates except when one of the analyzers is performing periodic 

zero calibration.  In this case, the Montana system takes readings from the analyzer for which 
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zeroing procedure is not in progress.  When zeroing begins a solenoid valve switches from 

intake of exhaust gas to intake of ambient air.  An example of such a valve is shown in Figure 5-

5.  When the zeroing procedure ends, the solenoid valve switches again and the analyzer intakes 

emissions from the tailpipe.  There is a period of transition while this switching occurs.  The 

sensors of oxygen, NO, HC, CO, and CO2 need several seconds to respond the switching of gases.  

To allow adequate time for a complete discharge of the previous gas from the analyzer, a time 

delay of 10 seconds is assumed.  Thus, for 10 seconds before starting periodic zero calibration 

procedure and 10 seconds after ending the procedure, emissions rates are estimated using the data 

from the analyzer at which the zeroing procedure is not in progress. 
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Figure 5-4.  An Example of IAD >MAD for Four Pollutants in 160 Consecutive Seconds Data 
for a 1998 Kobelco Excavator Powered by a 3.9-Liter Engine Tested on January 16, 2006 for 

Concentrations of: (a) NO, (b) HC, (c) CO, and (d) CO2 



 

 84

 
Figure 5-5. The Solenoid Valve inside the Montana System 

5.4.2.1 Criteria of Detecting and Correcting Zeroing Effects 

The criteria of detecting and correcting zeroing effects in a database are composed of two 

steps.  In the first step, the periods in which zeroing may affect emissions data are indicated in a 

given database.  A visual basic program was written with this purpose by NCSU team. 

Computer of the Montana system separately records operating status of each of the 

analyzers in a second-by-second basis.  In an output emission data file given by the Montana 

system, the code of “3,000,000” represents that an analyzer is properly measuring exhaust gases 

and the code of “19,000,000” shows periodic zero calibration.  These codes are used to detect 

periods associated with zeroing effects.  Both analyzers have been programmed to have no zero 

calibration at the same time.  The visual basic program screens a given database and indicates 

emissions records in 10 seconds before and after of each zeroing period. 

In the second step, mass emission and fuel consumption rates are recalculated using NO, 

HC, CO, CO2, and O2 concentrations from the analyzer that is not performing zero calibration. 

5.4.2.2 Examples of Dealing with Data Affected by Zeroing 

Table 5-5 shows an actual example indicating start and end point of zeroing procedure for 

Analyzer A.  In Table 5-5, zeroing in Analyzer A starts at time of 39,635 seconds and ends at 

39,669.  Codes of “3,000,000” or “19,000,000” indicate that analyzer is measuring emissions 

properly or zeroing, respectively. 

Solenoid Valve 
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Table 5-5. Criteria of Indicating Start and End of Zeroing Procedure 

Analyzer Status Code  
Time (sec) 

Analyzer A Analyzer B  

39,623 3,000,000 3,000,000 
39,624 3,000,000 3,000,000 

Measuring Emissions from 
the exhaust 

39,625 3,000,000 3,000,000 
. . . 
. . . 

39,633 3,000,000 3,000,000 
39,634 3,000,000 3,000,000 

Assuming zeroing period in 
Analyzer A 

39,635* 19,000,000 3,000,000 
39,636 19,000,000 3,000,000 

. . . 

. . . 
39,668 19,000,000 3,000,000 
39,669* 19,000,000 3,000,000 

Actual Zeroing in Analyzer A

39,670 3,000,000 3,000,000 
39,671 3,000,000 3,000,000 

. . . 

. . . 
39,679 3,000,000 3,000,000 

Assuming zeroing period in 
Analyzer A 

39,680 3,000,000 3,000,000 
39,681 3,000,000 3,000,000 

Measuring Emissions from 
the exhaust 

5.4.3 Gas Analyzer Freezing 

From the previous on-board diagnostics study in NCSU, it is known that emissions 

readings on the computer screen do not update for several consecutive seconds.  While the 

engine data keep changing, emissions data from the analyzers stay the same for a period of 

several seconds (Frey et al., 2001; 2005).  This error is called “Gas Analyzer Freezing” (GAF).  

The criteria of detecting and correcting GAF errors involve several steps.  In next section, the 

criteria of detecting and correcting these errors are explained. 

5.4.3.1 Criteria of Detecting Gas Analyzer Freezing Errors 

The criteria of detecting GAF errors deal with the comparison of corresponding engine 

data and emissions concentrations of benches A and B in two consecutive seconds.  If 

corresponding emission values of Bench A or B are the same, the GAF error is suspected while 
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engine data varying for two consecutive seconds.  In order to detect GAF errors, all seconds of 

data in the database need to be screened consecutively.  In other words, if corresponding 

emissions and engine data are compared at time “t” and “t+1”, then the next step is the 

comparison of data at time “t+1” to “t+2”. 

There is an exceptional situation that a lack of change in measured emissions 

concentrations might occur when emission readings are lower than the Montana’s detection limit, 

given in Table 5-1.  This situation is not considered as the GAF error in a database, and no 

correction applies to this case.  However, it might be a systematic error if “freezing” occurs in 

concentrations higher than estimated detection limits.  In this situation, the procedure explained 

in Section 5.4.3.3 must be followed in order to correct corresponding error seconds.  The criteria 

of detecting GAF error is defined as: 

⎩
⎨
⎧ ≠>=

= ++
+ otherwise                 0

ED ED ,DL  C  C                  1
     GAF 1tk,tk,1ti,ti,

1 tt,
i   (1) 

Where, 

GAFt, t+1 = Gas analyzer freezing error at time t and t+1 

Ci, t = Concentration of emission i at time t; i=NO (ppm), HC (ppm), CO (vol-%), 

CO2(vol-%), O2 (vol-%) 

Ci, t+1 = Concentration of emission i at time t+1; i= NO (ppm), HC (ppm), CO (vol-

%), CO2 (vol-%), O2 (vol-%) 

EDk, t = Engine data k at time t; k = engine speed(rpm), MAP(kPa), IAT(ºC) 

EDk, t+1 = Engine data k at time t+1; k = engine speed (rpm), MAP(kPa), IAT(ºC) 

DLi = Detection limit of the Montana system to measure emission i, given in 

Table 7; i= NO(ppm), HC(ppm), CO(vol-%), CO2(vol-%), O2(vol-%) 
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5.4.3.2 Criteria of Correcting Gas Analyzer Freezing Errors 

The objective of this section is to explain corrections applied to GAF errors.  In each 

two consecutive seconds of data, the following 8 cases might be observed considering GAF 

errors: 

• Case I Bench A is experiencing GAF errors and Bench B is measuring without any 

errors 

• Case II Bench A is experiencing GAF errors and Bench B is zeroing 

• Case III Bench A is measuring without any error errors and Bench B is zeroing 

• Case IV Bench B is experiencing GAF errors and Bench A is measuring without any 

errors 

• Case V Bench B is experiencing GAF errors and Bench A is zeroing 

• Case VI Bench B is measuring without any error errors and Bench A is zeroing 

• Case VII Both benches are experiencing GAF errors 

• Case VIII None of benches are experiencing GAF errors 

Cases I and IV are similar.  In both cases, one bench is experiencing GAF errors while 

the other bench is measuring emissions without any error.  In these cases, mass emissions and 

fuel consumption rates must be recalculated based upon the concentration values measured by the 

bench which is free of any errors. 

Cases II and V refer to the situation in which one bench includes error seconds while the 

other bench is performing periodic zero calibration.  In these two cases, mass emission rates 

cannot be recalculated based on the invalid reading of the other bench.  Mass emission estimates 

are deleted from the database. 

Cases III and VI refer to the normal operation of the analyzers of Montana in which one 

of the benches is zeroing while the other bench is measuring emissions.  In these cases, no 
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correction applies to the data. 

Case VII refers to the situation in which GAF errors are observed in both benches.  In 

this case, no analytical procedure of recalculation applies to the emission concentrations values 

and all mass emission estimates are deleted from the database.  Case IIX refers to the normal 

operation of Montana system in which both benches are measuring emission concentrations 

without any errors.  Figure 5-6 summarizes the procedure of detecting and correcting GAF 

errors in a database. 

5.4.3.3 Application of Freezing Error Checking 

A visual basic program was written to indicate this type of error in the dataset.  Results 

of running the program on the data collected from an excavator on August 25, 2005 showed that 

analyzer freezing error occurred in 387 out of 23,893 seconds, or 1.62 percent.  The GAF errors 

observed from 5 consecutive seconds to no more than 8 consecutive seconds.  Maximum and 

minimum of concentrations observed in error seconds are shown in Table 5-6.  The results of 

observing different cases in the database were: 

• Case I   39 seconds of errors were observed both benches 

• Case II  166 seconds of errors were observed in Bench A, but not in Bench B 

• Case IV  143 seconds of errors were observed in Bench B, but not in Bench A 

• Case V 23,506 seconds of  normal operation of analyzer 

• Case III, VI, VII, and IIX:  These cases were not observed in the database. 
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A = In this case, no mass emission estimation is needed. 

B = Mass emissions must be recalculated using emission values of the bench which includes no GAF errors. 

C = All mass emissions estimations must be removed from the database. 

 
Figure 5-6. Flow Diagram of the Criteria of Detecting and Correcting Freezing Errors in a Database 
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Table 5-6. Pollutants Ranges in Observed GAF Error Seconds 

Variations of Concentrations 
Pollutants 

Minimum Maximum 

NO (ppm) 271 388 
HC (ppm) 3 27 

CO (vol-%) 0.006 0.014 
CO2 (vol-%) 1.82 2.43 

 

5.4.4 Negative Emissions Values 

Negative pollutant concentrations are sometimes reported by the gas analyzers.  Because 

of random measurement errors, some of the measured concentrations might have negative values 

that are not statistically different from zero (Frey et al., 2002).  In this case, negative values are 

not associated with any errors.  Thus, some negative values of emission readings may be due to 

the random variation of instruments.  However, in some cases, negative values may indicate a 

data quality problem. 

5.4.4.1 Criteria for Detecting and Correcting Negative Values 

The criteria for detecting negative values are identified based on the level of precision of 

the Montana system.  Negative values typically occur when the emissions are in low 

concentrations that are not significantly different from zero.  Using the levels of precision 

presented in Table 5-1, the criteria for acceptable negative values (ANV) for each pollutant are 

defined (see Table 5-7). 

Table 5-7. Acceptable Negative Values (ANV) for Each Pollutant 

Pollutant ANV Value 

NO -25 ppm 

HC -14 ppm 

CO -0.02 vol-% 

CO2 -0.3 vol-% 
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For example, NO has a ± 25 ppm level of precision.  Thus, the NO concentration is 

expected to measure as low as -25 ppm when the true value of NO is a low concentration (such as 

0 ppm).  Therefore, ANVNO = -25 ppm.  For HC concentrations, ± 14 ppm level of precision 

was chosen.  Therefore, ANVHC = -14 ppm.  If negative values are larger in magnitude than 

ANV, this means systematic errors are possibly occurring.  For example, if the observed 

concentration of NO is reported as -30 ppm, this is beyond the range of acceptable negative 

values.  Considering the ANV for each pollutant in comparison to measured values, several 

cases are defined for identifying and correcting negative concentration errors as shown in Figure 

5-7. 

<Description for Each Case in Figure 5-7> 

Case I refers to situations in which readings from both Analyzers A and B are between 

ANV and zero.  In these situations, concentrations are assigned to zero and emission rates are 

recalculated based on the new values. 

In Cases IIa and IIb, readings from one analyzer are between ANV and zero, while the 

others are greater than, or equal to, zero.  The values between ANV and zero are assigned to 

zero, and the average between two analyzers is used to recalculate emission rates.  For example, 

if the HC in Analyzer A is -2 ppm and Analyzer B measures 10 ppm, then the average emission 

concentration is 5 ppm.  Emission rates are recalculated based on the new readings. 

In Cases IIIa and IIIb, readings from one analyzer are between ANV and zero, while the 

others are below ANV.  In this case, the values between ANV and zero are assigned to zero, and 

emission rates are recalculated based on the new assigned values. 

In Cases IVa and IVb, readings in one analyzer are less than ANV but are greater than, or 

equal to, zero in the other.  In these cases, emission rates are recalculated based on the positive 

values.  For example, if the HC in Analyzer A is -70 ppm but 32 ppm in Analyzer B, emission 
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rates are recalculated based on the HC reading from Analyzer B. 

Case V refers to normal operation of the Montana system in which both readings are 

greater than, or equal to, zero.  Then the averages of the two analyzers are used for estimating 

emission rates. 

Case VI illustrates both analyzers having less than ANV; in this case, emissions 

concentrations should be excluded from the database. 
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ANVi = Acceptable Negative Values for pollutant i; the ANVs for each pollutant are shown in Table 5-7 
CA, i = Concentration of pollutant i as measured by Analyzer A 
CB, i = Concentration of pollutant i as measured by Analyzer B 

 

Figure 5-7. Diagram for the Criteria of Acceptable Negative Values (ANV) for Each Pollutant, and Correction Methods 
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<Solutions for Each Case in Figure 5-7> 

• Case I Assign emission concentration of pollutant i to zero, and recalculate emission 

rates: i = NO (ppm), HC (ppm), CO (vol-%), CO2 (vol-%) 

• Case IIa Assign emission concentration Ci,A to zero, and average concentrations Ci,A 

and Ci,B to recalculate emission rates 

• Case IIb Assign emission concentration Ci,B to zero, and average concentrations Ci,A 

and Ci,B to recalculate emission rates 

• Case IIIa Assign emission concentration Ci,A to zero, and recalculate emission rates 

based on the new assigned value of Ci,A 

•  Case IIIb Assign emission concentration Ci,B to zero, and recalculate emission rates 

based on the new assigned value of Ci,B 

• Case IVa Recalculated emissions rates using the concentration of pollutant i from 

Analyzer A 

• Case IVb Recalculated emissions rates using the concentration of pollutant i from 

Analyzer B 

• Case V Normal operation of Montana system; no additional recalculation required 

• Case VI Exclude emissions concentrations from the database 

5.4.4.2 Application of ANV to Real-World Data 

A visual basic program was written to detect ANV errors in the dataset.  This program was 

applied to data collection for an excavator tested on August 25, 2005.  ANV errors were not 

detected for NO, CO, or CO2.  However, 0.33 percent (79 out of 23,829 seconds) of HC 

concentrations were below ANV; this data was collected early when the engine was idling.  

Typically, idling is one of the operating modes that can produce the lowest emissions (Frey and 

Kim, 2005). 
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Table 5-Table 5-8 shows the results before and after removing rows associated with ANV 

errors.  Total and average emissions were recalculated after 79 rows associated with ANV errors 

were removed.  Based on Table 5-8, NO, CO, and CO2 total emissions did not change.  HC 

total emissions and average emission rates changed by 0.10 percent. 

Table 5-8. Total Emissions and Average Emission Rates a Before and After Removing Rows 
Associated with Acceptable Negative Value (ANV) Errors 

Total Emissions Average Emission Rates 
Pollutants 

Before (g) After (g) Before (g/sec) After (g/sec) 

NO 2,662 2,662 0.1117 0.1117 

HC 146.0 146.1 0.00614 0.00615 

CO 270.0 270.0 0.0113 0.0113 

CO2 221,900 221,900 9.311 9.311 

a Data were used from a 1999 excavator with 8.0 liter engine, tested for 23,829 seconds on August 25, 2005 

5.5 Method of Estimation of Modal Emission Rates 

The objective of this section is to present a methodology for deriving modal emission 

rates from data.  The first section provides methodological overview and theory, upon which the 

analyses in the later sections are based. 

5.5.1 Methodological Overview 

Modal emission rates have been used in other researchs as a way of evaluating variability 

in emissions (e.g., Frey et al., 2001, 2002).  Modal emission rates can be developed on the basis 

of a second-by-second speed profile, whether obtained from dynamometer measurements or from 

on-board measurements during real-world vehicle operations.  Modes can be defined based on a 

variety of criteria, such as speed, acceleration, combinations of both, or calculated quantities such 

as engine power demand.  The latter is the product of speed and acceleration.  The second-by-

second data are classified into a mode that is defined by a range of values for the selected 

criterion (e.g., speed, acceleration, combinations of both, or other quantities).  An average 
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emission rate is estimated for each mode.  A comparison of average emissions for different 

modes provides insight into the amount of variation in average emissions that can be accounted 

for by the modal definitions.  A set of modal definitions is given stronger preference if it can 

produce a wider range of variability when comparing the modal averages. 

The definition of modes in this work is based upon Frey et al. (2002), who analyzed 

second-by-second data for diesel transit buses and found that average emissions were 

significantly different when comparing idle, acceleration, cruise, and deceleration modes.  

However, the modal definitions were refined in this work to provide higher resolution pertaining 

to different levels of acceleration or cruising, and to incorporate activity patterns unique to dump 

trucks, such as dumping the load in the rear bed. 

5.5.2 Development of Modal Definitions 

Vehicle activity, emissions, and fuel use were evaluated initially based upon time traces.  

A time trace depicts an emission or fuel usage rate versus time. The time traces typically indicate 

that there is a significant contribution to total emissions from short-term events that occur within 

the trip.  Thus, a modal approach to analysis was deemed to be useful for purposes of 

disaggregating the vehicle activity profile and gaining insights into short term events that might 

have different influences on total emissions. 

The definition of each driving modes has been developed for the modal emissions 

analysis methods in which trips are divided into 9 driving modes (e.g., acceleration (low, medium, 

high), cruise (low, medium, high), deceleration, idle, dumping) and in which average emissions 

and fuel use are estimated separately for each mode.  The calculation of modal emissions rates 

provides a consistent basis for comparison of different trips. The criteria for each mode are listed 

below: 
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• Idle (speed = 0, Acceleration = 0) 

• Acceleration (Acceleration = Speed increases by 1 mph in 1 sec) 

   -  “Low Acceleration” (Power Demand ≤ 20) 

      -  “Medium Acceleration” (20 < Power Demand ≤ 50) 

-  “High Acceleration” (Power Demand > 50) 

    (Power Demand = Speed x Acceleration) 

• Cruise 

– “Low Cruise” (speed < 30 mph) 

– “Medium Cruise” (30 mph ≤ speed < 45 mph) 

– “High Cruise” (speed ≥ 45 mph) 

• Deceleration (negative of acceleration) 

• Dumping 

5.5.3 Validation of Fuel Use 

Fuel use is estimated by the Montana system based upon a calculation involving 

assumptions regarding engine volumetric efficiency and data reported by the electronic control 

unit regarding intake air temperature, manifold air pressure, and engine RPM.  It is possible that 

there are uncertainties or errors in these data.  Thus, there is a need to validate the fuel usage 

estimates from the Montana system by comparison to independent data. 

The amount of fuel added to the vehicle at the end of each day of duty was metered by a 

fueling pump at the NCDOT Division 5 maintenance yard.  The vehicle was fueled prior to 

testing at the beginning of a duty shift, and was refueled at the end of the shift.  Thus, the 

amount of fuel added at the end of the shift represents the amount of fuel consumed during the 

shift.  The metered number of gallons of fuel was compared to the total number of gallons of 

fuel estimated based upon summing second-by-second estimates of the Montana system. 
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Although this comparison is subject to some limitations, it is a practical way to determine 

if the overall fuel use estimated by the Montana system agrees with the fueling records of 

NCDOT.  The benefit of such a comparison is that it can provide confidence that the flow rates 

estimated by the Montana system are reasonable.  Furthermore, since CO2 emissions are highly 

correlated with fuel flow, validation of fuel flow also provides credibility regarding the CO2 

emission values.  Some of the limitations of this comparison might include the following:  (a) 

the vehicle’s fuel tank might be “topped off” at exactly the same level from one filling to the 

next; (b) some vehicle idling occurs while the Montana system is warming up; and (c) some 

vehicle operation may occur at times when the Montana system is recovering from a power loss 

or other data collection outage. 

5.5.4 Summary and Conclusions 

Methods for screening the data collected in the field, and for making corrections or 

deletions to deal with data problems, were developed and applied.  The screening methods are 

categorized based upon their cause or implications as being related to engine data, gas analyzer 

data, zeroing procedure, negative emissions values, loss of power, and low concentration.  The 

goal of these screening methods is to create a database that is as free of errors as possible.  

These errors can involve loss of input data streams, loss of power, data values that are out of 

range, or data problems associated with operational problems that can occur from time to time 

(e.g., overheating of a gas analyzer bench).  In most cases, the diagnostic checks made during 

field data collection and during analysis of data from the field identified particularly types of 

errors only infrequently. 

Once a quality assured database has been developed, then methods were applied for 

analyzing the data.  In order to compare emissions between vehicles, loads, and fuels, a set of 

operating modes was developed that allow any activity pattern to be disaggregated.  The modes 

include idle, three levels of acceleration, three levels of cruise, deceleration, and dumping.  
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Average emissions rates are estimated for each mode based upon binning of second-by-second 

data.  The binning criteria include speed, acceleration, and engine power demand, in various 

combinations, depending upon the mode.  The dumping mode refers to lifting of the rear bed of 

the truck, which typically occurs during stationary or low speed operation of the truck. 

A methodology for partial validation of the Montana system data was developed based 

upon comparing fuel use estimated by the Montana system with measured fuel use. 
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6.0 Introduction 

The purpose of this chapter is to discuss the factors involved in designing a study 

involving field data collection of real-world in-use emissions, with a focus on dump trucks.   

Key factors in developing a study design include defining the study objective, selecting vehicles, 

identifying duty cycles of interest and scheduling data collection to capture these, selecting 

drivers, selecting sites and routes, and selecting fuels.  Each of these major factors is described 

in the following sections, followed by a summary. 

For nonroad construction vehicles, it is on-going project.  Thus, the detail information is 

not included here. 

6.1 Objective 

The objective of the field study was developed in close consultation with the NCDOT 

Equipment and Inventory Control Unit and with the research advisory committee.  The 

objective is to answer the following key questions: 

• What are the baseline real-world, in-use emissions and fuel use during actual operation of 

the selected vehicles under typical duty cycles? 

• What factors contribute the most to episodes of high emissions and/or fuel use? 

• How do emissions and fuel use compare for vehicles fueled with B20 biodiesel versus 

petroleum diesel? 

• How do emissions and fuel use compare for loaded versus unloaded vehicles? 

• How do emissions and fuel use compare for different sizes of vehicles (i.e. single rear 

axle versus tandem dump trucks)? 

• How do emissions and fuel use compare for different engine designs, based upon 

comparison of engines developed under Tier 1 and Tier 2 emission regulations? 
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In order to answer these key questions, a field study was developed that has several key 

characteristics.  For each of the vehicle and engine combinations listed below, measurements 

were made for each of B20 and petroleum diesel fuels, and for both unloaded and loaded 

conditions: 

• Single rear axle vehicles with Tier 1 engines 

• Single rear axle vehicles with Tier 2 engines 

• Tandem vehicles with Tier 1 engines 

• Tandem vehicles with Tier 2 engines 

An in-use study is an observational, rather than a controlled, study.  Thus, it is not 

possible to control all of the sources of variability that affect emissions.  In fact, it is the real-

world variability in ambient, traffic, and site conditions, as well as vehicle condition and driver 

behavior, that are of interest in this type of study, because they lead to variability in actual 

emissions and fuel use.  As noted in Chapter 3, typical methods for measuring emissions and 

fuel economy rely on standardized test cycles, which are not representative of actual duty cycles 

in the real-world.  Thus, this study has the advantage of producing real-world data.  The 

existence of variability in various conditions that affect emissions and fuel economy imply that 

data must be collected for adequately large samples in order to obtain reliable estimates. 

The objectives motivate instrumentation of existing NCDOT vehicles and data collection 

during normal duty cycles. Thus, the drivers for the vehicles were the same NCDOT personnel 

who currently operate these vehicles. The routes were based upon the service requirements of the 

vehicle. With the GPS system that is part of the portable on-board instrumentation, the actual 

route traveled by the vehicle were stored in terms of second-by-second x, y, and z coordinates.  

Because there is variability in traffic conditions and environmental factors, measurements were 

repeated for a given vehicle/driver combination for several duty cycles in order to obtain a 
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statistically stable estimate of the mean emission rates for each pollutant and for specific driving 

modes. Thus, data were collected over a day with same driver/vehicle.  In one day, there were 

typically 3 to 5 complete duty cycles per vehicle. 

In order to satisfy the objective to compare emissions and fuel use for two different fuels, 

data collection was repeated for a given vehicle on two separate days, each with a different fuel.  

Where possible, NCDOT was able to schedule the same driver for both days of testing on the 

same vehicle.  However, operational constraints faced by NCDOT led to the use of different 

drivers for the same vehicle in a few instances.   

The selection of a truck and driver was coordinated with NCDOT via the NCDOT 

Research and Development Unit, the NCDOT Equipment and Inventory Control Unit, and 

NCDOT Division 5 personnel. 

6.2 Vehicle Selection 

Data collection was conducted for both single rear axle and tandem dump trucks, and for 

both Tier 1 and Tier 2 engines.  This section briefly summarizes the characteristics of the 

vehicles that were included in the final field study.  In total, there were 13 vehicles that were 

tested, but final data are reported only for 12.  One of the vehicles was available during the time 

period that testing was conducted on B20 fuel.  However, because of an accident not related to 

this research, the vehicle was not available for the second day of testing using petroleum diesel 

fuel. 

Table 6-1 summarizes input data required for Monata system for each vehicle.  

Furthermore, the fuel properties that were input to the Montana system are shown in Table 6-2.  

The table indicates the NCDOT vehicle identification number that is painted on the front bumper, 

the model year, the engine type (Tier 1 or Tier 2), the engine model.  These vehicles were 

selected in order to represent the four combinations of vehicle type and engine type that are 
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required as part of the study design.  The research resources were sufficient to test a total of 

approximately 12 vehicles on both fuels.  During the time period of this study, the new Tier 2 

vehicles were just becoming available.  Only two Tier 2 vehicles of each of the single rear axle 

and tandem types were available in time for this study.  Thus, a total of four Tier 2 vehicles were 

tested.  The remainder of the tested vehicle fleet includes 4 Tier 1 rear single axle trucks and 4 

Tier 1 tandems.  The tandems are heavier vehicles than the single axles, both in terms of the 

rated Gross Vehicle Weight (GVW) and the actual unloaded weight of the vehicle. 

Table 6-3 summarizes the characteristics of the engines for the tested vehicles.  All of 

the engines are fuel-injected, turbo-charged, in-line 6 cylinder engines with pressure ratios 

ranging from 16:1 to 18:1.  For the tandem dump trucks, there are two types of Tier 1 and one 

type of Tier 2 engines.  For the single rear axle dump trucks, there is one type of Tier 1 and one 

type of Tier 2 engine.  The tandem engines are rated at 305 to 350 horsepower, versus 195 to 

220 horsepower for the single rear axle vehicles.  The engines for the heavier tandems have 

more torque, displacement, and weight than those for the smaller single rear axle trucks.  For 

example, the engine displacement ranges from 10.8 to 12.8 liters with 9 manual gears for the 

tandems versus only 7.2 to 7.6 liters with 6 manual gears for the single rear axle trucks. 
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Table 6-1. Vehicle Description and Input Data for Montana System for Each Vehicle 
Vehicle 

Type 
Vehicle 
Number 

Model 
Year 

Engine 
Size (l) Turbo Charged Power Rating 

(hP @ rpm) 
Torque Rating 
(ft-lb @ rpm) 

GVWa 
(lb) 

AVNWb 
(ton) 

Engine 
Model 

0507 1998 10.2 Yes 305@1,150 1,150@1,200 50,000 10.8 M 11+ 
0513c 1999 10.2 Yes 305@1,150 1,150@1,200 50,000 10.8 M 11+ 
0578 2000 10.2 Yes 305@2,100 1,350@2,100 50,000 10.8 ISM 305V+
0579 2000 10.2 Yes 305@2,100 1,350@2,100 50,000 10.8 ISM 305V+
0580 2000 10.2 Yes 305@2,100 1,350@2,100 50,000 10.8 ISM 350V+
0125 2004 12.8 Yes 350@1,900 1,350@1,150 50,000 10.8 MBE 4000 

Double 
Rear Axle 
(Tandem) 

Dump 
Trucks 

0126 2004 12.8 Yes 350@1,900 1,350@1,150 50,000 10.8 MBE 4000 
4743 2000 7.2 Yes 195@2,200 450@1,440 33,000 7.2 CAT 3126 
4750 2000 7.2 Yes 195@2,200 450@1,440 33,000 7.2 CAT 3126 
4869 2001 7.2 Yes 195@2,200 450@1,440 33,000 7.2 CAT 3126 
4876 2001 7.2 Yes 195@2,200 450@1,440 33,000 7.2 CAT 3126 
6117 2004 7.6 Yes 220@2,600 540@2,600 33,000 7.2 DT 466 

Single 
Rear Axle 

Dump 
Trucks 

6123 2004 7.6 Yes 220@2,600 540@2,600 33,000 7.2 DT 466 
 

a Gross Vehicle Weight: This is the maximum recommended weight for a vehicle, including: the weight of the vehicle 
itself, passengers, and all cargo. 

b Actual Vehicle Net Weight: the weight of the vehicle without a load, obtained based upon measurement at a truck 
scale 

c Vehicle 0513 was available for testing only on B20 biodiesel.  Therefore, this vehicle is not included in the final 
data base for purposes of comparing emissions and fuel use for B20 versus petroleum diesel fuels. 

 
Table 6-2 Fuel Property Input Data into Montana System 

Fuel composition by mass Fuel 
C (%) H (%) O (%) 

Fuel density (g/gallon) 

Petroleum Diesel 86.4 13.6 0.00 3,180 
B20 Biodiesel 84.5 13.3 2.20 3,220 

 
Table 6-3. Description of Engine Specifications for Tested Vehiclesa 

Vehicle Type Tier 1 Tandem Diesel 
Engines 

Tier 2 Tandem 
Diesel Engine 

Tier 1 Single 
Axle Engine 

Tier 2 Single
Axle Engine 

Engine Manufacturer Cummins Cummins Mercedes-Benz Caterpillar International

Engine Model ISM 350v+ M11+ MBE 4000 CAT 3126 DT 466 

Displacement(l) 10.8 10.8 12.8 7.2 7.6 

Power Rating (hP) 305@ 2,100 305@1,150 350@1,900 195@2,200 220@2,600 

Torque Rating (ft-lb) 1,350@ 2,100 1,150@1,200 1,350@1,150 450@1,440 540@2,600 

Bore x Stroke(in) 4.9x5.8 4.92x5.35 5.03x6.53 4.33x5.0 4.56x4.68 

Configuration In-line 
6 Cylinder 

In-line 
6 Cylinder 

In-line 
6 Cylinder 

In-line 
6 Cylinder 

In-line 
6 Cylinder 

Transmissions 9 manual 9 manual 9 manual 6 manual 6 manual 

Injection Direct Direct Direct Direct Direct 

Compression Ratio 16.3:1 - 17.75:1 - 16.4:1 

Dry Weight(lb) 2,070 - 2,117 1,250 1,425 
a Data are shown where available. 
Source: Cummins ISM 350V+ driver’s manual (2000), Cummins M11+ Driver’s manual (1998), Caterpillar 3136 
driver’s manual (2000), MBE 4000 driver’s manual (2004), International DT 466 manual (2004). 
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Figure 6-1. Front and Side Views of a Tier 1 Single Rear Axle Dump Truck 

(7.2 l engine displacement) 

   
Figure 6-2. Front and Side Views of a Tier 1 Double Rear Axle (Tandem) Dump Truck 

(10.8 l engine displacement) 

   
Figure 6-3. Front and Side Views of a Tier 2 Single Rear Axle Dump Truck 

(7.6 l engine displacement) 
 

 

Examples of each of the four types of vehicle/engine combinations tested in the field study are 
shown in Figures 6-1 through 6-4.  Figure 6-1 shows a typical single rear axle dump truck with 
a Tier 1 engine.  Figure 6-2 shows a typical tandem dump truck with a Tier 1 engine.  Figures 
6-3 and 6-4 show a single rear axle and a tandem, respectively, with Tier 2 engines. 
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Figure 6-4. Front and Side Views of a Tier 2 Double Rear Axle (Tandem) Dump Truck 

(12.8 l engine displacement) 

6.3 Duty Cycles and Scheduling 

The duty cycle for a dump truck typically includes driving to a location at which the truck 

is loaded with material, driving to another location where the truck is unloaded, and repeating 

this cycle of events until it is time to return to the maintenance yard at the end of the work shift.  

Operating speeds varied from zero mph (idle) to approximately 65 mph (on highways).  Data 

were collected continuously over a period of the entire working day.  During the summer, the 

work day typically started at 7:00 AM and ended at 3:00 PM.  During the winter, the work day 

was typically from 7:30 AM to 3:30 PM.  The tested vehicles traveled primarily in the North 

Carolina areas of Raleigh, Garner, and Fuquay-Varina.  At some point during the workday, the 

vehicle was taken to a scale in order to weight the truck both with and without a load. 

The locations of vehicle activity varied from day-to-day.  Thus, the specific route driven 

and the amount of time spent driving varied.  However, any of the duty cycles can be 

characterized based upon component parts, such as modes associated with vehicle motion and 

other operating modes associated with idling and dumping.  Thus, any duty cycle can be 

described as an appropriately weighted combination of the following modes:  idle, acceleration 

(low, medium, high), cruise (low, medium, high) deceleration, and dumping.  Other than 

“dumping,” which refers to a vehicle discharging its load at a particular location, the other modes 
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can be associated with a vehicle that is either loaded or unloaded.  The number of duty cycles 

measured for each vehicle on each test date is summarized in Table 6-4.  There is an average of 

approximately 4.5 duty cycles per vehicle per day.  The actual number of duty cycles per 

vehicle per day varies from 2 to 12.  A total of 109 duty cycles were captured during the course 

of the field study. 

The weight of an unloaded truck includes the vehicle, spreader equipment (if used), fuel 

in the fuel tank, driver and passenger, and the emissions measurement equipment.  The 

emissions measurement equipment was accompanied by an NCSU graduate research assistant 

who rode as a passenger in the cab.  A loaded truck includes all of the same components plus 

whatever load is carried in the bed of the truck.  Therefore, the difference in the weight of a 

loaded versus unloaded truck is approximately the weight of the load.  There also can be some 

difference in the weight of fuel remaining in the tank between the time that the vehicle was 

weighed loaded versus unloaded.  However, the change in fuel weight is small compared to the 

change in the weight of the load. 

On average, the load weight was approximately the same for both fuels for a given 

vehicle, but differed by approximately plus or minus one ton when comparing among vehicles.  

Because of different task requirements on different dates, it was not possible to exactly reproduce 

the same load for a given truck for each of the two fuels.  There was variation in the materials 

carried by the trucks, which included stone, sand, dirt, asphalt, and wood.  In light of this 

variation, the relative agreement in the load weight for a given truck operated on each of the two 

fuels is deemed to be good. 

NCDOT controls the scheduling of the vehicles and does not permanently assign a driver 

to a specific vehicle.  For 7 of the 12 vehicles tested, it was possible to have the same driver for 

each day of testing on both fuels.  In the other cases, a different driver was used for the same 

vehicle on each of the two days of testing. 
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When the field study began, all vehicles were already fueled with B20 biodiesel.  

Therefore, a decision was made to test all 12 vehicles first on biodiesel, and then switch to 

petroleum diesel.  Thus, measurements on B20 were made during the time period of late July 

through early October of 2004.  Measurements were made on petroleum diesel during the period 

from October through December.  To switch fuels, NCDOT dedicated a fuel storage tank to 

petroleum diesel and ran the vehicles through at least one full tank, and refilled again, prior to 

field measurements. 

Scheduling is potentially an important consideration when comparing emissions for the 

two fuels, especially for NOx.  NOx emissions are typically sensitive to ambient humidity.  

Higher absolute humidity tends to decrease peak flame temperatures and lower the NOx 

emissions.  The available dynamometer-based data for comparing B20 and petroleum diesel 

fuels implies that NOx emissions might be higher for B20.  For logistical reasons of dealing with 

the fuel supply and the time required to refuel vehicles between measurements, it was not 

possible to collect data on B20 and petroleum diesel at the same time for a given vehicle.  

Typically, the B20 measurements were made during warmer and more humid (on average, on an 

absolute basis) summer months and the petroleum diesel measurements were made for cooler and 

less humid (on average, on an absolute basis) autumn months as summariszed in Table 6-5.  

Note that the absolute humidity decreases with temperature even for a constant relative humidity. 
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Table 6-4. Summary of Test Schedule, Number of Duty Cycles, Type of Load, and Load Weight 

B20 Pet. Dieselc Number of
Cycle Load Type Load Weight

(tons) Vehicle 
Type 

Vehicle 
Number 

Driver Date Driver Date B20a PDb B20a PDb B20a PDb

0507 Kirby 09/01 Kirby 11/08 4 7 Wood stone 13.8 14.6
0578 Joe 08/05 Charles 10/28 4 4 Asphalt Dirt 15.1 14.1
0579 Ron 07/27 Ron 10/15 7 2 Sand Sand 14.7 14.8
0580 Keeven 08/25 Keeven 10/05 4 3 Asphalt Asphalt 15.2 16.7
0125 Keeven 12/07 Keeven 11/30 4 4 Stone Stone 14.3 14.5

Tandem 

0126 Charles 12/02 Charles 12/01 4 5 Stone Stone 13.2 12.8
4743 David 08/10 Keeven 10/21 4 3 Sand Stone 7.12 8.06
4750 Mike 10/08 Ricky 11/02 2 5 Dirt Wood 7.10 5.98
4869 Howard 08/31 David 10/27 2 2 Sand Dirt 7.74 5.94
4870 James 08/20 Scott 10/29 5 6 Dirt Stone 7.10 7.86
6117 Todd 08/17 Todd 10/20 7 5 Dirt Stone 7.14 6.83

Single 
Axle 

6123 Willard 10/06 Willard 11/03 4 12 Dirt Dirt 7.20 5.85
a Soy-based B20 Fuel,   b Petroleum Diesel Fuel,   d Actual fuel consumption (gallon/days) 

 
Table 6-5. Ambient Conditions and Engine Intake Data information For Each Vehicle and Day of 

Testing 
Pressure 

(hPa) 
Temperature 

(°F) 
Relative 

Humidity(%) 
Speed(SDa) 

[mph] 
MAP(SDa) 

[kPa] 
IAT(SDa) 

[°C] 
Vehicle 
Numbe

r B20 PD B20 PD B20 PD B20 PD B20 PD B20 PD 

0507 994 996 79 65 74 45 32.5 
(18.2)

33.5 
(12.2)

180 
(38.1)

147 
(38.2) 

36.3 
(3.35)

33.5 
(4.22)

0578 999 997 82 62 67 62 34.6 
(13.6)

38.7 
(13.6)

177 
(36.9)

185 
(53.1) 

44.4 
(3.31)

33.6 
(3.97)

0579 998 996 88 66 63 60 33.7 
(15.7)

39.4 
(14.2)

182 
(55.7)

199 
(44.5) 

38.7 
(7.21)

37.7 
(5.35)

0580 995 997 80 69 50 53 36.8 
(15.6)

35.7 
(17.5)

189 
(26.3)

189 
(29.4) 

34.1 
(4.13)

35.0 
(4.29)

0125 996 996 72 60 71 41 41.5 
(15.2)

31.5 
(12.6)

189 
(29.5)

185 
(32.5) 

35.1 
(3.50)

35.1 
(4.12)

0126 995 997 58 60 27 31 44.5 
(13.8)

44.5 
(14.4)

185 
(26.5)

187 
(29.8) 

35.0 
(4.21)

36.3 
(3.85)

4743 997 995 85 61 53 83 44.9 
(19.4)

38.4 
(14.9)

171 
(47.6)

147 
(28.0) 

34.2 
(7.18)

34.4 
(4.85)

4750 996 997 74 76 37 71 39.8 
(15.1)

39.5 
(13.4)

178 
(37.9)

154 
(22.1) 

35.3 
(4.87)

33.4 
(1.88)

4869 997 997 85 63 59 75 38.6 
(17.1)

37.2 
(13.9)

158 
(40.2)

135 
(20.3) 

34.3 
(3.65)

20.5 
(0.530)

4870 998 998 89 63 53 81 34.1 
(16.9)

32.6 
(14.2)

160 
(45.0)

155 
(39.1) 

38.0 
( 3.14)

20.6 
(1.04)

6117 995 997 83 61 58 90 30.5 
(15.9)

39.3 
(13.9)

167 
(51.7)

181 
(43.6) 

45.6 
(3.65)

37.8 
(3.72)

6123 996 997 66 77 47 64 40.3 
(16.9)

30.5 
(12.5)

198 
(39.7)

198 
(25.2) 

38.0 
(3.48)

37.0 
(1.10)

      a Standard Deviation 
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6.4 Driver Selection 

For the field measurements, vehicles were operated by drivers assigned by NCDOT.  

These drivers performed their normal duty cycles.  A total of 13 drivers participated in the field 

data collection effort.  Of these, six were available to operate a vehicle on both B20 biodiesel 

and petroleum, and one of these six drivers operated two different vehicles on both fuels.  Thus, 

the comparisons of fuel use and emission between the two fuels are based upon approximately 

the same driver behavior for a total of seven vehicles, including five of the tandems and two of 

the single rear-axle vehicles.  Six drivers drove only one vehicle operated on one fuel, and 

another driver drove two different vehicles but did not repeat testing for the same vehicle with 

different fuels.  Thus, there are five vehicles for which the measurements for B20 and petroleum 

diesel were made by different drivers. 

It is possible that differences in driver behavior might exist among the drivers, and that 

differences, if they exist, might lead to differences in fuel use or emissions that are not 

attributable to fuel or vehicle characteristics.  However, an informal observation is that all of the 

drivers are professionals, and they operate the vehicle in a responsible manner. 

6.5 Site / Route Selection 

On-board data collection is flexible in terms of site and route selection compared to other 

measurement methods, as described in Chapter 3.  Selection of sites and routes for on-board 

data collection was determined by the normal work requirements of NCDOT.  According to the 

NCDOT work schedule, I-440, US 1, Holly Spring Road and US 401 were traveled more than 

other roads.  I-440 is the beltline of Raleigh-Cary area and US 1 was driven mostly to visit Apex 

and near southwestern part of Raleigh.  Holly Spring Road and US 401 which are located at the 

south middle of Figure 6-5 were traveled to go to Fuquay-Varina and Garner area.  Every 

morning, all 12 selected vehicles started at the NCDOT Division 5 maintenance yard which is 
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marked as star in Figure 6-5.  This yard is located at Blue Ridge and Trinity Roads in Raleigh, 

NC.  The duty cycles of these vehicles typically included travel to locations in Raleigh, Garner, 

or Fuquay-Varina within Wake County, NC.  The majority of the runs involved mostly driving 

on paved roads because the main purpose of the duty cycle was road patching and widening 

roads.  However, in some cases, short periods of travel off-road were included as part of the 

duty cycle, such as for roads that were not yet paved.  An example of the latter is Pearl Road 

near Garner, NC. 

Figure 6-5 displays a graphical summary of all of the routes that were included in the 

field data collection effort for the 12 vehicles that were tested on both fuels.  There are some 

line segments in the southern part of the Figure 6-5.  These segments of data occurred because 

of unexpected loss of power of the instrument or other instrument problem, which lead to a loss 

of GPS and other data.  Therefore, the routes covered by the vehicle during the period of loss of 

data are not included in Figure 6-5. 
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Figure 6-5. Vicinity and Detailed Map of the Geographic Area of In-Use Field Measurements, 
Showing all Routes and Sites 

 
Map source :  http://www.visitraleigh.com 

 

6.6 Fuel Selection 

Because a key objective of this research is compare fuel use and emissions for B20 

biodiesel versus petroleum diesel, each of the selected vehicles was tested for one day while 

fueled with B20 and for one day while fueled with petroleum diesel.  NCDOT provided the fuel 

for all vehicles, and was responsible for fueling the vehicles.  The typical properties of B20 and 

petroleum diesel are given in Section 2.4. 

Study Routes and Sites



 

 115

6.7 Summary of Field Study 

The field study design is based upon clearly stated objectives that are based upon a need 

for real-world in-use data pertaining to multiple types of vehicles, engines, fuels, loads, and 

operating modes.  Four categories of dump trucks were selected for testing, including: (1) single 

rear axle with Tier 1 engines; (2) single rear axle with Tier 2 engines; (3) tandems with Tier 1 

engines; and (4) tandems with Tier 2 engines.  The tandems have a significantly higher GVW 

than the single-axles, and typically have engines with larger displacement, more horsepower, 

more torque, and more weight.  A total of 12 vehicles were included in the measurement 

program. 

This study is unique in that it is based upon operation of vehicles during their normal 

duty cycles.  Thus, the study design must deal with the variation that can occur from day-to-day 

depending upon the specific routes, loads, and activities of each vehicle.  In order to obtain an 

adequate sample of data, each test was conducted over the course of an entire workshift.  Each 

workshift included, on average, 4.5 duty cycles.  Each actual duty cycle is comprised of a 

uniquely weighted combination of nine operating modes (idle, three levels of acceleration, three 

levels of cruise, deceleration, and dumping). 

A typical duty cycle includes obtaining a load at an origin, delivering the load to a 

destination, dumping the load, and returning to an origin to obtain a new load.  The cycle is 

repeated.  Each vehicle was measured on each day of data collection both with and without a 

load.  The average weight of a typical load was approximately 14.5 tons for the tandems and 7.0 

tons for the single rear-axle trucks. 

Each of the 12 vehicles was tested for one day on B20 biodiesel and for one day on 

petroleum diesel, for a total of 24 days of field measurements.  The vehicles were operated by 

drivers assigned by NCDOT.  The study relied upon and greatly benefited from the cooperation 

of professional drivers who conducted their normal work while NCSU collected data.  NCDOT 
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does not permanently assign a driver with a specific vehicle.  However, NCDOT was able to 

schedule the same driver and vehicle combination for both fuels for seven of the vehicles, which 

facilitates comparisons between the two fuels.  All of the drivers operated the vehicle in a 

professional and responsible manner.  It is possible that different drivers might have different 

weighted combinations of operating modes.  However, even when a vehicle was operated by 

one driver for one fuel and a different driver for the other fuel, it is likely that the results can be 

compared on the basis of individual operating modes. 

All of the data collection occurred in Wake County, North Carolina.  Data were 

collected for vehicles operated on B20 biodiesel fuel during more humid (on average) months 

than when data were collected for petroleum diesel.  NOx emissions in particular might be 

sensitive to ambient humidity based upon a humidity correction factor presented in Chapter 2. 
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ABSTRACT 

Diesel vehicles contribute substantially to emissions of NOx, an ozone precursor, and to 

particulate matter.  Real-world in-use on-road emissions of selected diesel vehicles, fueled with 

B20 biodiesel and petroleum diesel, were measured during normal duty cycles using a portable 

emissions measurement system.  Four categories of dump trucks were tested, including:  (1) 

single rear axle with Tier 1 engines; (2) single rear axle with Tier 2 engines; (3) tandems with 

Tier 1 engines; and (4) tandems with Tier 2 engines.  Each vehicle was tested for one day on 

B20 biodiesel and for one day on petroleum diesel.  On average, there were 4.5 duty cycles per 

day.  Each duty cycle can be represented as a combination of nine operating modes (idle, three 

levels of acceleration, three levels of cruise, deceleration, and dumping).  Average fuel flow and 

emission rates on a mass per time basis varied substantially among the operating modes.  Key 

factors responsible for the observed variability in fuel use and emissions include:  operating 

mode, vehicle size, engine type, vehicle weight, and fuel.  Average fuel use and CO2 emission 

rates were approximately the same for the two fuels, but average emission rates of NO, CO, HC, 

and PM decreased by 10, 11, 22, and 10 percent, respectively, for B20 biodiesel versus petroleum 

diesel.  The observed decrease in NO emissions is different from results reported by others 

based on engine dynamometer testing.  The difference may be because of the effect of real-

world duty cycles versus standardized test procedures used in dynamometer testing, and requires 

further work to determine if the ratio of NO to total NOx is impacted by the duty cycle. 
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INTRODUCTION 

This paper focuses on evaluation of the real world effect of the use of B20 biodiesel fuel on 

vehicle fuel use and emissions in comparison to petroleum diesel, based on field measurements 

of a selected group of dump trucks. 

Biodiesel fuel is gaining increasing interest as an alternative fuel for several reasons.  

Biodiesel blend stock can be developed from domestic resources, thereby offsetting the need for 

foreign imports to supply transportation fuel needs.  Various laboratory-based dynamometer 

studies have indicated that substitution of B20 biodiesel (a blend of 20% blend stock with 80% 

petroleum diesel) for 100% petroleum diesel reduces emissions, on average, for carbon monoxide 

(CO), hydrocarbons (HC), and particulate matter (PM).  The apparent disadvantages of B20 

biodiesel are a reported slight increase in NOx emissions, a price premium, and possible storage 

and operational issues (1).  Many of the latter, such as the possibility of biofouling during 

storage, and operational problems due to filter clogging and cold temperature properties of the 

fuel, can be avoided through prudent management or prevention strategies.  Thus, the key 

concerns typically focus on the price premium and the effect of a switch from petroleum diesel to 

B20 biodiesel on NOx emissions.  Because NOx is a precursor to tropospheric ozone, the 

concern about an increased role for biodiesel tends to be greatest in areas that are in 

nonattainment of the National Ambient Air Quality Standard (NAAQS) for ozone (2). 

The majority of existing emissions data for comparing B20 versus petroleum diesel are 

based on laboratory-based engine dynamometer tests.  Such tests may not be representative of 

real world duty cycles and conditions.  Thus, a key motivation for this study is to collect real 

world data. 

The objectives of this study were to characterize real-world in-use on-road emissions of 

selected heavy duty diesel vehicles during normal duty cycles and to identify factors responsible 

for variability in emissions and fuel use, including the effect of different types of fuels. 

BACKGROUND ON FACTORS INFLUENCING EMISSIONS 

Tailpipe emissions are a complex function of many influential variables, including vehicle 

characteristics, vehicle activity patterns, ambient conditions, fuel properties, and related issues 

(3).  Examples of related issues include driver behavior, traffic flow, and roadway and route 

characteristics.  These latter issues can influence the vehicle activity pattern (4).  Overall, key 

factors that influence emissions are fuel properties, vehicle weight, speed and acceleration, and 

operating modes.  In designing a field study for measurement of real-world in-use duty cycles 
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and emissions, consideration was given to obtaining data for different vehicle weights, engine 

design, load, fuel, and operating mode. 

METHODS FOR MEASURING VEHILCE EMISSIONS 

Several commonly used methods for measuring vehicle include engine dynamometers, 

chassis dynamometers, tunnel studies, remote sensing, and on-board measurement.  Most of the 

available data regarding heavy-duty vehicle emissions is typically from engine dynamometer 

measurements (5,6,7).  These data are reported in units of g/bhp-hr, which are not directly 

relevant to in-use emissions estimation.  Furthermore, many engine dynamometer test cycles are 

based upon steady-state modal tests that are not likely to be representative of real world 

emissions (8).  There are also transient engine dynamometer tests, but it is not likely that any 

particular standardized test cycle will be representative of operation of a particular type of 

vehicle and real world duty cycle. 

Chassis dynamometer tests provide emissions data in units that are more amenable to the 

development of emission inventories. For example, for on-road vehicles, emissions can be 

reported in units of grams of pollutant emitted per mile of vehicle travel.  This emission factor 

can be multiplied by estimates or measurements of vehicle miles traveled to arrive at an 

inventory (9).  However, for vehicles that operate off-road, or that have operating modes that 

cannot easily be accommodated in the laboratory setting (e.g., dumping of the bed of a dump 

truck), it may not be possible to obtain data representative of all aspects of a duty cycle.  

Furthermore, these tests have a non-negligible cost per vehicle and the number of heavy duty 

dynamometer facilities is limited.  The applicability of chassis dynamometer test results to real 

world emissions is limited by the potential lack of representativeness of standard test cycles 

(10,11). 

Tunnel studies are limited in their ability to discriminate among specific vehicle types, 

although it is possible to distinguish between gasoline and diesel vehicles using statistical 

methods (12).  However, tunnel studies are based upon measurements for a specific link of 

roadway and thus are not representative of an entire duty cycle. 

Remote sensing can be used to measure emissions from any vehicle that passes through 

the infrared and, if available, ultraviolet beams that are used to measure pollutant concentrations.  

For purposes of measuring heavy duty vehicles, remote sensing deployment may need to be 

adjusted to the appropriate plume height, especially if the trucks discharge emissions above the 

level of the vehicle’s cab (13,14).  Each measurement is only a snap shot at a particular location, 
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and thus cannot characterize an entire duty cycle. 

On-board emissions measurement systems offer the advantage of being able to capture 

real world emissions during an entire duty cycle (15).  In particular, Portable Emissions 

Measurement Systems (PEMS), that are more easily installed in multiple vehicles than complex 

on-board systems (16), are selected for use in this study.  There may be a trade-off regarding the 

cost and ease of use versus the accuracy of simple versus more complex PEMS. 

PREVIOUS EMISSIONS MEASUREMENTS FOR BIODIESEL 

A review of available engine dynamometer test data for a variety of diesel engines 

indicates that there is a reduction in the emission rate of PM, CO, and HC and an increase in the 

emission rate of NOx.  These results are based upon analysis of a database complied by the U.S. 

EPA (5,6).  Here, we report results based on the Federal Test Procedure (FTP) engine 

dynamometer test.  On average, emissions decreased on B20 versus petroleum diesel by 10 

percent for PM, 11 percent for CO, and 21 percent for HC, but increased by 2 percent for NOx, as 

shown in Table 7-1.  The magnitude of the changes increase as the amount of blend stock is 

increased.  For comparison purposes, a summary of the changes is shown also for pure B100 

blend stock.  In addition, specific subgroups of engine types were analyzed in order to assess 

inter-engine variability.  For example, for selected engines, the NOx emission rate increased on 

average by 2.4% for B20 biodiesel versus petroleum diesel, but the standard deviation is 1.9%.  

This implies that there are a few engines for which the change in emissions is zero or a decrease, 

even though on average there is a small increase.  However, the average changes are typically of 

greatest interest in order to gain insight into how switching fuels would affect emissions of fleets 

of vehicles.  There is a much smaller database for chassis dynamometer comparisons of B20 

versus petroleum diesel (17,18).  These data suggest that emissions of CO and HC decrease, 

similar to the findings from engine dynamometer data.  However, unlike the engine 

dynamometer data, the chassis dynamometer data suggest that NOx emission rates decrease and 

PM emission rates increase.  There are not adequate data to determine whether the differences 

from the two types of tests are because of the specific mix of vehicles tested, the test procedures, 

or both  
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PORTABLE EMISSIONS MEASUREMENT SYSTEM 

The PEMS that was used in this study is the OEM-2100 “Montana” system manufactured 

by Clean Air Technologies International, Inc. (19,20).  The Montana system is comprised of a 

gas analyzer, a PM measurement system, an engine diagnostic scanner, a global position system 

(GPS), and an on-board computer.  The gas analyzer measures the volume percentage of NO, 

HC, CO, CO2, and O2 in the vehicle exhaust.  The PM measurement capability includes a laser 

light scattering detector and a sample conditioning system.  The engine scanner is connected to 

the data link of electronically controlled vehicles, from which engine and vehicle data may be 

downloaded during vehicle operation.  A GPS system measures vehicle position.  The on-

board computer synchronizes the incoming second-by-second emissions, engine, and GPS data.  

Intake airflow, exhaust flow, and mass emissions are estimated from engine operating data, 

engine and fuel properties, and exhaust gas concentrations. 

The gases and pollutants measured include NO, HC, CO, CO2, O2, and PM using the 

following detection methods: 

• HC, CO and CO2 using non-dispersive infrared (NDIR). Measurements of CO and 

CO2 are accurate to within 10 percent when compared to a dynamometer lab (21).  

The accuracy of the HC measurement depends on type of fuel used (15,20). 

• NO measured using electrochemical cell.  On most vehicles, NOx can be inferred 

from NO (15,20).  For diesel vehicles, total NOx is typically approximately 90 to 95 

percent NO, with the balance NO2 (22,23).  However, data are not readily available 

as to the second-by-second or mode-specific distribution of NOx into its components. 

• PM is measured using light scattering, with measurement ranging from ambient 

levels to low double digits opacity (15,20).  The PM measurements are semi-

quantitative.  They agree reasonably with benchmark engine dynamometer data, but 

one could obtain more accurate measurements with other methods.  Because they 

are based on a light scattering method, they are somewhat analogous to opacity. 

Therefore, to make clear that the measurements are not intended to represent accurate 

mass emission rates, we use the term “opacity” rather than PM emissions. 

The gas analyzers are calibrated periodically based on a cylinder gas and also self-

calibrate approximately every half hour using ambient air as a reference, referred to as “zeroing.”  

Two gas analyzer modules are used in parallel in order to have continuous data even when one 

goes off-line for periodic “zeroing” (19). 
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DESIGN OF THE FIELD DATA COLLECTION STUDY 

The field study design is based upon multiple types of vehicles, engines, fuels, loads, and 

operating modes.  Four categories of dump trucks were selected for testing, including:  (1) 

single rear axle with engines subject to Tier 1 emission regulations (applicable to engine model 

years 1987 to 2003); (2) single rear axle with Tier 2 engines (subject to Tier 2 regulations in 2004 

and after); (3) tandems with Tier 1 engines; and (4) tandems with Tier 2 engines.  The tandems 

are significantly larger than the single rear axle vehicles.  A total of 12 vehicles were included in 

the measurement program.  These vehicles belong to the North Carolina Department of 

Transportation and were operated from the North Carolina Department of Transportation 

(NCDOT) Division 5 maintenance yard located in Raleigh, NC.  The field data collection 

activity is summarized in Table 7-2. 

In order to obtain an adequate sample of data, each test was conducted over the course of 

an entire workshift.  Each workshift included, on average, 4.5 duty cycles.  Each actual duty 

cycle can be represented as a unique combination of nine operating modes (idle, three levels of 

acceleration, three levels of cruise, deceleration, and dumping).  A typical duty cycle includes 

obtaining a load at an origin, delivering the load to a destination, dumping the load, and returning 

to an origin to obtain a new load, with an average duration of 1.2 hours.  The average weight of 

a typical load was approximately 14.5 tons for the tandems and 7.0 tons for the single rear-axle 

trucks.  The weight of the load was comparable to the unloaded weight of the vehicle. 

Each of the 12 vehicles was tested for one day on B20 biodiesel and for one day on 

petroleum diesel, for a total of 24 days of field measurements.  The source of petroleum diesel 

for blending with B100 blendstock was the same as for operations on 100 percent petroleum 

diesel, and the B100 blendstock was obtained from one source.  This is significant, because 

biodiesel composition varies by source.  The vehicles were operated by NCDOT drivers who 

conducted their normal work. 

The data collection occurred in Wake County, North Carolina.  Data were collected for 

vehicles operated on B20 biodiesel fuel during more humid (on average) months than when data 

were collected for petroleum diesel.  NOx emissions in particular may be sensitive to ambient 

humidity (24,25).  The implications of the differences in ambient conditions with respect to 

interpretation of field study results were considered when analyzing the field study results. 
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METHODS FOR DATA REDUCTION, ANALYSIS, AND VALIDATION 

Methods for screening the data collected in the field, and for making corrections or deletions to 

deal with data problems, were developed and applied.  The screening methods focus on engine 

data, gas analyzer data, zeroing procedure, negative emissions values, loss of power, and low 

concentration.  The goal of these screening methods is to create a database that is as free of 

errors as possible.  These errors can involve loss of input data streams, loss of power, data 

values that are out of range, or data problems associated with operational problems (e.g., 

overheating of a gas analyzer bench).  Such errors are infrequent and where possible are 

corrected in the field. 

Once a quality assured database was developed, the data were analyzed.  In order to 

compare emissions between vehicles, loads, and fuels, a set of operating modes was developed 

that allow any activity pattern to be disaggregated (3,4,26).  The modes include idle, three levels 

of acceleration, three levels of cruise, deceleration, and dumping.  The dumping mode refers to 

lifting of the rear bed of the truck, which typically occurs during stationary or low speed 

operation of the truck.  Average emission rates were estimated for each mode based upon 

binning of second-by-second data.  The binning criteria include speed, acceleration, and engine 

power demand, in various combinations, depending upon the mode.  Engine power demand is 

estimated based on the product of speed and acceleration.  The criteria for each mode are listed 

below: 

 Idle S = 0, A = 0 

 Acceleration A ≥ 1 mph/s (all) 

Low PD ≤ 20 mph2/s 

Medium 20 mph2/s < PD ≤ 50 mph2/s 

High PD > 50 mph2/s 

 Cruise S > 0 mph (all) 

Low S < 30 mph 

Medium 30 mph ≤ S < 45 mph 

High S ≥ 45 mph  

 Deceleration A ≤ - 1 mph/s 

 Dumping Operation of rear bed of truck 
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where, 

A = Acceleration (mph/s) 

S = Speed (mph) 

PD = Power Demand (mph2/s)  =  S × A 
 

 The Montana system estimates fuel use based on a mass balance calculation.  The 

actual fuel consumed during each data of testing was measured by NCDOT.  The measured 

versus actual fuel use were compared and agreed to within less than 0.7 percent.  This implies 

that, despite any errors or uncertainties in these data, there is excellent agreement between these 

values.  This comparison implies that the average mass balance estimates of the Montana 

system are both accurate and precise. 

RESULTS OF THE FIELD STUDY 

Data from the field study were used to assess the effects of operating mode, vehicle load, vehicle 

type, engine type, and fuel type on fuel use and emissions.  Details regarding these are reported 

by Frey and Kim (27).  This paper focuses primarily on the results pertaining to operating mode 

and fuel type. 

Figure 7-1 provides an example of the variability in average NO emission rate on a mass 

per time basis by operating mode for each of the four types of vehicles tested on petroleum diesel 

with a load.  The highest mass emission rates typically occur in the high acceleration mode.  

On a relative basis, the emission rate for high acceleration is typically a factor of approximately 

20 greater than the lowest emission rate, which is for idle.  The dumping mode has a higher 

emission rate than idle because the engine is under a larger load.  The vehicles with Tier 2 

engines typically had a lower NO emission rate for a given mode compared to the same size 

vehicle with Tier 1 engines.  The tandems with Tier 1 engines had higher mass emission rates 

than did the smaller single rear axle trucks with Tier 1 engines.  However, on average, the 

emission rates for both sizes of vehicles with Tier 2 engines were approximately similar.  These 

results demonstrate that emissions vary by operating mode, vehicle size, and engine design.  In 

particular, each of the four groups shown has engines from different manufacturers (i.e. Cummins, 

Mercedes-Benz, Caterpillar, and International for the tandem Tier 1, tandem Tier 2, single Tier 1 

and single Tier 2, respectively). 

A typical real-world activity pattern is given in Figure 7-2 for the example of loaded 
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tandem trucks fueled with B20 biodiesel.  Similar results were obtained for loaded versus 

unloaded vehicles of all types with both fuels.  This example illustrates that a significant amount 

of time is spent idling, but that idling accounts for only a few percent of fuel use and emissions.  

The largest share of the distance driven is associated with the highest speed cruise mode.  The 

largest contributors to fuel use and emissions typically are the medium and high acceleration and 

medium and high cruise modes.  The dumping mode, which occurs for only a short period of 

time, contributes more to emissions than does the idle mode.  The real world activity pattern 

depicted here differs from the standardized test procedures. 

Since the main focus of this work was to compare fuel use and emissions when vehicles 

were fueled with B20 biodiesel versus petroleum diesel, the following text will focus on this 

comparison.   Table 7-3 summarizes the average emission rates for each of the four vehicle 

groups for both unloaded and loaded operations and for both petroleum diesel and B20 biodiesel.  

Furthermore, the ratio of emission rates for loaded versus unloaded, and for B20 versus 

petroleum diesel, are quantified. 

For fuel use and CO2 emissions, which are very closely related to each other (since nearly 

all of the carbon in the fuel is emitted as CO2), two numbers are shown.  One is based on all 12 

vehicles.  The other excludes one single rear-axle vehicle for which testing during loaded 

operations on B20 biodiesel included not only a full rear bed of the truck, but also towing of a 

trailer.  This meant that the effective load on the engine was much higher, which biases the 

comparison between fuels.  When this vehicle is excluded, the average change in fuel 

consumption and CO2 emissions is approximately as expected.  The mass fuel use and CO2 

emissions per unit of energy in the fuel are expected to be slightly higher for B20 because it has 

slightly less energy and carbon density than does petroleum diesel. 

In general, the emission rates of NO, HC, CO, and opacity (PM) decreased for three out 

of four vehicle groups, and for one group there was no significant change.  The emission rates 

of all four of these pollutants decreased significantly for the single rear-axle trucks. 

Two values are reported for the change in NO emissions.  One is based on the mass 

emission rates as estimated for each vehicle based directly on the field measurements.  The 

other is based on a correction factor used to adjust the NO emission rates to a common basis with 

respect to ambient humidity.  Regardless of whether the uncorrected or corrected emission rates 

are used, the average NO emission rates decreased significantly for both the single rear axle and 

tandem vehicles with Tier 1 engines.   The reduction in emissions for the Tier 2 engines on 

single rear axle vehicles was less than for Tier 1 engines.  For the tandems with Tier 2 engines, 
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the change in NO emission rate was not statistically significant.  These results suggest that Tier 

2 engines might be less sensitive to the differences between the two fuels than Tier 1 engines, but 

of course this would need to be confirmed with more testing on a larger number of vehicles. 

The HC emission rates decreased more for the Tier 1 engines than for the Tier 2 engines, 

on average.  For the tandems with Tier 2 engines, the average change in HC emission rate was 

insignificant.  For CO emission rates, there is not a clear pattern regarding the change when 

comparing the two fuels for the different vehicle groups.  The greatest percentage decrease was 

for the smaller trucks with the older engines.  The average decrease for the newer vehicles was 

approximately the same for both the single rear-axle and tandems.  The average change in CO 

emission rate for the older tandems was insignificant.  For opacity (PM), there were 

insignificant to modest reductions in average emission rates, with the largest decreases occurring 

for the single rear axle vehicles. 

The average decrease in NO emission rate is 10 percent.  Data reported elsewhere imply, 

on average, that NOx emission rates increase by approximately 2 percent for B20 biodiesel versus 

petroleum diesel.  There are at least three possible reasons for the observed decrease in NO 

emission rate and why this appears to be different from previously reported comparisons.  One 

is that the distribution of time in different operating modes is different for the real world duty 

cycles versus the laboratory dynamometer cycles.  The data obtained in this study imply that the 

ratio of NO emission rate on B20 biodiesel to petroleum diesel depend on the operating mode.  

For example, low cruise tends to produce higher NO emission rate on B20 biodiesel than does the 

high acceleration mode, whereas high acceleration, on average, had a lower NO emission rate for 

B20 biodiesel versus petroleum diesel for all four vehicle groups.  Thus, driving cycles that 

have more emphasis on modal activity similar to low cruise might imply higher NO on B20 

biodiesel, whereas those with less emphasis on this type of activity might imply lower NO 

emission rate.  The duty cycles of this work were measured in the field and thus are 

representative of real world in-use activity patterns. 

Measurements were made of NO but not of total NOx.   It could be the case that the 

ratio of NO2 to NO varies either by operating mode, for different fuels, or for combinations of 

both.  The PEMS used in this study does not have a capability to measure NO2 or total NOx.  

However, it could be possible to obtain supplemental equipment to make measurements of NO 

and total NOx for comparison with the PEMS measurements.  Data in the literature imply that 

engine-out emission rates of NOx typically are comprised of only 5 to 8 percent, on average, of 

NO2, with the majority of the NOx in the form of NO (15,20).  However, there are little data 
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available at this time to characterize the ratio of NO2 to NOx as a function of operating mode. 

A third consideration is that others have reported that NOx emission rates tend to decrease 

for B20 biodiesel versus petroleum diesel if the biodiesel conforms to the applicable ASTM 

standard (28).  However, if the glycerin content of biodiesel exceeds the standard, apparently 

NOx emission rates may increase (29).  The observation of a reduction in average NO emission 

rates could imply that the biodiesel fuel used here has low glycerin content; otherwise, an 

increase in NO emission rate would be expected. 

The observed decrease in NO emission rates was slightly higher for loaded vehicles than 

for unloaded vehicles, suggesting that vehicle weight influences the emission rates differently for 

the two fuels. 

The average HC emission rate was decreased by 22 percent for B20 biodiesel versus 

petroleum diesel.  This average change is comparable to the 21 percent decrease reported in 

Table 1 based upon analysis of dynamometer data compiled by EPA.  HC emission rates 

appeared to consistently decrease for all operating modes for those vehicle groups in which a 

significant overall average decrease occurred.  These groups include single rear-axle vehicles 

with Tier 1 engines and tandem vehicles with Tier 1 engines.  This implies that the change in 

HC emission rates would be less sensitive to the duty cycle than appears to be the case for NO.  

In general, HC emission rates are less variable than those of other pollutants, which also imply 

that the emission rates are more consistent across operating modes for a given fuel. 

The average CO emission rate decreased by 11 percent, which is the same relative change 

estimated based upon data compiled by EPA as shown in Table 7-1.  There appears to be 

significant variability across vehicles and operating modes regarding the percentage change in 

average emission rates on an operating mode- and vehicle-specific basis.  However, it is 

typically the case that the percentage decrease in average emission rates for many of the modes 

significantly outweighs more modest increases, if any, which occur for some of the modes.  For 

example, on average across all vehicle groups, the idling, medium acceleration, low cruise, 

medium cruise, and deceleration modes have decreases in emission rates, whereas other modes 

have approximately the same average emission rates on both fuels. Thus, the difference in CO 

emission rates between the two fuels is not as sensitive to the proportion of different operating 

modes in a duty cycle as is the case for NO. 

The average change in opacity (PM) emission rate was a decrease of 10 percent, which is 

comparable to the estimate based upon dynamometer data that is shown in Table 1.  When 

averaged over the four vehicle groups, opacity (PM) emission rates were lower for B20 biodiesel 
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versus petroleum diesel for the idle, low cruise, medium cruise, high cruise, and deceleration 

modes for both unloaded and loaded vehicles, and for the dumping mode for loaded vehicles.  

The opacity (PM) emission rate tended to be higher on B20 biodiesel for the acceleration modes.  

Thus, the overall average change in opacity (PM) emission rate could have some sensitivity to 

the proportion of the operating modes in a given duty cycle.  However, it is clear from these 

data that the average decrease in the overall opacity (PM) emission rate is based upon 

representative duty cycles for these types of vehicles. 

In general, the tandems have higher mass per time fuel consumption and CO2 emission 

rates than the smaller and lighter single rear axle-vehicles, as expected.  The average mass per 

time emission rates of HC and opacity (PM) are also higher for tandems than for single rear-axle 

trucks.  For NO, the average mass emission rates are higher for the tandems with Tier 1 engines 

compared to the single rear-axle vehicles with Tier 1 engines, but the average emission rates are 

approximately similar for both single rear-axle and tandem trucks with Tier 2 engines.  For CO, 

the emission rates of the tandems are lower than for single rear axle for the Tier 1 engines, but 

higher for the Tier 2 engines. 

The Tier 2 engines typically have approximately the same or lower average emission rates 

compared to Tier 1 engines, for a given size of vehicle, for NO and opacity (PM) regardless of 

vehicle load or fuel type. 

Emission factors can be reported in other units, such as mass per gallon of fuel consumed 

or mass per distance of vehicle travel.  Because of space limitations, it is not possible to provide 

details on the use of such units here.  However, details on this and other aspects of the study, 

including a more detailed presentation of the data, are available elsewhere (27). 

FINDINGS AND RECOMMENDATATIONS 

This paper demonstrates the successful recommendation to owners or operators of fleets of these 

types of emission sources characterize the emission rates and the emission inventories for their 

fleets, using real-world representative data where possible. 

The main results of the field study measurements are the following: 

• There is substantial variability in fuel use and emission rates by operating mode 

regardless of whether these are analyzed in terms of mass per time, mass per mile 

driven, or mass per gallon of fuel consumed.  The mass per time approach was the 

most useful for this work because it enabled evaluation of the contribution of each 

second of operation in a given mode to the total fuel use and total emissions. 
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•  The episodic nature of fuel use and emission rates was confirmed based upon 

comparison of the average emission rates for different operating modes.   For 

example, on a mass per time basis, there was typically a factor of 4 to 20 when 

comparing the mode with the highest rate to the mode with the lowest rate.  In many 

cases, the high acceleration mode had the highest mass per time rate and the idle mode 

had the lowest mass per time rate, but there are some exceptions depending on the 

pollutant. 

• Factors that were responsible for the observed variability in fuel use and emissions 

include:  operating mode, vehicle size, engine type, vehicle weight, and fuel.  

Vehicle size and weight clearly influenced fuel use and emissions.  Fuel use and CO2 

emissions increase with vehicle size and weight.  The emissions of other pollutants 

typically, but not always, increased by size and weight. 

• Vehicle load leads to an increase in fuel use and emissions for a given vehicle on an 

individual basis or for groups of vehicles on an average basis.  For the smaller single 

rear-axle vehicles, there was approximately a 26 percent increase in fuel use and 

emissions associated with an averaging doubling of vehicle weight.  For the larger 

tandems, the vehicle weight with a load increases by approximately 140 percent and 

produces an increase in average fuel use and emission rates of 30 to 35 percent. 

• The emission rates on B20 biodiesel were typically lower than those for petroleum 

diesel for NO, CO, HC, and opacity (PM).  The finding for NO is somewhat different 

than that based upon engine dynamometer data reported by EPA, but an analysis of 

average emission rates by operating mode suggests that the average NO emission rate 

for a duty cycle is sensitive to the proportional contribution of each mode to the total.  

Therefore, a finding is that whether NO emissions appear to increase or decrease when 

comparing the fuels depends, at least on part, on what duty cycles are used for making 

the comparison. 

• The difference in results when comparing B20 biodiesel versus petroleum imply that 

different results can be obtained depending in  part on the duty or test cycle, further 

emphasizing the need for characterization and use of realistic duty cycles when 

making estimates and comparisons of emissions. 

Based upon the findings, the following recommendations are made: 

• There is a benefit to the use of biodiesel fuel in terms of emissions that occur within 



 

 132

the airsheds where the vehicles operate.  Thus, the substitution of B20 biodiesel for 

petroleum diesel should be evaluated as an option for reducing tailpipe emissions 

especially in airsheds where attainment of the NAAQS for NO2 and PM may be of 

concern. 

• Other factors that influence vehicle emissions, such as vehicle load and operating 

mode, provide insight into situations that can produce high emissions.  For example, 

the highest emission rates would be expected to occur for a vehicle that is in medium 

or high acceleration and carrying a load.  To the extent that the vehicle duty cycle 

could be modified to accommodate extenuating circumstances, such as to manage or 

reduce emissions on a day that might be subject to an exceedence of the NAAQS for 

NO2 or PM, an effort could be made to moderate acceleration rates in order to reduce 

the total emissions for a duty cycle. 

• Although the trucks tested in this study spent a significant amount of time idling, the 

total fuel use and emissions associated with idling was a small fraction of the total fuel 

use and emissions for the entire duty cycle.  Nonetheless, on a mass per gallon of fuel 

consumed basis, the emission rate during idling can be relatively large.  Therefore, 

consideration could be given to reducing fuel use and emissions by reducing the 

amount of time spent idling. 

• Recommendations for future work to improve this study include:  (a) the life cycle 

emissions associated with production and distribution of the fuel should be considered; 

(b) evaluation of whether the ratio of NO to total NOx changes significantly among 

operating modes for each of the two fuels is needed; and (c) consideration could also 

be given to occupational exposures when determining the need for strategies for idle 

or emissions reduction. 
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Table 7-1. Summary of the Difference in Emissions Between Soy-Based B20 Biodiesel versus 
Petroleum Diesel (Distillate No. 2), and Soy-Based B100 Blend Stock versus Petroleum Diesel, 

Based upon Analysis of Data Reported by (6) 

Engine type/ Model Year Fuel Pair NOx THC CO PM 
B20 Emission Effects      

2-stroke<1991 B20/Pet.Da 3.20 % -20.9 % -13.9 % -1.80 % 

2-stroke1991+ B20/Pet.Da 3.90 % -17.5 % -12.0 % -17.8 % 

4-stroke<1991 B20/Pet.Da 2.90 % -12.2 % -13.6 % -15.7 % 

4-stroke 1991~3 B20/Pet.Da -0.900 % -2.80 % -12.0 % -15.7 % 

4-stroke 1994 B20/Pet.Da 2.80 % -24.0 % -15.2 % -9.80 % 

Mean  2.38 % -15.5 % -13.3 % -12.2 % 

SDb  1.88 % 8.33 % 1.36 % 6.51 % 
EPA (2002) Avg.  2.00 % -21.1 % -11.0 % -10.1 % 

B100 Emission Effects      

2-stroke 1991+ B100/Pet.Da 19.6 % -72.7% -42.4 % -33.0 % 

4-stroke 1991-3 B100/Pet.Da 13.3 % -38.7% -41.8 % -68.3 % 

4-stroke 1994 B100/Pet.Da 9.9 % -76.3% -41.5 % -36.6 % 

Mean  14.3 % -62.6 % -41.9 % -46.0 % 

SDb  4.92 % 20.8 % 0.460 % 19.4 % 

EPA (2002) Avg.  10.3 % -67.4% -48.1 % -47.2 % 
a Petroleum diesel fuel (No. 2) 
b Standard deviation 
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Table 7-2. Summary of Test Schedule, Number of Duty Cycles, Type of Load, and Load Weight 

Vehicle Engine B20a Pet. Dieselb Number of 
Cycles Load Type Load Weight 

(tons) 

Type IDc Dispd Hpe Drivf Date Drivf Date B20a PDb B20a PDb B20a PDb 

0507 10.2 305 A 09/01/04 A 11/08/04 4 7 Wood Stone 13.8 14.6 

0578 10.2 305 B 08/05/04 E 10/28/04 4 4 Asphalt Dirt 15.1 14.1 

0579 10.2 305 C 07/27/04 C 10/15/04 7 2 Sand Sand 14.7 14.8 

0580 10.2 305 D 08/25/04 D 10/05/04 4 3 Asphalt Asphalt 15.2 16.7 

0125g 12.8 350 D 12/07/04 D 11/30/04 4 4 Stone Stone 14.3 14.5 

Tandem 
Rear 

Axle 

 

Dump 

Truck 
0126g 12.8 350 E 12/02/04 E 12/01/04 4 5 Stone Stone 13.2 12.8 

4743 7.2 195 F 08/10/04 D 10/21/04 4 3 Sand Stone 7.12 8.06 

4750 7.2 195 G 10/08/04 L 11/02/04 2 5 Dirt Wood 7.10 5.98 

4869 7.2 195 H 08/31/04 F 10/27/04 2 2 Sand Dirt 7.74 5.94 

4870 7.2 195 I 08/20/04 M 10/29/04 5 6 Dirt Stone 7.10 7.86 

6117g 7.6 220 J 08/17/04 J 10/20/04 7 5 Dirt Stone 7.14 6.83 

Single 
Rear 

Axle 
 

Dump 

Truck 
6123g 7.6 220 K 10/06/04 K 11/03/04 4 12 Dirt Dirt 7.20 5.85 

a Soy-based B20 Fuel,   b Petroleum Diesel Fuel,  c NCDOT vehicle identification number,  d Engine displacement (liter) 
e Engine horsepower, f Driver, g These vehicles have Tier 2 engines.  All other vehicles have Tier 1 engines. 
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Table 7-3. Average Fuel Use and Emission Rates for Four Vehicle Groups, Unloaded and Loaded Operations, and B20 Biodiesel and 
Petroleum Diesel  (PD), and Ratios of Fuel Use and Emission Rates for Loaded Versus Unloaded and B20 Versus Petroleum Diesel 

Fueled Operations 
Unloaded Loaded Loaded / Unloadedb 

Single Axle Tandem Single Axle Tandem Single Axle Tandem  
Tier1 Tier2 Tier1 Tier2

Avg 
Tier1 Tier2 Tier1 Tier2

Avg 
Tier1 Tier2 Tier1 Tier2

Avg

Fuel(x103) 2.69 2.12 3.15 3.95 2.98 3.15 2.58 3.73 5.07 3.63 1.17 1.22 1.18 1.28 1.22

NO(x103)a 0.062 0.066 0.091 0.066 0.071 0.075 0.088 0.111 0.084 0.090 1.21 1.33 1.22 1.27 1.26

HC 1.64 2.35 4.22 4.98 3.30 2.11 2.66 4.90 7.18 4.21 1.29 1.13 1.16 1.44 1.28

CO 14.7 9.17 15.0 19.9 14.7 18.3 11.1 17.8 23.6 17.7 1.24 1.21 1.19 1.19 1.20

CO2(x103) 8.30 6.55 10.1 12.2 9.29 9.72 7.93 11.9 15.7 11.3 1.17 1.21 1.18 1.29 1.22

B
20

 

(m
g/

se
c)

 

Opacity 0.473 0.368 0.849 0.537 0.557 0.544 0.434 0.995 0.693 0.667 1.15 1.18 1.17 1.29 1.20

Fuel(x103) 2.25 2.25 3.09 3.70 2.82 2.67 2.58 3.86 4.46 3.39 1.19 1.15 1.25 1.21 1.20

NO(x103)a 0.082 0.073 0.113 0.066 0.084 0.102 0.091 0.156 0.083 0.108 1.24 1.25 1.38 1.26 1.29

HC 2.66 2.69 6.19 5.10 4.16 3.21 3.37 8.03 7.15 5.44 1.21 1.25 1.30 1.40 1.31

CO 19.6 10.5 14.1 22.5 16.7 24.0 12.5 18.0 26.7 20.3 1.22 1.19 1.28 1.19 1.22

CO2(x103) 7.04 7.10 9.77 12.1 9.00 8.38 8.15 12.3 14.6 10.9 1.19 1.15 1.26 1.21 1.21

PD
 

(m
g/

se
c)

 

Opacity 0.542 0.447 0.799 0.566 0.589 0.648 0.534 1.12 0.756 0.765 1.20 1.19 1.40 1.34 1.30

Fuel 1.20 0.942 1.02 1.07 1.05 1.18 1.00 0.966 1.14 1.07 

NO 0.756 0.904 0.805 1.00 0.853 0.735 0.967 0.712 1.01 0.856

HC 0.617 0.874 0.682 0.976 0.793 0.657 0.789 0.610 1.00 0.765

CO 0.750 0.873 1.06 0.884 0.881 0.763 0.888 0.989 0.884 0.881

CO2 1.18 0.923 1.03 1.01 1.03 1.16 0.973 0.967 1.08 1.04 

R
at

io
 o

f 
B

20
 to

 P
D

 

Opacity 0.873 0.823 1.06 0.949 0.946 0.840 0.813 0.888 0.917 0.864

 

a These emission rates are not corrected to a standard temperature and humidity 
b For unloaded vehicles, the average percentage change in NO emission rate when corrected to a standard temperature and humidity per the procedures of (24,25) are 

-22%, -12, -6.5, and +5.2 percent for Single Axle Tier 1 and 2 and Tandem Tier 1 and 2, respectively.  For loaded vehicles, these percentages are -24, -8, -18, and 
+7, respectively. 
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Table 7-4. Average Percentage Change in Average Fuel Consumption and Emission Rates for all 
Four Vehicle Types for B20 Biodiesel versus Petroleum Diesel, for Unloaded and Loaded 

Vehicles 

a Average change when one vehicle, that towed a trailer, was excluded from the comparison. 
b Applied a NOx humidity correction factor for diesel engines based on (24,25). 

 Unloaded Loaded Average 

Fuel Use 5.6 (1.1) a 7.1 (3.0) a 6.3 (2.1) a 

NO -13 (-8.9) b -14 (-11) b -14 (-10) b 

HC -21 -23 -22 

CO -11 -12 -11 

CO2 3.6 (-1.0) a 4.4 (0.5) a 4.0 (-0.5) a 

Opacity (PM) -7.3 -14 -10 
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Figure 7-1. Example of Average NO Emission Rates (mg/sec) by Operating Mode for Four 

Vehicle Groups When Operating on Petroleum Fuel 
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Figure 7-2. Distribution of Time, Distance, Fuel Use, and Emissions by Modes for Loaded Tier 1 
Tandem Dump Trucks Fueled with Soy-Based B20 Biodiesel 
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ABSTRACT 

Field data for in-use fuel consumption and emission rates were collected for 15 nonroad vehicles 

using a portable emission measurement system (PEMS).  Each vehicle, including 5 backhoes, 4 

front end loaders, and 6 motor graders, were tested once on petroleum diesel and once on B20 

biodiesel.  The vehicles include different model years and thus represent a variety of engine 

certification tiers.  A methodology was developed for study design, field data collection, data 

screening and quality assurance, data analysis, and benchmarking of the data.  The average rate 

of loss of data due to data quality issues was 6.9 percent.  On average, over 3 hours of valid data 

were collected in each test.  Time-based emission factors were found to increase monotonically 

with respect to engine manifold absolute pressure.  Fuel-based emission factors were mainly 

sensitive to differences between idle and non-idle engine operation.  Typical duty cycles were 

quantified in terms of frequency distributions of manifold absolute pressure (MAP) and used to 

estimate cycle average emission factors.  On average, the use of B20 instead of petroleum diesel 

lead to an insignificant 1.8 percent decrease in NO emission rate and significant decreases of 18, 

26, and 25 percent for opacity, HC, and CO, respectively.  Emission rates were also found to 

decrease significantly when comparing newer, higher tier vehicles to older ones.  Fuel use, NO, 

HC, and CO data were found to be of similar magnitude as independent benchmark data.  

Specific recommendations are made for future work. 
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INTRODUCTION 

Diesel vehicles, including both onroad and nonroad vehicles, emit significant amounts of 

nitrogen oxides (NOx) and particulate matter.  In 2005, nonroad diesel construction vehicles 

were estimated to emit annual U.S. national totals of 657,000 tons of NOx and  63,000 tons of 

PM10 (1).  In recent years, the U.S. Environmental Protection Agency (EPA) has set Tier 1 to 

Tier 4 emission standards for the engines used in most construction, agricultural, and industrial 

vehicles. 

The North Carolina Department of Transportation (NCDOT) has been using B20 

biodiesel in its inventory of diesel vehicles, including onroad and nonroad, in order to comply 

with the Energy Policy Act.  Based on engine dynamometer testing, B20 biodiesel leads to a 

small increase (i.e. 2 percent) in tailpipe NOx emission rate, but decreases of 10 percent for PM, 

11 percent for CO, and 21 percent for hydrocarbon (HC) tailpipe emission rates (2).  In previous 

work, we have assessed the effect of B20 versus petroleum diesel with respect to tailpipe 

emissions of selected Tier 1 and Tier 2 dump trucks, including both single rear axle and tandem 

chassis configurations (3).  The average NO emission rate, among 12 vehicles tested, decreased 

by approximately 10 percent.  The observed average decreases in CO, HC, and PM emission 

rates were similar to those of the dynamometer tests. 

Emissions from nonroad construction equipment are typically quantified based on steady-

state engine dynamometer tests.  However, such tests do not represent actual duty cycles.  

There is a need for more representative data based on real-world vehicle activity.  There has 

been limited in-use testing of nonroad vehicles using a variety of instruments (4-6).  Some of 

these data are proprietary, some are limited in scope (e.g., measurement of only two pollutants), 

and some are reported only in summary form.  Furthermore, these data do not address the 

desired scope of comparison of multiple Tiers of engine regulations nor comparison of B20 

versus petroleum diesel fuel. 

The purpose of this project was to conduct field measurements of selected nonroad 

vehicles in the NCDOT equipment inventory in order to gain insight into the real world 

implications for emissions of increasingly stringent Tiers of engine regulations and of the 

substitution of soy-based B20 biodiesel for petroleum diesel.  The parent B100 blend stock 

meets ASTM standards.  Ultra-low sulfur diesel was used for both petroleum diesel and in the 

B20 blend.  Such insights are useful when evaluating the benefits of replacing older vehicles 

with newer ones or of purchasing an alternative fuel for which there is currently a cost premium 

compared to conventional fuel.  The specific research objectives include: 
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• Measure real-world, in-use duty cycles in North Carolina for specific types of nonroad 

vehicles, including backhoes, front-end loaders, and motor graders; 

• Simultaneously measure real-world, in-use emissions; 

• Develop modal emission factors; 

• Develop representative duty cycles; 

• Compare engine Tiers and B20 versus petroleum diesel based on real-world data; and, 

• Conduct benchmark comparisons of average emission factors; 

METHODOLOGY 

The key elements of the methodology include study design, instrumentation, data collection 

procedures, quality assurance procedures, techniques for analyzing data, and benchmark 

comparisons to independent data sources. 

Study Design 

Real world vehicle activity and emissions were measured using a portable emission measurement 

system (PEMS).  The key elements of study design are briefly described: 

• Study Location – The study areas included NCDOT Division 4 in Nash County and 

NCDOT Division 5 in Wake County. 

• Vehicle Selection – The tested vehicles included five backhoes, four front-end loaders, 

and six motor graders.  The selected backhoes included Tier 0 to Tier 2 certified engines.  

The selected front end loaders included Tier 1 and Tier 2 certified engines.  The selected 

motor graders included Tier 0 to Tier 3 certified engines. 

• Vehicle Activities – Data collection typically occurred at field sites where the 

instrumented vehicles conducted normal road maintenance tasks.   

• Data Collection Scheduling – Each of the 15 vehicles was tested during one day on B20 

biodiesel and one day on petroleum diesel.  The field tests were scheduled based on 

coordination with a maintenance yard supervisor. 

• Fueling – There was an interval of typically 1 to 6 weeks between the tests on the two 

fuels for a given vehicle, during which NCDOT would refill the fuel tank at least twice in 

order to purge the first fuel. 

• Data Collection Duration –As a result of analysis of data from some of the early tests, a 

determination was made that 3 hours of processed field data would be adequate for 

characterizing emission rates. 
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• Operator – The operator was assigned by the NCDOT supervisor.  Typically, the 

operator performed normal tasks as required by NCDOT’s road maintenance work 

schedule.  The operators cooperated with the study team in allowing periodic access to 

the PEMS in order to verify that it was collecting valid data. 

• Flexibility in Scheduling – On occasion, the operator might alter their work schedule 

because of maintenance project needs, or there may be unanticipated problems with the 

nonroad vehicle or the PEMS that resulted in delays. 

Instrumentation 

The PEMS is the OEM-2100 “Montana” system manufactured by Clean Air Technologies 

International, Inc. (7), which is comprised of two parallel five-gas analyzers, a PM measurement 

system, an engine sensor array, a global position system (GPS), and an on-board computer.  The 

engine sensor array is used for vehicles that either do not have an on-board diagnostic interface 

or for which the interface is not standardized or is proprietary.  The sensor array includes 

sensors for measuring manifold absolute pressure (MAP), engine RPM, and intake air 

temperature.  The on-board computer synchronizes the incoming second-by-second emissions, 

engine, and GPS data.  Intake airflow, exhaust flow, and mass emissions are estimated from 

engine operating data, engine and fuel properties, and exhaust gas concentrations. 

HC, CO and CO2 are measured using non-dispersive infrared (NDIR). Measurements of 

CO and CO2 are accurate to within 10 percent when compared to a dynamometer lab (8).  The 

accuracy of the HC measurement depends on type of fuel used (9).  NO is measured using 

electrochemical cell.  For diesel vehicles, total NOx is typically approximately 90 to 95 percent 

NO, with the balance NO2 (10).  The PM measurements are semi-quantitative are are used for 

relative comparisons.  Because they are based on a light scattering method, they are analogous 

to opacity.  The gas analyzers are calibrated periodically based on a cylinder gas and also self-

calibrate periodically using ambient air as a reference, referred to as “zeroing.” 

Data Collection Field Procedures 

Data collection procedures include four steps:  (1) pre-installation; (2) installation; (3) field data 

collection; and (4) decommissioning. 

Pre-installation occurs during the afternoon before data collection, takes approximately 

two hours to complete, and includes: 
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• Installation of a safety cage on the vehicle.  The safety cage securely holds the PEMS 

during the data collection process and protects it from damage, such as from overhanging 

tree branches. 

• Installation of sensor array on the engine. 

• Installation of external batteries on the vehicle in order to provide power to the PEMS 

independent of the vehicle’s power system. 

• Installation of power cable, GPS receiver and wire, and exhaust gas sampling lines. 

Installation is performed two hours prior to data collection and includes:   placement of 

the PEMS main unit into the safety cage; connection of the power cable, GPS receiver, and 

exhaust gas hoses to the PEMS; and setup of an auxiliary laptop and a video camera.  The main 

unit must be warmed up for 45 minutes before data collection.  An auxiliary laptop is used by a 

research assistant to record time stamps when vehicle activity changes from one task-oriented 

mode (e.g., dumping, use of a blade, moving, idling) to another.  A research assistant uses a 

video camera to record approximately 15 minutes of vehicle activity in order to have a record of 

the vehicle, site conditions, and the duty cycle. 

Data collection includes: (1) assessing and recording field conditions; (2) recording 

vehicle characteristics; (3) operating the PEMS; (4) periodically checking the PEMS to identify 

and correct (if possible) data collection and quality assurance problems; (5) recording modes of 

vehicle activity on a separate laptop; and (6) recording video. 

Decommissioning includes reversing all of the installation and pre-installation steps, 

which takes approximately 30 minutes. 

Data Screening and Quality Assurance 

Data screening and quality assurance are procedures for reviewing data collected in the field, 

determining whether any errors exist in the data, correcting such errors where possible, and 

removing invalid data. 

A number of possible errors have been previously identified in previous work that 

involved downloading engine control unit data (11,12).  However, here, engine data are obtained 

using a sensor array instead of an engine scanner.  Thus, the procedures required modification. 

The procedure includes: (a) initial screening based on error flags generated automatically 

by the Montana system; (b) reviewing and correcting (if necessary) the synchronization of engine, 

GPS, and exhaust concentration data; (c) identifying and correcting (if possible) problems 

associated with the sensor array, such as missing or invalid values of MAP, engine RPM, and 
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IAT; (d) identifying problems associated with the gas analyzers, such as large discrepancies 

between the two gas analyzers, “freezing” of the analyzers (failure to update data), occurrences 

of zero calibration during which data should not be used, and occurrence of negative values of 

emissions that are statistically significantly different from zero; (e) identifying potential problems 

with air leakage into the sampling system based on assessment of the air-to-fuel ratio.  For short 

periods of missing data, such as one or two seconds of missing MAP values, missing values are 

imputed.  For long periods of missing data, the data are flagged as incomplete and are not used 

for estimating emission rates.  If the data have to be resynchronized or if any values have to be 

corrected, the mass emission rates are recalculated.  A 19-step data screening and quality 

assurance process has been automated using Visual Basic macros in Excel.  Details of the 

procedure and of the macros are available (13). 

Exploratory Analysis of Data 

The raw data were analyzed in terms of the effect of engine activity on fuel use and emissions.  

Rank correlation was used to identify engine variables highly correlated with variations in fuel 

use and emission rates.  Time series plots were used to represent the variation of fuel use and 

emission rates in terms of different real-world activities.  The fuel use and emission rates were 

found to be highly correlated with the manifold absolute pressure (MAP) of the engine.  MAP is 

a surrogate for engine load. 

Emission Factors Based on Real-World Data 

Emission factors are the ratios of emissions to vehicle activity.  Nonroad vehicle activity can be 

quantified with respect to time or fuel consumption.  Furthermore, emission factors vary with 

respect to engine load as well as components of duty cycles.  Thus, emission factors were 

developed for each of several modes based either on an “engine-based” or a “task-oriented 

approach.  Therefore, four types of emission factors were developed:  (1) “engine-based” 

modal mass of fuel use or emissions per time based on ranges of MAP; (2) engine-based mass of 

pollutant emitted per gallon of fuel consumed; (3) “task-oriented” modal mass of fuel use or 

emissions per time stratified with respect to different operational modes of a vehicle, such as use 

of a bucket to scoop dirt, lateral movement across a site, or idling; and (4) task-oriented modal 

emission rates in units of mass of pollutant emitted per gallon of fuel consumed. 

Whereas the exhaust gas concentrations of NO and CO2 were well above the gas analyzer 

detection limits, for some vehicles the concentrations of HC and CO were comparable to or less 

than their respective detection limits.  Furthermore, the NDIR method used for detecting HC 

and CO appears to be sensitive to vibration (14-15).  Nonroad vehicles, and especially those 
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with shorter chassis that operate on rough terrain (such as backhoes and front end loaders, 

compared to motor graders), are particularly subject to vibrations as they pitch and yaw over 

uneven surfaces.  The real-world detection limits for HC and CO were inferred by statistical 

analysis of comparisons of the parallel gas analyzers.  Linear regression was used on 

progressively larger ranges of data, starting with the smallest observed values, until the slope of 

the regression line was statistically significant.  For HC concentrations less than 20 ppm, there 

is no statistically significant association between the concentrations of one gas analyzer versus 

the other.  Likewise, for CO, the inferred detection limit was 0.02 volume percent. 

Based on previous detailed statistical modeling using bootstrap simulation (16), a 

detection limit does not significantly affect a mean emission rate unless the detection limit is 

greater than the mean emission rate.  Footnotes are used in later tables to indicate when an 

average emission rate may be subject to uncertainty because of a high proportion of exhaust gas 

concentration data that are below the detection limit. 

Determination of Representative Duty Cycles 

A duty cycle is defined as the sum of activities that a vehicle performs on a job site to complete a 

particular task, such as mass excavation or material handling.  We observed real-world duty 

cycles during field data collection; hence, the observed cycles are representative of real-world 

activity.  Based on a finding, as discussed later, that fuel use and emission rates are highly 

correlated with MAP, duty cycles were quantified based on the cumulative frequency distribution 

(CDF) of normalized MAP for a given day of data collection.  Multiple duty cycles were 

compared for the same type of vehicle (e.g., backhoes) based on data collected on different days 

for the same vehicle or for difference vehicles, in order to identify duty cycles that have 

significant differences in average engine load and in variability in engine load.  Data from the 

CDF are used to estimate the fraction of total time spent in each engine-based mode.  An 

average emission rate for a duty cycle is estimated based on the weighted average of the modal 

emission rates. 

Benchmark Comparisons 

Fuel based emission factors from PEMS data were compared with fuel-based emission factors 

estimated using EPA’s NONROAD model for the same model year, chassis type, and engine Tier.  

The mass per brake-horsepower-hour emission factors produced by NONROAD were converted 

to a fuel basis using brake specific fuel consumption (BSFC).  The NONROAD model produces 

fleet average emission estimates based on engine dynamometer data.  Therefore, some 

differences are expected in the emission factors when comparing both approaches.  However, 
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the purpose of the comparison is to determine whether the magnitudes of the emission factors are 

similar. 

Second-by-second and average fuel consumption rates are estimated from the PEMS data.  

NCDOT maintains an electronic database of the annual hours of engine operation and the gallons 

of fuel consumed for vehicles in its equipment inventory.  Thus, average fuel consumption rates 

measured during field testing were compared with annual average fuel consumption rates from 

NCDOT’s database. 

RESULTS 

The results from field data collection of 15 nonroad vehicles are given here.  These results 

include an overview of the data collection effort, a summary of the outcome of quality assurance, 

characterization of emission factors that are influenced by high proportions of non-detected 

exhaust concentration measurements, exploratory analysis of the data to identify useful 

explanatory variables for emission rates, modal emission rates, representative duty cycles, cycle-

average emission factors, comparisons between fuels and engine tiers, and benchmark 

comparisons,. 

Data Collection 

The five backhoes were of 1999 to 2004 model year, with gross vehicle weights (GVW) ranging 

from 16,000 to 22,000 lbs.  They have engines of approximately 4 liters and 90 to 100 

horsepower.  The four front-end loaders included 2002 and 2005 model years, all were 

approximately 29,000 lb GVW, and all had similarly sized engines of approximately 5.9 liter 

displacement and 130 horsepower.  The six motor graders ranged in model year from 1990 to 

2007.  While all had GVW of 37,000 lb, the engines ranged from 7.1 to 8.3 liters and 160 to 200 

horsepower. 

On average, for each vehicle there were 3 hours and 25 minutes of raw second-by-second 

data per test, and each vehicle was tested once on petroleum diesel and once on B20 biodiesel.  

Idling accounted for 44 percent of the observed raw data.  For backhoes, moving, use of the 

front bucket, and use of the rear bucket accounted for 15 percent, 27 percent, and 16 percent of 

time, respectively.  For front end loaders, moving and use of the bucket accounted for 22 

percent and 29 percent of time, respectively.  For motor graders, moving and use of the blade 

each accounted for 29 percent of time. 

Vibration, dust, and mud were associated with failures of the PEMS system that required 

time consuming repairs.  Solutions to these problems included restricting data collection in the 

latter stages of the project to sites with less severe terrain, use of additional foam padding under 
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and around the PEMS main unit within its safety cage, and use of a fine mesh fabric cover over 

the safety cage to reduce the amount of dust that deposits on or in the PEMS.  Scheduling was 

subject to cancellation depending on the NCDOT field work load or vehicle or instrument 

problems.  Thus, continuous communication was required in order to confirm or reschedule data 

collection.   

Quality Assurance 

On average, 6.9 percent of raw second-by-second data were removed in order to create a final 

database for use in emissions estimation.  The error rate varied among the 30 tests from as low 

as 0.8 percent to as high as 17 percent.  The leading causes for loss of data included analyzer 

“freezing,” large discrepancies between the two parallel gas analyzers, and unacceptably high air-

to-fuel ratios. Other types of errors occurred at average rates of 0.23 percent or lower), including 

missing values of MAP, unusual (out-of-range) values of engine RPM, unusual values of IAT, 

and negative exhaust concentrations that were statistically different from zero.  Of the 102.5 

hours of total raw data collected, there were 95.4 hours of valid processed data. 

Non-Detected Measurements 

The modal average exhaust gas concentrations for HC were below the detection limit for tests on 

petroleum diesel for five or more modes for three backhoes, one front-end loader, and two motor 

graders.  Typically, these were for vehicles of the most recent engine tiers that tend to have the 

lowest average emission rates compared to older vehicles of lower engine tiers.  For example, 

the Tier 2 and Tier 3 motor graders had a large proportion of non-detected HC and CO 

measurements when tested on both fuels. 

The proportion of non-detects tended to be higher for B20 than petroleum diesel tests, 

because emission rates of HC and CO tend to be lower for B20 than petroleum diesel.  For tests 

conducted on B20, the same three backhoes and two motor graders that had a high proportion of 

non-detects on petroleum diesel also had a high proportion of non-detects; however, all four 

motor graders had a high proportion of non-detects when tested on B20 compared to only one 

when tested on petroleum diesel.  For CO, all four front end loaders had a high proportion of 

non-detects when tested on both fuels.  The Tier 2 backhoes and the Tiers 2 and 3 motor graders 

also had a high proportion of nondetects on both fuels. 

Exploratory Analysis 

MAP was typically found to be the engine parameter most highly correlated with fuel use and 

emission rates.  The rank correlation of MAP with each of these rates often exceeded 0.95, 

except for NO and opacity for which the rank correlation was typically approximately 0.8.  
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While engine RPM is also highly correlated with these rates, the correlations were slightly 

weaker than those for MAP.  Thus, MAP was used as the basis for defining engine-based modes. 

Time series plots of engine data, fuel use rate, and emission rates were used to visualize 

the association between these rates and engine data.  Typically, a peak in MAP is associated 

with a corresponding peak in fuel use and emission rates. 

Modal Emission Rates 

Modal emission rates were estimated for each vehicle.  An example is shown for Backhoe 1 in 

Figure 7-3 for engine-based modal fuel use and NO emission rates and in Figure 7-4 for task-

oriented modal rates.   The NO emission rates are shown on a per time and per gallon basis.  

The NO emission rates have been corrected to a standard temperature and humidity based on a 

regulatory methodology (17).  The engine-based modal rates are estimated with respect to 

normalized MAP.  Normalized MAP is calculated on a second-by-second basis based on the 

minimum and maximum values of MAP observed during a test, as (actual MAP – minimum 

MAP)/(maximum MAP – minimum MAP).  The ranges of MAP observed in tests of B20 and 

petroleum diesel for a particular vehicle were very similar, and the cut-off points for the MAP-

based modes were the same for both fuels for a given vehicle. 

The mass fuel use and CO2 emissions per unit of energy in the fuel are expected to be 

slightly higher for B20 because it has slightly less energy and carbon density than does petroleum 

diesel.  However, these differences are only a few percent and are within the precision of the 

measurements.  Figure 7-3 shows that fuel usage rate for B20 is approximately the same as that 

for petroleum diesel, as expected.  The comparison of CO2 emission rates (not shown) is similar, 

since over 99 percent of the carbon in the fuel is emitted as CO2.  The time-based fuel use and 

NO emission rates increase monotonically with normalized MAP.  The NO emission rates for 

modes with lower MAP tend to be similar for the two fuels.  For higher MAP, the NO emission 

rate for B20 is slightly lower than for petroleum diesel.  The fuel-based NO emission rate tends 

to decrease with MAP, and is substantially higher for the two lowest MAP modes compared to all 

others.  The first MAP mode is associated with engine idling.  For situations in which the 

engine is under load, there is less variability in the fuel-based emission rates than the time-based 

emission rates.  Although not shown in Figures 7-3 and 7-4, as expected, the emission rates of 

HC, CO, and PM are substantially lower for B20 versus petroleum diesel.  Results for all 

pollutants are shown in Table 7-5, 7-6, and 7-7 for backhoes, front-end loaders, and motor 

graders, respectively. 

The example results in Figure 7-4 indicate that fuel use and emission rates are 
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substantially different during idling compared to other modes.  However, the differences among 

the three non-idle modes are relatively minor.   Furthermore, the variability in fuel use and 

emission rates captured by these task-oriented modes is much less than that of the engine-based 

modes.  For example, the engine-based modal fuel use rates vary from approximately 0.2 to 2 

g/sec, whereas the task-oriented modal rates vary from 0.2 to 1.3 g/sec. 
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(a) Time-based fuel use rate 
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(b) Time-based NO emission rate, corrected for ambient temperature and humidity 
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(c) Fuel-based NO emission rate, corrected for ambient temperature and humidity 
 
Figure 7-3. Comparison Between Petroleum Diesel and B20 Biodiesel of Average Fuel Use and 

NO Emission Rates for Engine-Based Modes for Backhoe 1 
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(b) Time-based NO emission rate, corrected for ambient temperature and humidity 
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(c) Fuel-based NO emission rate, corrected for ambient temperature and humidity 

 

Figure 7-4. Comparison Between Petroleum Diesel and B20 Biodiesel of Average Fuel Use and 
NO Emission Rates for Task-Oriented Modes for Backhoe 1 
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Representative Duty Cycles 

In order to estimate average emission rates, several duty cycles were developed.  For backhoes, 

three cycles were identified that represent mass excavation, material handling, and loading a 

truck with dirt.  These cycles have significant differences in engine load.  For front end loaders, 

three cycles were identified, including rock handling, soil handling, and loading a truck.  

However, unlike the backhoes, there was less difference in average engine load among these 

three cycles.  For motor graders, two cycles were observed, including resurfacing an unpaved 

road and regarding the shoulders of a road.  These two cycles have significant differences in 

average engine load, as shown in Figure 7-5. 

Average Emission Factors 

Cycle average emission factors for backhoes are given in Table 7-5 for three duty cycles, two 

fuels, and three engine tiers, with data shown for all five tested vehicles.  For each tier and fuel, 

an overall average emission rate is indicated.  For NO, the emission rates are approximately 

similar for the two fuels.  The emission rates do not vary significantly by engine tier.  For 

opacity, the emission rates are significantly lower for B20 versus petroleum diesel especially for 

the higher tiers, and the emissions rates decrease significantly for higher tiers.  The trend for HC 

is similar to that of opacity.  For CO, the emission rates decrease modestly for B20 versus 

petroleum diesel but substantially with respect to engine tier. 
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Figure 7-5. Cumulative Frequency of Normalized Manifold Absolute Pressure (MAP) for 

Shouldering and Resurfacing Duty Cycles for Motor Graders 

For front-end loaders, as shown in Table 7-6, the NO emission rates are similar for the 

two fuels but are lower for the higher tier vehicle.  For opacity, HC, and CO, the emission rates 

are significantly lower for B20 versus petroleum diesel and are lower for the Tier 2 engine versus 

the Tier 1 engines. 

Results for motor graders are shown in Table 7-7.  The NO emission rates are 

comparable for the two fuels, but decrease with increase engine tier.  For example, the Tier 3 

vehicle has emission rates approximately 50 percent lower than the tier 0 vehicles.  For opacity, 

HC, and CO, the emission rates are lower for B20 versus petroleum diesel for all tiers, and the 

emission rates decrease monotonically as the tiers increase. 

On average over all 15 vehicles tested, NO emission rates are 2 percent lower for B20 

than petroleum diesel, which is not a statistically significant result.  However, emission rates are 

lower by 18, 26, and 25 percent for opacity, HC, and CO, respectively, which are significant. 

Although there is not a large sample of vehicles in each tier, the results suggest that 

emission rates tend to decrease as the engine tier increases.  The reductions in emissions that 

accrue from replacement of older (i.e. Tier 0) vehicles with newer Tier 2 or Tier 3 vehicles is on 
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the order of 8 to 86 percent for backhoes, depending on the pollutant, and 41 to 76 percent from 

motor graders, depending on the pollutant. 

Benchmark Comparisons 

The fuel based emission factors from the PEMS data are of comparable magnitude to fuel-based 

emission factors estimated from the NONROAD model for NO, HC, and CO.  For example, for 

motor graders, the emission rates based on PEMS data range from 59 to 139 g/gallon, whereas 

the estimates for similar model years and engine sizes from the NONROAD model range from 45 

to 159 g/gallon.  Typically, there is substantial overlap in the ranges from both types of data for 

these three pollutants, with a few exceptions.  For example, for CO emission rates from front-

end loaders, the estimates based on PEMS data are 11 to 18 g/gallon versus 26 to 28 g/gallon 

based on NONROAD results.  However, in all of these cases, the emission factors are of similar 

magnitude. 

The NONROAD model provides PM emission factors.   The opacity measurements 

from the PEMS are substantially lower than the PM emission rates provided in the NONROAD 

model.  For example, for motor graders, the inferred range from PEMS data is 0.5 to 1.1 

g/gallon versus 1.8 to 18 g/gallon based on the NONROAD model results.  While the opacity 

measurements may be adequate for relative comparisons between fuels or vehicles, they are not 

considered to be accurate with respect to estimation of the absolute magnitude of PM emission 

rates. 
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Table 7-5. Measured Fuel-Based Emission Factors for Backhoes:  Comparison of Tiers, Fuels 
and Duty Cycles 

B20 Petroleum Diesel Pollutant Engine Type Test ID Vehicle ID
LTCa MECb MHCc LTCa MECb MHCc

BH2 803-0242 118 104 102 115 101 98 Tier 0 
Average 108 105 

BH3 803-0241 83 84 88 99 100 103 
BH4 808-0214 87 104 119 93 109 120 Tier 1 

Average 94 104 
BH5 FDP22085 96 92 108 100 96 110 
BH1 FDP20882 94 92 104 96 92 105 

NO 
 

(g/gallon) 

Tier 2 
Average 97 99 

BH2 803-0242 1.2 1.1 1.2 1.3 1.1 1.3 Tier 0 
Average 1.2 1.2 

BH3 803-0241 1.23 1.0 1.1 1.2 0.91 1.2 
BH4 808-0214 1.3 0.71 0.98 1.6 1.7 1.3 Tier 1 

Average 1.1 1.3 
BH5 FDP22085 0.70 0.51 0.62 0.79 0.69 0.74 
BH1 FDP20882 0.50 0.46 0.47 0.70 0.66 0.66 

Opacity 
 

(g/gallon) 

Tier 2 
Average 0.54 0.71 

BH2 803-0242 12 14 15 13 16 17 Tier 0 
Average 14 15 

BH3 803-0241 15 9.0 11 15 11 13 
BH4d 808-0214 4.3 5.9 6 5.6 6.7 9.1 Tier 1 

Average 8.5 10 
BH5e FDP22085 3.3 3.2 3.9 8.6 11 10 
BH1f FDP20882 8.3 7.1 8.8 11 10 12 

HC 
 

(g/gallon) 

Tier 2 
Average 5.8 10 

BH2 803-0242 86 62 67 106 77 82 Tier 0 
Average 72 88 

BH3 803-0241 32 36 32 36 39 36 
BH4 808-0214 43 36 46 54 45 53 Tier 1 

Average 38 44 
BH5e FDP22085 13 10 14 16 16 17 
BH1f FDP20882 7.9 7.1 7.7 9.1 8.4 9.3 

CO 
 

(g/gallon) 

Tier 2 
Average 10 13 

a LTC: Load Truck Cycle;  b MEC: Mass Excavation Cycle;  c MHC: Material Handling Cycle 
d,e,f The average emission factor is based on a high proportion of data below the gas analyzer detection limit  
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Table 7-6. Measured Fuel-Based Emission Factors for Front-End Loaders:  Comparison of Tiers, 
Fuels and Duty Cycles 

B20 Petroleum Diesel 
Vehicle Type Engine Type Test ID Vehicle ID

RHCa SDHCb LTCc RHCa SDHCb LTCc

FL1 010-0249 109 112 112 109 113 108 
FL2 010-0301 120 124 118 128 131 127 
FL3 010-5074 130 133 132 127 129 125 

Tier 1 

Average 121 122 
FL4 010-0388 92 95 91 94 96 95 

NO 
 

(g/gallon) 

Tier 2 
Average 93 95 

FL1 010-0249 0.65 0.66 0.64 1.0 1.0 1.0 
FL2 010-0301 0.42 0.42 0.43 0.49 0.51 0.49 
FL3 010-5074 0.74 0.76 0.75 0.91 0.89 0.94 

Tier 1 

Average 0.61 0.81 
FL4 010-0388 0.57 0.54 0.60 0.62 0.62 0.66 

Opacity 
 

(g/gallon) 
Tier 2 

Average 0.57 0.63 
FL1d 010-0249 7.2 7.3 7.6 17 18 19 
FL2e 010-0301 8.2 8.3 8.9 16 17 17 
FL3f 010-5074 9.5 9.8 11 13 13 13 

Tier 1 

Average 8.6 16 
FL4g 010-0388 4.9 5.1 5.1 5.4 5.6 5.8 

HC 
 

(g/gallon) 
Tier 2 

Average 5.0 5.6 
FL1d 010-0249 12 13 15 15 16 18 
FL2e 010-0301 9.8 10 11 12 13 14 
FL3f 010-5074 8.5 8.7 9.1 15 15 16 

Tier 1 

Average 11 15 
FL4g 010-0388 8.9 9.1 8.9 11 11 1 

CO 
 

(g/gallon) 
Tier 2 

Average 9.0 11 
a RHC: Rock Handling Cycle;  b SDHC: Soil and Dirt Handling Cycle;  c LTC: Load Truck Cycle 
d,e,f The average emission factor is based on a high proportion of data below the gas analyzer detection limit  
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Table 7-7. Measured Fuel-Based Emission Factors for Motor Graders:  Comparison of Tiers, 
Fuels and Duty Cycles 

B20 Biodiesel Petroleum Diesel Pollutant Engine Type Test ID Vehicle ID 
RCa SCb RCa SCb 

MG 4 948-6647 125 121 134 126 
MG 5 955-0277 140 136 136 139 Tier 0 

Average 131 134 
MG 1 955-0515 99 109 104 113 
MG 3 955-0516 111 114 105 115 Tier 1 

Average 108 109 
MG 2 955-0606 94 110 90 106 Tier 2 Average 102 98 
MG 6 955-0633 57 82 58.6 77.4 

NO 
 

(g/gallon) 

Tier 3 Average 69 68 
MG 4 948-6647 0.81 0.69 0.93 0.77 
MG 5 955-0277 0.88 0.86 1.0 1.1 Tier 0 

Average 0.81 0.96 
MG 1 955-0515 0.72 0.78 0.86 0.90 
MG 3 955-0516 0.66 0.56 0.80 0.80 Tier 1 

Average 0.68 0.84 
MG 2 955-0606 0.44 0.55 0.62 0.65 Tier 2 Average 0.50 0.63 
MG 6 955-0633 0.43 0.52 0.53 0.61 

Opacity 
 

(g/gallon) 

Tier 3 Average 0.47 0.57 
MG 4 948-6647 13 17 16 21 
MG 5 955-0277 12 17 12 17 Tier 0 

Average 15 17 
MG 1 955-0515 12 11 13 17 
MG 3 955-0516 12 17 17 19 Tier 1 

Average 13 16 
MG 2c 955-0606 7.6 9.7 9.2 15 Tier 2 Average 8.7 12 
MG 6d 955-0633 4.0 6.0 4.5 7.9 

HC 
 

(g/gallon) 

Tier 3 Average 5.0 6.2 
MG 4 948-6647 23 33 27 34 
MG 5 955-0277 17 30 26 46 Tier 0 

Average 26 33.1 
MG 1 955-0515 12 15 12 15 
MG 3 955-0516 12 16 15 16 Tier 1 

Average 14 15 
MG 2c 955-0606 8.1 14 8.5 15 Tier 2 Average 10.8 12 
MG 6d 955-0633 4.9 5.8 9.3 8.7 

CO 
 

(g/gallon) 

Tier 3 Average 5.4 9.0 
a RC: Resurfacing Cycle;  b SC: Shouldering Cycle 
c,d The average emission factor is based on a high proportion of data below the gas analyzer detection limit  
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Fuel usage rates observed based on PEMS data were compared to NCDOT maintenance 

records for 12 of the 15 vehicles.  Two of the tested backhoes were rental vehicles for which 

NCDOT did not have historical fuel consumption data.  One of the tested motor graders was a 

2007 model year Tier 3 vehicle for which no historical data are yet available.  The observed fuel 

usages rates were, on average, 6 percent lower than the historical data.  These rates are not 

expected to agree exactly because the field data are for a period of approximately 3 to 4 hours 

and thus may not be the same as an annual average.  Based on these comparisons, the fuel 

consumption estimates from the PEMS are deemed to be reasonable.  The variability in fuel use 

rate among the vehicles was 1.4 to 5.7 gallons per hour based on the PEMS data. 

CONCLUSIONS AND RECOMMENDATIONS 

A number of lessons were learned that were used to improve the field data collection, data 

screening, quality assurance, and data analysis procedures.  A formal methodology was 

developed for pre-installation, installation, data collection, and decommissioning.  The 

scheduling of data collection is influenced by extreme ambient conditions during which PEMS 

operation is infeasible.  Furthermore, site characteristics can lead to situations with high 

vibration that challenge the durability of the instrument.  These challenges led to adaptations of 

the field procedures, such as collecting data in the morning prior to the onset of a hot afternoon, 

or use of additional padding and protection for the PEMS. 

As a result of substantial attention to data quality as part of data collection, the overall 

frequency of problems that lead to loss of data was only 6.9 percent.  MAP was found to be 

highly associated with variability in fuel use and emission rates and thus is a useful practical 

basis for developing modal emission rate on a per time basis.  On a fuel-basis, emission rates are 

highly sensitive to idle versus non-idle operation.  However, fuel-based emission factors are less 

sensitivity to engine load for non-idle than are time-based emission factors.  Therefore, fuel-
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based emission factors are likely to be a more robust basis for estimating emission inventories, if 

fuel consumption data are available. 

Emission rates for use of B20 versus petroleum diesel were approximately the same for 

NO but decreased significantly for opacity, HC, and CO.  These results are approximately as 

expected. 

Although limited in terms of the number of vehicles, the data suggest substantial emission 

benefits from the use of newer vehicles subject to higher tier engine standards than older vehicles 

in the equipment inventory.  Thus, an agency such as NCDOT can claim tailpipe emissions 

benefits from the combination of usage of B20 and of replacing older vehicles with newer ones. 

The emission factors for NO, HC, and CO are comparable to those from other data 

sources.  The opacity measurements are useful for relative comparisons but are not accurate for 

absolute determinations of the level of emission rates. 

This work has demonstrated the feasibility of collecting data for a substantial number of 

nonroad vehicles using a commercially available PEMS.  The methodology developed here can 

be applied to further studies.  Examples include:  (a) measurement of a larger number of 

vehicles of each tier in order to develop more refined comparisons of emission rates among 

different tiers; (b) evaluation of alternative fuels, such as different suppliers of B20, different 

proportions of biofuel blend stock (e.g., B30), and evaluation of fuel additives; (c) evaluation of 

future vehicles as they become available (e.g, Tier 3 for backhoes and front end loaders, Tier 4 

for all vehicles); (d) evaluation of additional types of nonroad vehicles; and (e) development of 

methodologies for controlled experiments in which activity is quantified in terms of metrics 

typically used for a given activity, such as cubic yards of dirt moved. 

 

 

 



 

 164

DISCLAIMER 
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ABSTRACT 

Motor graders are a common type of nonroad vehicle used in many road construction and 

maintenance applications.  In-use activity, fuel use, and emissions were measured for six selected 

motor graders using a portable emission measurement system (PEMS).  Each motor grader was 

tested on petroleum diesel and B20 biodiesel.  Duty cycles are quantified in terms of the empirical 

cumulative distribution function (ECDF) of manifold absolute pressure (MAP), which is an indicator 

of engine load. The motor graders were operated under normal duty cycles for road maintenance and 

repair at various locations in Wake and Nash Counties, NC.  Approximately 3 hours of quality 

assured second-by-second data were obtained in each test.  An empirical modal-based model of 

vehicle fuel use and emissions was developed, based on stratifying the data with respect to ranges of 

normalized MAP in order to enable comparisons between duty cycles, motor graders, and fuels.  

Time-based emission factors were found to increase monotonically with MAP.  Fuel-based emission 

factors were mainly sensitive to differences between idle and non-idle engine operation.  Cycle 

average emission factors were estimated for road resurfacing and shouldering activities.  On 

average, the use of B20 instead of petroleum diesel leads to approximately the same nitric oxide 

(NO) emission rate, and decreases of 18 to 19 percent in emission rates of carbon monoxide (CO), 

hydrocarbons (HC) and particulate matter.  Emission rates decrease significantly when comparing 

newer engine tier vehicles to older ones. A fuel-based approach to emission factor and inventory 

estimation is preferred over the current g/bhp-hr approach.  Significant reductions in tail-pipe 

emissions accrue from use of B20 and adoption of newer vehicles. 

 

IMPLICATIONS 

Field measurements of selected nonroad vehicles provide insight into the real world emissions 

implications of alternative fuels, engine technology, and duty cycles.  Such insights are useful when 

evaluating the benefits of replacing older vehicles with newer ones or when purchasing an alternative 

fuel for which there is currently a cost premium compared to conventional fuel.  Furthermore, such 

data provides insight regarding the potential effect of changes in operational strategies such as idle 

reduction, on fuel use and emissions.  These data will become necessary for meeting requirements 

for some types of project on and green fleet certification programs. 

Key Words) 

Real-World, Motor Grader, B20 Biodiesel, Petroleum Diesel, Emissions, Duty Cycle 
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INTRODUCTION 

Heavy duty diesel vehicles, including both onroad and nonroad vehicles, emit significant amounts of 

NOx, which is a precursor to ozone formation, and PM.  Unlike emissions trends for on-road 

vehicles, emissions of CO, NOx, and VOC (volatile organic compounds) from nonroad engines and 

vehicles increased steadily from 44 percent to 110 percent, depending on the pollutant, from 1970 to 

2006 (EPA, 2007).  In 2005, nonroad diesel construction vehicles were estimated to emit annual U.S. 

national totals of 657,000 tons of NOx, 1,100,000 tons of CO, 63,000 tons of PM10, and 94,000 tons 

of sulfur dioxide (SO2) (EPA, 2005). 

 

In U.S., there are 29,697 motor graders based on the NONROAD 2005 model, which is 

approximately 2 percent of all construction vehicles (EPA, 2005).  A motor grader is a rubber tire 

tractor with an undercarriage blade used for scraping and spreading material.  Typical models have 

three axles, with the engine and cab situated above the rear axles at one end of the vehicle and a third 

axle at the front end of the vehicle, with the blade in between.  Typical uses include fine grading for 

road beds or haul paths, excavating for small ditches, and snow and ice removal from roadways. 

 

Biodiesel 

Biodiesel is a naturally oxygenated and possibly cleaner burning diesel replacement fuel made from 

natural, renewable sources such as new and used vegetable oils or animal fats.  It can be used 

directly in diesel engines without major modifications to the engines and vehicles (EPA, 2002).  

Biodiesel can be blended with petroleum diesel fuel at any ratio.  A common blend rate is 20 

percent renewable source and 80 percent petroleum diesel (EPA, 2002). 

 

Based on the properties of B20 biodiesel versus petroleum diesel, an average increase in mass-based 

fuel use rates of 2.2 percent is expected in order to supply the same amount of chemical energy to the 

engine (EPA, 2002).  Based on engine dynamometer tests, the use of B20 biodiesel is expected to 

reduce emissions of PM and CO by approximately 10 percent, and emissions of HC by 20 percent, 

but to increase NOx emissions by 2 percent (EPA, 20002).  However, engine dynamometer tests are 

not representative of real-world duty cycles, and actual fuel properties may affect the results for NOx 

emissions.  For example, Frey and Kim (2006) conducted PEMS measurement of 12 dump trucks 
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and found that B20 leads to reductions of 10 percent for NO, CO, and PM, and of 20 percent for HC.  

Furthermore, fuel quality has been shown to be important with respect to NOx emissions in diesel 

engines (Sluder et al., 2006). There is variation in NOx emissions depending on whether a test fuel is 

compliant with the American Society for Testing and Materials (ASTM) standard D6751 

(McCormick et al., 2006; Sluder et al., 2006).  Therefore, there is a need to further evaluate the 

differences in emissions for B20 biodiesel versus petroleum diesel under real-world conditions. 

 

Engine Tiers 

Over time, increasingly stringent regulations have been implemented to reduce tailpipe emissions of 

NOx and PM from diesel vehicles.  In recent years, the U.S. Environmental Protection Agency 

(EPA) has set Tier 1 to Tier 4 emission standards for the engines used in most construction, 

agricultural, and industrial vehicles.  These standards are phased in depending on engine size, with 

tier 3 engines now becoming available.  The most stringent of these standards, Tier 4, are to be 

phased-in over the period of 2008-2015.  The Tier 4 standards require that emissions of PM and 

NOx be further reduced by about 50 percent and 90 percent, respectively, compared to Tier 3 (EPA, 

2004; CARB 2004).  However, the existing vehicle fleet will emit pollutants at higher rates than 

Tier 3 and Tier 4 for years to come because of the longevity of older vehicles. 

 

Measurements of Construction Vehicles 

Emissions from nonroad construction equipment are typically quantified based on steady-state engine 

dynamometer tests.  However, such tests do not represent actual duty cycles.  The real-world 

emissions of diesel vehicles may be different than what is presumed in the regulatory framework.  

Thus, more accurately quantified emissions from diesel vehicles are needed to in order to identify 

opportunities to manage or to reduce emissions to improve air quality. 

 

On-board emissions measurement enables data collection under representative real-world conditions 

in the operating environment (Cicero-Fernandez and Long, 1997; Gierczak et al., 1994; Tong et al., 

2000).  Portable Emissions Measurement Systems (PEMS) are designed for measuring in-use 

emissions during real-world operations under various ambient conditions, site conditions, and 

operational/duty cycles (e.g., Scarbro, 2000; Vojtisek-Lom and Cobb, 1997).  Initially, PEMS have 
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had the capability to measure HC, NO, CO, and CO2 emissions using repair-grade gas analyzers 

(Kihara and Tsukamoto, 2001).  More recently, PM measurement capabilities have been added to 

some PEMS systems (CATI, 2003).  The connections of the portable system to the vehicle are 

reversible and no modifications are necessary. 

 

There is a substantial lack of real-world representative data from which to accurately estimate 

construction vehicle emissions.  The United States Environmental Protection Agency (EPA), West 

Virginia University (WVU), and Clean Air Technologies International, Inc. (CATI), have separately 

conducted on-board in-use measurements to characterize emissions from various construction 

vehicles (May et al., 2002; Gautam et al., 2002; Norbeck et al., 2002; Vojtisek-Lom, 2003).  

However, not all of these data are quality assured or publicly available.  Many of these studies focus 

on average emission rates without specifically referring emissions to duty cycles, fuels, or engine 

tiers.  None of these studies specifically included or focused on motor graders.  Thus, there is a 

need for data for motor graders to enable comparison of duty cycles, fuels, and engine tiers. 

 

RESEARCH OBJECTIVES 

The primary objectives of this study are to: 

• Measure real-world, in-use duty cycles for a motor grader; 

• Simultaneously measure real-world, in-use emissions; 

• Develop recommended duty cycles and emissions factors; 

• Compare duty cycles, tiers, and fuels. 

 

METHODOLOGY 

Vehicle, Fuel, and Site Selection 

The test vehicles were selected from the North Carolina Department of Transportation (NCDOT) 

equipment inventory.  The PEMS was installed by North Carolina State University (NCSU) 

research team.  During data collection, the vehicles were operated during their normal duty cycles 

by NCDOT operators.  Six motor graders were selected, including 2 Tier 0, 2 Tier 1, 1 Tier 2, and 1 

Tier 3 vehicle. 
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Each vehicle was tested on one day on ultra-low sulfur diesel and on separate day on soy-based B20 

biodiesel.  The biodiesel was blended with the same ultra low sulfur petroleum diesel.  The B100 

blend stock conforms to the applicable ASTM standard. 

 

Data collection occurred at field sites where the instrumented vehicles conducted normal road 

maintenance tasks.  Motor graders were used for resurfacing unpaved roads or for grading of road 

shoulders.  The latter is referred to as “Shouldering.” 

 

Instrumentation 

The PEMS used here is the “Montana” system manufactured by CATI.  The Montana system 

collects emissions data, using a sample probe inserted into the tailpipe, for the NO, HC, CO, and CO2, 

which are detected in two parallel five-gas analyzers (Vojtisek-Lom and Cobb, 1997; Vojtisek-Lom 

and Allsop, 2001; Vojtisek-Lom, 2003).  HC, CO and CO2 are measured using non-dispersive 

infrared (NDIR).  Measurements of CO and CO2 are accurate to within 10 percent when compared 

to a dynamometer lab (Myers et al., 2003).  The accuracy of the HC measurement depends on type 

of fuel used (Stephens and Cadle, 1991).  NO is measured using an electrochemical cell.  

Compared to a dynamometer lab which measures NOx emissions using a chemiluminescence, NO 

measurements from the PEMS had R2 between 0.92 and 1.03 (Myers et al., 2003). 

 

Typically, 95 volume percent of NOx emitted from diesel vehicles without post-combustion control is 

NO for both petroleum diesel and biodiesel (McCormick et al., 2006).  All NO emission factors are 

reported as NO2 mass equivalent.  As an indicator of particulate matter (PM), a light scattering 

method is used.  This method is analogous to opacity and is used to make relative comparisons of 

PM emissions, but not to characterize the absolute magnitude of such emissions.  The two parallel 

five-gas analyzers are calibrated periodically based on a certified cylinder gas in the laboratory and 

also self-calibrate periodically using ambient air as a reference (Vojtisek-Lom and Allsop, 2001; Frey 

et al., 2008). 
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The Montana system uses a sensor array to obtain engine data for estimating exhaust flow, such as 

manifold absolute pressure (MAP), intake air temperature (IAT), and engine RPM (Vojtisek-Lom and 

Allsop, 2001).  The on-board computer in the Montana system synchronizes the incoming second-

by-second emissions and engine data, as well as GPS data . 

 

To protect the Montana system from damage, a sturdy metal safety cage was developed.  The safety 

cage securely holds the Montana system during data collection and protects it from damage, such as 

from overhanging tree branches. 

 

Data Collection Procedure 

The data collection procedure includes four steps:  (1) pre-installation; (2) installation; (3) field data 

collection; and (4) decommissioning.  Pre-installation occurs during the afternoon before data 

collection, takes approximately two hours to complete, and includes installation of the safety cage, 

engine sensors, external power batteries, global positioning system (GPS), and exhaust gas sampling 

hoses. 

 

Installation is performed two hours prior to data collection and includes:  placement of the PEMS 

into the safety cage; connection of the power cable, GPS receiver, and exhaust gas hoses to the 

PEMS; and setup of an auxiliary laptop and a video camera.  An auxiliary laptop and a video 

camera are used to record modes of vehicle activity and test site conditions.  Decommissioning 

includes reversing the pre-installation and installation steps, which takes approximately 30 minutes.  

The PEMS is returned to the laboratory and is cleaned and prepared for the next data collection 

session. 

 

Data Screening and Quality Assurance 

Data screening and quality assurance (QA) are procedures for reviewing data collected in the field, 

determining whether any errors or problems exist in the data, correcting such errors or problems 

where possible, removing invalid data if errors or problems cannot be corrected and properly 

synchronizing emissions, engine, and GPS data.  A number of possible errors have been identified 
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such as problems associated with the gas analyzers, sensor array, and air leakage into the sampling 

system based on the assessment of the air-to-fuel ratio (AFR) (Frey et al., 2008).  A standardized 

procedure has been developed and is consistently applied to all field data using Visual Basic macros 

in ExcelTM.  The output of the QA procedure includes valid data and a report on the frequency with 

which invalid data were excluded because of specified causes. 

 

Exploratory Analysis of Data 

The raw data were analyzed in terms of the effect of engine activity on fuel use and emissions.  

There was a need to develop standard procedures to estimate modal emission rates based upon engine 

variables, such as MAP, engine RPM, IAT, and AFR.  A rank correlation analysis was performed to 

identify which engine variable is highly correlated with variations in fuel use and emission rates.  

Time series plots were used to represent the variation of fuel use and emission rates in terms of 

different real-world activities. 

 

Determination of Representative Duty Cycles 

A duty cycle is defined as the sum of activities that a specific vehicle can perform at a work site to 

complete a task, such as grading a road.  For example, the duty cycle for a motor grader performing 

road resurfacing includes activities of moving, blade, and idle.  Moving refers to forward or reverse 

movement between locations under engine power, but while not performing work because the blade 

is not in use.  Blade refers to situations in which the blade is in contact with material on the ground 

and the vehicle is moving under power, such as to push or spread material.  Idle refers to when the 

engine is on but the vehicle is not moving and is not performing work; hence, the engine is not under 

load. 

 

Two types of duty cycles are observed:  resurfacing and shouldering.  Resurfacing refers to use of 

most or all of the blade length to re-shape and repair ruts in the surface of an unpaved road.  

Shouldering refers to use of a portion of the blade length to scrape and grade the shoulders and 

ditches beside a paved road.  Resurfacing has a higher engine load compared to shouldering because 

more of the blade is in contact with the ground. 
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Modal Analysis 

Fuel use and emission rates were estimated for “engine-based” and “task-oriented” modes. 

 

Engine-Based Modes 

Based on the exploratory analysis of data (Frey et al., 2008), MAP has been consistently identified as 

the engine variable most highly correlated with variations in fuel use and emission rates.  To enable 

comparison between duty cycles, normalized MAP is defined as: 

 

minmax

min

MAPMAP
MAPMAPMAP io

i −
−

=  

Where, 

o
iMAP   =  Normalized MAP for one second of data for a specific vehicle; 

maxMAP  =  Maximum observed MAP for a specific vehicle; 

minMAP  =  Minimum observed MAP for a specific vehicle; 

iMAP   =  Measured MAP for one second of data for a specific vehicle. 

 

The normalized MAP is bounded by 0 and 1, and is divided into 10 equal width bins for the purposes 

of modal analysis.  The emission rates in mass per time and mass per gallon of fuel consumed were 

estimated for each normalized MAP bin.  For the fuel based approach, results are not shown for fuel 

use since the mass of fuel consumed per gallon of fuel is a constant, regardless of engine activity.  

Similarly, since CO2 emissions are highly correlated with fuel consumption, the CO2 emissions on a 

per gallon basis are approximately constant and, therefore, are not shown. 

 

Task-Oriented Modes 

During field data collection, a notation regarding the mode of activity was made using a individual 

laptop computer (Frey et al., 2008).  The average fuel use and emission rates by task-oriented mode 

were estimated, both on a mass per time and mass per gallon basis.  The purpose of observing 
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activity modes is to determine if there are varying level of emissions based on what the vehicle is 

doing. 

 

Benchmarking Observed Fuel Use Rates with Owner Records 

Fuel consumption rates estimated from the PEMS data were compared to historical fuel usage data, 

where such data were available.  The purpose of this comparison was to assess the concordance of 

the magnitude of fuel consumption rates.  However, because the owner records are based on annual 

averages whereas the field data are from a few hours of operation, exact agreement is not expected.  

Since emission rates can be estimated from the PEMS data on a per gallon of fuel consumed basis, 

the availability of annual fuel consumption data enables the development of fuel based inventories of 

total annual emissions by vehicle category. 

 

Benchmarking Measured Emission Rates Based on the NONROAD Model 

Fuel-based emission factors from the PEMS data were compared with fuel-based emission factors 

estimated using EPA’s NONROAD model for the same model year, chassis type, and engine Tier.  

The NONROAD model produces fleet average emission estimates based on engine dynamometer 

data that are not representative of the real world duty cycles observed in the field data collection for 

individual vehicles.  Therefore, differences are expected in the absolute values of the emission 

factors when comparing both approaches.  However, the purpose of the comparison is to determine 

whether the magnitudes of the emission factors are similar. 

 

The emission factors reported by the NONROAD model are in units of grams per brake horsepower-

hour.  However, the PEMS data are in terms of grams per second or grams per gallon of fuel 

consumed (Vojtisek-Lom, 2003).  Thus, in order to enable comparisons with the PEMS data, the 

emission factors in the NONROAD model were converted to the units of grams per gallon of fuel 

using a brake-specific fuel consumption rate (EPA, 1997). 

 

 

 



 

 177

RESULTS 

Table 7-8 summarizes the vehicles that were tested and the site conditions during the tests.  This 

table contains engine and chassis information for all six tested motor graders.  In addition, ambient 

conditions in each day of data collection are shown. 

 

Challenges Encountered During Data Collection 

The Montana system is a sensitive electro-mechanical instrument that was designed for use in a 

controlled and moderate environment such as the interior of a vehicle cab; it is not a “ruggedized” 

instrument.  Thus, its use on the exterior of a motor grader at construction sites pose significant 

challenges particularly with regard to temperature, moisture, dust, and equipment vibration.  These 

problems and their solutions are briefly described. 

 

Data collection cannot occur during a rain or snow event when used on the exterior of a vehicle, such 

as a motor grader.  Additionally, if the temperature drops below freezing (32ºF), data collection 

cannot occur because moisture in the sample line freezes.  When the ambient temperature exceeds 

90 ºF, the Montana system is susceptible to overheating and will shut down.  Therefore, data were 

collected only on non-precipitation days and only when the ambient temperature was between 32 ºF 

and 90 ºF. 

 

The Montana system is sensitive to vibration of the construction vehicle as well as to dust or small 

particles that are typically found on construction sites.  To minimize the effects of vibration, three 

layers of one inch polyurethane foam were placed under the Montana system.  To prevent dust from 

entering the Montana system, a dust cover was fabricated using a fine mesh material and was used to 

cover the safety cage that enclosed the instrument.  The fabricated cover acted as a filter that 

prevented dust from entering the Montana system but allowed adequate air to flow to it.  In addition, 

the Montana system was checked at approximately 30 minute intervals during the data collection 

process to ensure that it was still functioning properly. 
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Quality Assurance 

The data quality procedure resulted in a processed data set that contained approximately 93 percent 

of the total raw data.  Table 7-9 summarizes the quality assured results for each day of data 

collection.  On average, the total error rate leading to loss of data is approximately 6.8 percent. 

 

The error rate for an individual test varied from 2.5 to 15 percent.  The leading attributed causes of 

lost data are inter-analyzer discrepancy, analyzer freezing, and air leakage leading to very low 

pollutant concentrations.  Data were excluded if the parallel gas analyzer concentrations 

measurements deferred by threshold values for each pollutant, if the gas analyzer failed to update on 

a second-by-second basis, or if oxygen levels were beyond a wide normal range leading to 

concentration values below detection limits for most pollutants.  These three sources of errors 

combined affected approximately 6.3 percent of the raw data, thus accounting for most of the data 

omitted for quality assurance reasons. 

 

Exploratory Analysis 

Fuel flow rate had a rank correlation of 93 percent with MAP.  The rank correlation of emission 

rates with MAP ranged from 44 to 93 percent, depending on the pollutants.  These correlations for 

fuel use and emission rates were higher than for engine RPM or IAT.  Thus, MAP was found to be a 

useful explanatory variable for variability in fuel use and emission rates. 

 

Time series plots of engine data, fuel use rate, and emission rates were used to visualize the 

association between these rates and engine data as illustrated in Figure 7-6.  Typically, a peak in 

MAP is associated with a corresponding peak in fuel use and emission rates. 

 

Modal Emission Rates 

Engine-based modal emission rates were estimated for each motor grader and separately for 

petroleum diesel and B20 biodiesel based on ranges of normalized MAP.  An example is shown in 

Figure 7-7 on a time basis and on a fuel consumed basis, for both petroleum diesel and B20 biodiesel. 
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Typically, average fuel use and emissions rates of CO2, NO, HC, CO, and opacity increase 

monotonically with an increase in MAP.  An increase in MAP generally indicates an increase in 

engine load.  The lowest normalized MAP range included idling of the engine.  CO2 emissions are 

highly correlated with fuel use because the majority of carbon in the fuel is emitted as CO2. 

 

For NO, the emission rates on a per gallon basis generally decrease as MAP increases.  The NO 

emission rate is highest for the lowest MAP range (idling).  For the eight highest MAP ranges, the 

fuel-based NO emission rates are approximately similar to each other.  At the higher values of MAP, 

the fuel-based NO emission rate is approximately two-thirds of the fuel-based emission rate at idle.  

Of course, the rate of fuel consumption at high values of MAP is much higher than at low MAP 

values.  Thus, the mass emission rate per unit time for NO increases with MAP because fuel flow 

increases significantly. 

 

A comparison of the two fuels with respect to fuel use and emission rates for the task-oriented modal 

analysis is given in Figures 7-8 on a time- and fuel-basis.  The idle mode is associated with the 

lowest mass per time rates of fuel use and emissions in all cases.  The fuel consumption rate and the 

emission rates of NO, as well as CO2, HC, CO, and opacity, were approximately the same for the 

moving and blade modes.  Thus, there was little difference in fuel use and emission rates among the 

two non-idle modes, but there were substantial difference in emission rates for idle versus non-idle.  

The task-oriented modal analysis does not explain as much of the variability in fuel use and emission 

rates as the engine-based data. 

 

In some cases, HC and CO concentrations from diesel engines are below the detection limit of the 

gas analyzers.  Thus, the robustness of comparisons of emission rates among modes or between 

fuels may be limited when substantial proportions of the measured exhaust gas concentrations of HC 

and CO are below the detection limit.  Mean values of a data set are often robust if the mean of the 

data is larger than the detection limit (Zhao and Frey, 2004).  Based on Frey et al. 2008, the 

detection limits for HC and CO are approximately 13 ppm and 0.012 volume percent, respectively.  

If the mean modal average concentration in an MAP mode is below these detection limits, there is 

less confidence in the stability of the mean value.  The influence of non-detects is indicated in 

subsequent result tables. 
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Representative Duty Cycles 

In order to compare fuel use and emission rates, cycle-average emission rates are estimated based on 

selected duty cycles.  In Figure 7-9, two representative duty cycles for a motor grader are 

characterized by frequency distributions of normalized MAP.  The resurfacing cycle has a higher 

average engine load than the shouldering cycle, as described earlier. 

 

The average emission rate for each of these two duty cycles were estimated for each motor grader 

and each fuel by weighting the time-based engine-based modes using the MAP distributions.  The 

highest five MAP modes of the resurfacing cycle contribute to 60 percent of time and 80 percent of 

fuel consumption compared to 15 percent of time and 35 percent of fuel consumption for the 

shouldering cycle. 

 

Average Duty Cycle Emission Factors by Fuel and Tier 

Duty cycle average emission rates were estimated for each motor grader for both duty cycles and for 

both tested fuels.  The time-based cycle average fuel use and emission rates are given in Table 7-10.  

The fuel-based emission rates are given in Table 7-11. 

 

The time-based fuel usage rates are sensitive to duty cycles.  On average, for all six motor graders 

and for both fuels, there is a 85 percent larger fuel consumption rate for the resurfacing cycle 

compared to the shouldering cycle.  The difference in the time-based CO2 emission rates is very 

similar, since most of the carbon in the fuel is emitted as CO2.  The Tier 3 motor grader appears to 

be significantly more fuel efficient than the Tier 2 motor grader, and both are more fuel efficient than 

the older Tier 0 and Tier 1 motor graders.  For Tier 0 and Tier 1, there is very little difference in the 

fuel usage rates among the four motor graders tested, for a given cycle or fuel. 

 

For the time-based emission factors, there are significant differences in average emission rates when 

comparing the two duty cycles.  For example, the cycle average NO emission rate for the 

resurfacing cycle is 68 percent higher, on average, than for the shouldering cycle.  The two newer 
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motor graders, however, appear to be less sensitive to differences in duty cycles; their NO emission 

rates differ by only 46 percent, versus 78 percent for the four older motor graders.  For opacity (or 

particulate matter), the average difference is 83 percent, with no consistent trend as a function of tier.  

For HC and CO, the average difference between the cycles is 36 percent. 

 

The inter-vehicle variability in fuel use and emission rates is estimated based on the average 

coefficient of variation (CV), taking into account both fuels and duty cycles.  The CV is the 

standard deviation of each individual rate divided by the mean rate.  For fuel use and CO2 emission 

rates, the CV is 0.13.  For NO and opacity, the CV is 0.32.  For CO and HC, the CVs are 0.60 and 

0.41, respectively.  Thus, there is relatively little inter-vehicle variability in fuel use and CO2 

emission rates, moderate variability in NO and opacity based PM emission rates, and larger relative 

variability in the CO and HC emission rates.  These results are consistent with those for specific 

combinations of individual duty cycles and fuels. 

 

The inter-vehicle variability can be attributed in large part to differences in emission rates for 

vehicles of different engine certification tiers.  For example, based on comparisons to Tier 0 

vehicles, the average NO emission rates for both duty cycles and both fuels are 21 percent lower for 

Tier 1, 32 percent lower for Tier 2, and 67 percent lower for Tier 3.  For the Tier 1 and 2 vehicles, 

the average differences are more pronounced for the higher engine load resurfacing cycle compared 

to the shouldering cycle.  For opacity based PM emission rates, the percent reductions in emission 

rate are similar to those for NO, ranging from 17 to 60 percent for Tier 1 and Tier 3, respectively, 

compared to Tier 0.  For HC and CO, the Tier 3 vehicle had an average emission rate that was 77 

and 81 percent, respectively, lower than for Tier 0.  Thus, the higher Tier vehicles have substantially 

lower emission rates on a time basis than the Tier 0 vehicles.  More detail on the pairwise 

comparison of each combination of engine tiers is given in Table 7-12. 

 

For the fuel-based emission factors shown in Table 4, there is less relative variability between the 

duty cycles than for the time-based emission factors.  For example, whereas the time-based 

emission factors for NO differ on average by 68 percent between the two cycles, the fuel-based NO 

emission factors differ by only 9 percent.  The opacity-based emission factors for PM differ by less 

than 2 percent on a fuel basis, compared to 83 percent on a time basis.  For CO and HC, the fuel-
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based emission factors differ by 25 percent rather than 36 percent as for the time-based emission 

factors.  The modal fuel-based emission factors are less sensitive to engine load than are the time-

based modal emission factors. 

 

There is slightly less inter-vehicle variability for the fuel-based emission factors.  For example, for 

NO, the average CV when comparing emissions of the six tested vehicles is 0.24 on a fuel basis 

versus 0.32 on a time-basis. 

 

The fuel-based emission factors for the higher tier engines are significantly different from those of 

the lower tier engines; however, the relative differences are smaller than for the time-based results.  

For example, comparing Tier 3 vs. Tier 0, the difference for NO is 48 percent on a fuel basis versus 

67 percent on a time basis (Table 7-12). 

 

For comparisons of B20 versus petroleum diesel, the differences in rates for fuel use and CO2 

emissions were not significant, as expected (Table 7-13).  For NO emission rate, the overall average 

observed change was -3.6 percent.  For four of the motor graders, there was a small decrease in the 

NO emission rate averaged over both cycles, whereas there was a small increase for the other two 

motor graders.  The difference of only -3.6 is not considered to be significant.  However, the small 

decrease observed here is consistent with expectations of lower real world emissions associated with 

B20 from a B100 blend stock compliant with the ASTM standard (McCormick et al., 2006; Sluder et 

al., 2006).   For the CO, HC, and opacity-based PM emission factors, average decreases were 

observed for all vehicles, with an overall average reduction of 20 percent in PM and CO, and 19 

percent in HC.  These reductions are approximately as expected. 

 

Benchmark Comparison of Fuel Consumption Rates 

The results of benchmark comparisons of fuel consumption rates from the PEMS data versus owner 

records are summarized in Table 7-14.  The Tier 3 motor grader was acquired by the fleet owner in 

April 2007 and was tested as soon as it was placed in service.  Thus, this vehicle does not have 

historical fuel use data. 
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The annual average fuel use rates range from 1.6 to 5.7 gallons per hour based on owner records.  

The variability is most likely because of differences in the engine model year and duty cycles.  

However, the duty cycles performed by each vehicle are not recorded in owner records. 

 

The observed average fuel consumption rate based on one day of testing using the PEMS ranges 

from 1.9 to 4.8 gallons per hour.  Thus, there is substantial overlap in the two fuel consumption data.  

For the five tested motor graders for which owner records are available, the average fuel 

consumption rates from the PEMS agreed to within approximately plus-or-minus 20 percent per 

vehicle and the average fuel consumption rates among all 5 vehicles agrees exactly.  Given that this 

comparison involves annual average versus short term average values for the owner records and field 

data, respectively, the similarity of the results is remarkable. 

 

MG 0a was found to have systematically lower fuel consumption than the others based on both the 

fleet records and the PEMS data.  This motor grader is the oldest among the six tested.  It has one 

of the lower horsepower ratings among the vehicles tested and operated with a relatively low range 

of MAP during the field tests compared to the other motor graders.  The newest Tier 3 motor grader 

appears to be more fuel efficient than the Tier 1 and 2 motor graders. 

 

Benchmark of Measured Emission Rates versus the NONROAD Model 

The ranges of the fuel-based emission based on the field data were compared with similar estimates 

from the NONROAD model, as summarized in Table 7-15.  The NONROAD estimates are based 

on the same model year and engine size range as the measured motor graders.  The ranges of data 

shown in Table 8 are influenced by variability between engine tiers.  For example, the PEMS NO 

emission factor of 136 g/gallon is for a Tier 0 motor grader (MG 0b), whereas the 59 g/gallon 

emission factor is for the Tier 3 motor grader (MG3).  As engine tier increases, the emission factors 

decrease (Figure 5). 

 

In general, the average emission rates from the PEMS field measurement data are of similar 
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magnitude to those based on the NONROAD model for NO, HC, and CO; however, they are much 

lower in magnitude for PM.  While the opacity measurements may be adequate for relative 

comparisons between fuels or vehicles, they are not considered to be accurate with respect to 

estimation of the absolute magnitude of PM emission rates. 

 

The PEMS and NONROAD–based emission factors have a consistent trend for a given pollutant 

with respect to engine tier.  For example for the NOx emission rate, the highest values are observed 

for Tier 0, the lowest values are observed for Tier 3, and there is a monotonic decrease as Tier 

increases.  The same trend is observed for PM and CO.  For HC, there is little difference between 

Tier 0 and Tier 1 for the PEMS results, but the PEMS emission factors decrease monotonically for 

Tier 2 and Tier 3.  The observed CO emission rates in the field are lower than those predicted using 

NONROAD. 

 

CONCLUSIONS 

MAP was found to be highly associated with variability in fuel use and emission rates and thus is a 

useful practical basis for developing modal emission rates on a per time basis.  On a fuel basis, 

emission rates are highly sensitive to idle versus non-idle operation.  However, fuel-based emission 

factors are less sensitive to inter-vehicle variability and duty cycles for non-idle than are time-based 

emission factors.  Therefore, fuel-based emission factors are likely to be a more robust basis for 

estimating emission inventories, if fuel consumption data are available. 

 

Emission rates for use of B20 biodiesel versus petroleum diesel were approximately the same for NO 

but decreased significantly for opacity, HC, and CO.  These results are approximately as expected.  

Therefore, the use of B20 is expected to lead to real world reductions in emission rates for PM, HC, 

and CO, and no significant change in NOx emission rates. 

 

Although limited in terms of the number of vehicles, the data suggest substantial emission benefits 

from the use of newer vehicles subject to higher tier engine standards than older vehicles with lower 

tier engines in the equipment inventory.  Thus, a fleet owner can claim tailpipe emissions benefits 

from the combination of usage of B20 and of replacing older vehicles with newer ones. 
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There is relatively little inter-vehicle variability in fuel use and CO2 emission rates, moderate 

variability in NO and opacity, and larger relative variability in the CO and HC emission rates.  The 

inter-vehicle variability can be attributed in large part to differences in emission rates for vehicles of 

different engine certification tiers.  The higher Tier vehicles have substantially lower emission rates 

on a time basis than the Tier 0 vehicles. 

 

The emission factors for NO, HC, and CO are comparable to those from other data sources.  The 

opacity measurements are useful for relative comparisons but are not accurate for absolute 

determinations of the level of emission rates.  The trends in emission factors versus engine tiers 

based on the PEMS data are qualitatively consistent with expectations based on the NONROAD 

model.  Time-based emission factors are highly sensitive to duty cycles and inter-vehicles 

variability. 

 

The study approach can be extended to other commonly used nonroad vehicles and equipment, such 

as bulldozers, front-end loaders, backhoes, excavators, compactor rollers, generator sets, skid-steer 

loaders, cement mixers, compressors, and tractors.  Emissions and vehicle activity results from 

these additional types of vehicles will help to develop real-world duty cycles and emission factors for 

nonroad vehicles.  Real-world fuel-based emission factors offer a more robust basis for emission 

inventory development than g/bhp-hr emission factors currently used in the NONROAD model.  

Thus, as the new MOVES model is developed for nonroad vehicles, consideration should be given to 

a fuel-based approach. 

 

A more detailed assessment and comparison of fuel quality and emissions should be conducted for 

B20 biodiesel, including characterization of the fuel properties and comparison of alternative blend 

stocks.  Other biodiesel blends, such as B30 or B40, which may offer even larger tailpipe emission 

reductions, should be assessed and compared. 

 

Finally, the results here demonstrate that real-world PEMS data can be used in accountability 

assessments to verify the real-world effectiveness of fuels and technologies intended to reduce 
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emissions.  For example, these results verify that more stringent engine certification tier standards 

are leading to substantial real world reductions in emissions, thereby providing independent 

confirmation of the impact of these standards.  Therefore, the use of the real-world PEMS data 

collection and analysis methodology demonstrated here is recommended for use by government 

agencies, fleet owners, and other stakeholders as an independent check on regulatory effectiveness, 

as well as to assess compliance with “green” requirements imposed contractually for some projects 

or by independent certification organizations. 

 

FUTURE WORK 

For the results of motor graders, speed/acceleration analysis was not included due to the objectives of 

the nonroad equipment project.  However, there can be one more real-world activity, roading, for a 

motor grader because of the specialty in a motor grader.  Among all nonroad equipment, a motor 

grader can travel both onroad and nonroad.  This activity mode is for transporting a motor grader 

from the owner yard to work site or one work site to the other.  In roading mode, a motor grader 

typically travels in the range of 25 to 45 mph, whereas other two modes (moving and blade) have less 

than 25 mph.  This roading mode occupied typically 10 to 14 percent of one day of work schedule.  

Thus, further study will be accomplished for the comparison between speed-based duty cycles such 

as roading, blade, and moving. 

 

DISCLAIMER 

The contents of this paper reflect the views of the authors and not necessarily the views of the 

University.  The authors are responsible for the facts and accuracy of the data presented herein.  

The contents do not necessarily reflect the official views or policies of the North Carolina 

Department of Transportation, the Federal Highway Administration, or the Center for Transportation 

and the Environment at the time of publication.  This paper does not constitute a standard, 

specification, or regulation. 
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Table 7-8. Vehicle Information and Test Conditions for the Tested Motor Graders 

Motor Graders  Description 
MG 0a MG 0b MG 1a MG 1b MG 2 MG 3 

Manufacturer Dresser Champion Volvo Volvo Volvo Volvo 
Model 850 G720 G720VHP G720VHP G720B G930 
Year 1990 1993 2001 2001 2004 2007 

GVW (lbs) 37,000 37,000 37,000 37,000 37,000 37,000 
Chassis 

Blade Length (yd) 4 4 4 4 4 4 
Manufacturer Dresser Cummins Cummins Cummins Volvo Volvo 

Model D505T 6C8.3 6C8.3 6C8.3 D7DGBE2 D7 
Year 1990 1993 2001 2001 2004 2007 

Engine Tier 0 0 1 1 2 3 
Aspiration Turbocharged Turbocharged Turbocharged Turbocharged Turbocharged Turbocharged

Displacement 8.27 8.27 8.27 8.27 7.1 7.2 
Cylinders 6 6 6 6 6 6 

Horsepower 167 160 195 195 195 198 
Rated RPM 2,500 2,200 2,200 2,200 2,200 2,100 

Engine 

Accumulated Hours 440 4,554 4,367 3,044 841 3 
Test Fuel a PD B20 PD B20 PD B20 PD B20 PD B20 PD B20

Temperature (°F) 73 45 35 60 48 48 75 87 47 64 83 86
Humidity (%) 44 37 39 72 43 38 54 63 42 44 42 56

Test 
Condition 

Duty Cycle b RC SC SC SC RC RC SC SC SC SC RC RC
a PD = Petroleum Diesel; B20 = B20 Biodiesel 
b RC= Resurfacing Cycle; SC = Shouldering Cycle 
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Table 7-9. Rate of Loss of Data Because of Data Quality Errors 

Amount of Data Lost for Specific Type of Error b ID Fuel Raw a 
(sec) 1 2 3 4 5 6 7 

Error c 

(%) 
QA Data d

(sec) 
PD 11,500 0 60 641 469 238 52 0 13 10,040 MG 0a 
B20 14,304 0 48 541 418 156 0 3 8.2 13,138 
PD 10,602 20 16 404 349 24 0 0 7.7 9,789 MG 0b B20 14,606 0 22 283 106 38 0 9 3.1 14,148 
PD 16,348 10 83 166 284 78 0 0 3.8 15,727 MG 1a B20 19,532 0 92 397 126 317 153 0 5.6 18,447 
PD 7,860 0 37 42 64 54 0 0 2.5 7,663 MG 1b B20 13,415 0 35 229 389 19 8 2 5.1 12,733 
PD 12,205 0 52 150 201 92 0 6 4.1 11,704 MG 2 B20 17,713 13 11 493 2135 62 0 0 15 14,999 
PD 9,262 0 0 293 188 94 0 0 6.2 8,687 MG 3 B20 9,500 0 0 203 167 38 0 0 4.3 9,092 

Overall              
Total Seconds 156,847 43 456 3,842 4,896 1,210 213 20 - 146,167 

Percentage of raw data (%) 0.03 0.29 2.4 3.1 0.77 0.14 0.01 6.8 93.2 
a Total Raw Data 
b Definition of Errors 

1: Missing Manifold Absolute Pressure (MAP) 
2: Unusual Engine Speed (engine RPM) 
3: Analyzer Freezing 
4: Inter-analyzer Discrepancy (IAD) 
5: Air Leakage 
6: Unusual Intake Air Temperature (IAT) 
7: Negative Emission Value 

c Average Error Rate 
d Quality Assured Data 
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Table 7-10. Average Measured Time-Based Emission Factors for NCDOT Motor Graders:  
Comparison of Tiers, Fuels, and Duty Cycles 

B20 Biodiesel Petroleum Diesel Fuel Use and 
Emissions Engine Type Test ID 

RC a SC b RC a SC b 
MG 0a 5.4 3.0 5.8 3.1 
MG 0b 5.5 2.9 5.6 3.0 Tier 0 

Average 4.2 4.4 
MG 1a 5.3 2.9 5.3 3.1 
MG 1b 5.4 2.9 5.4 2.9 Tier 1 

Average 4.2 4.2 
MG 2 5.0 2.9 5.0 2.9 Tier 2 Average 4.0 3.9 
MG 3 4.0 2.0 4.0 2.0 

Fuel Use (g/sec) 

Tier 3 Average 3.0 3.0 
MG 0a 17 9.2 18 9.7 
MG 0b 17 8.9 18 9.3 Tier 0 

Average 13 14 
MG 1a 16 9.1 17 9.6 
MG 1b 17 9.1 17 8.9 Tier 1 

Average 13 13 
MG 2 16 8.9 16 9.0 Tier 2 Average 12 12 
MG 3 12 6.1 13 6.3 

CO2 (g/sec) 

Tier 3 Average 9.1 9.5 
MG 0a 209 112 242 125 
MG 0b 238 123 236 130 Tier 0 

Average 171 183 
MG 1a 163 100 174 110 
MG 1b 185 103 175 103 Tier 1 

Average 138 141 
MG 2 145 98 141 96 Tier 2 Average 122 118 
MG 3 68 49 72 48 

NO as NO2 
 

(mg/sec) c 

Tier 3 Average 59 60 
MG 0a 1.4 0.64 1.7 0.75 
MG 0b 1.4 0.78 1.8 1.0 Tier 0 

Average 1.0 1.3 
MG 1a 1.2 0.71 1.4 0.86 
MG 1b 1.1 0.52 1.4 0.72 Tier 1 

Average 0.88 1.1 
MG 2 0.70 0.50 0.97 0.59 Tier 2 Average 0.60 0.78 
MG 3 0.53 0.31 0.67 0.38 

Opacity-based PM 
 

(mg/sec) 

Tier 3 Average 0.42 0.52 
a RC: Resurfacing Cycle;  b SC: Shouldering Cycle 
c  NO emissions are corrected based on ambient temperature and humidity given in Table 7-8. 
d, e The average emission factor in shaded table cell is based on a high proportion of data below the gas analyzer 

detection limit 
 

(Continued on the next page) 
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Table 7-10. Continued 

B20 Biodiesel Petroleum Diesel Fuel Use and 
Emissions Engine Type Test ID 

RC a SC b RC a SC b 
MG 0a 22 16 28 21 
MG 0b 20 15 21 16 Tier 0 

Average 18 22 
MG 1a 19 11 22 16 
MG 1b 20 15 28 17 Tier 1 

Average 16 21 
MG 2 d 12 8.8 14 13 Tier 2 Average 10 14 
MG 3 e 4.7 3.6 5.5 4.8 

HC (mg/sec) 

Tier 3 Average 4.2 5.1 
MG 0a 37 34 47 34 
MG 0b 28 27 42 42 Tier 0 

Average 31 41 
MG 1a 20 14 20 15 
MG 1b 19 14 25 14 Tier 1 

Average 17 19 
MG 2 d 13 12 13 14 Tier 2 Average 13 14 
MG 3 e 6.1 3.4 12 5.6 

CO (mg/sec) 

Tier 3 Average 4.8 8.6 
a RC: Resurfacing Cycle;  b SC: Shouldering Cycle 
c  NO emissions are corrected based on ambient temperature and humidity given in Table 7-8. 
d, e The average emission factor in shaded table cell is based on a high proportion of data below the gas analyzer 

detection limit. 
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Table 7-11. Average Measured Fuel-Based Emission Factors for the Selected Motor Graders:  
Comparison of Tiers, Fuels, and Duty Cycles 

B20 Biodiesel Petroleum Diesel Emissions Engine Type Test ID 
RC a SC b RC a SC b 

MG 0a 125 121 134 126 
MG 0b 140 136 136 139 Tier 0 

Average 131 134 
MG 1a 99 109 104 113 
MG 1b 111 114 105 115 Tier 1 

Average 108 109 
MG 2 94 110 90 106 Tier 2 Average 102 98 
MG 3 57 82 59 77 

NO as NO2 

 
(g/gallon) c 

Tier 3 Average 69 68 
MG 0a 0.81 0.69 0.93 0.77 
MG 0b 0.88 0.86 1.0 1.1 Tier 0 

Average 0.81 0.96 
MG 1a 0.72 0.78 0.86 0.90 
MG 1b 0.66 0.56 0.80 0.80 Tier 1 

Average 0.68 0.84 
MG 2 0.44 0.55 0.62 0.65 Tier 2 Average 0.50 0.63 
MG 3 0.43 0.52 0.53 0.61 

Opacity-based PM 
 

(g/gallon) 

Tier 3 Average 0.47 0.57 
MG 0a 13 17 16 21 
MG 0b 12 17 12 17 Tier 0 

Average 15 17 
MG 1a 12 11 13 17 
MG 1b 12 17 17 19 Tier 1 

Average 13 16 
MG 2 d 7.6 9.7 9.2 15 Tier 2 Average 8.7 12 
MG 3 e 4.0 6.0 4.5 7.9 

HC (g/gallon) 

Tier 3 Average 5.0 6.2 
MG 0a 23 33 27 34 
MG 0b 17 30 26 46 Tier 0 

Average 26 33 
MG 1a 12 15 12 15 
MG 1b 12 16 15 16 Tier 1 

Average 14 15 
MG 2 d 8.1 14 8.5 15 Tier 2 Average 11 12 
MG 3 e 4.9 5.8 9.3 8.7 

CO (g/gallon) 

Tier 3 Average 5.4 9.0 
a RC: Resurfacing Cycle 
b SC: Shouldering Cycle 
c  NO emissions are corrected based on ambient temperature and humidity given in Table 7-8. 
d, e The average emission factor in shaded table cell is based on a high proportion of data below the gas analyzer 

detection limit. 
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Table 7-12. Percent Changes (%) in Time-and Fuel-Based Emission Factors between Engine Tiers for 
Selected Motor Graders 

NO as NO2 Opacity-based PM HC CO Engine Tiers 
Time a Fuel b Time a Fuel b Time a Fuel b Time a Fuel b 

Tier 1  vs  Tier 0 -21 -18 -17 -14 -6.9 -5.6 -52 -52 
Tier 2  vs  Tier 0 -32 -24 -42 -36 -40 -34 -64 -61 
Tier 3  vs  Tier 0 -67 -48 -60 -41 -77 -64 -81 -76 
Tier 2  vs  Tier 1 -14 -8.0 -30 -26 -35 -30 -26 -19 
Tier 3  vs  Tier 1 -57 -37 -52 -31 -75 -62 -62 -49 
Tier 3  vs  Tier 2 -51 -31 -32 -7.5 -61 -46 -48 -37 

a Time-Based Emission Factor 
b Fuel-Based Emission Factor 
 

Table 7-13. Percent Differences (%) in B20 Biodiesel vs. Petroleum Diesel Emission Factors for 
Each Motor Grader 

Fuel Use and 
Emissions Test ID RC a SC b Average Fuel Use and 

Emissions Test ID RC a SC b Average

MG 0a -6.9 -3.2 -5.6 MG 0a -18 -15 -17 
MG 0b -1.8 -3.3 -2.3 MG 0b -22 -22 -22 
MG 1a 0.0 -6.5 -2.4 MG 1a -14 -17 -15 
MG 1b 0.0 0.0 0.0 MG 1b -21 -28 -24 
MG 2 0.0 0.0 0.0 MG 2 -28 -15 -23 
MG 3 0.0 0.0 0.0 MG 3 -21 -18 -20 

Fuel Use 

Overall Average -1.9 

Opacity-
based PM 

Overall Average -20 
MG 0a -5.6 -5.2 -5.4 MG 0a -21 -24 -22 
MG 0b -5.6 -4.3 -5.1 MG 0b -4.8 -6.3 -5.4 
MG 1a -5.9 -5.2 -5.6 MG 1a -14 -31 -21 
MG 1b 0.0 2.2 0.8 MG 1b -29 -12 -22 
MG 2 0.0 -1.1 -0.4 MG 2 -14 -32 -23 
MG 3 -7.7 -3.2 -6.2 MG 3 -15 -25 -19 

CO2 

Overall Average -3.6 

HC 

Overall Average -19 
MG 0a -14 -10 -13 MG 0a -21 0.0 -12 
MG 0b 0.8 -5.4 -1.4 MG 0b -33 -36 -35 
MG 1a -6.3 -9.1 -7.4 MG 1a 0.0 -6.7 -2.9 
MG 1b 5.7 0.0 3.6 MG 1b -24 0.0 -15 
MG 2 2.8 2.1 2.5 MG 2 0.0 -14 -7.4 
MG 3 -5.6 2.1 -2.5 MG 3 -49 -39 -46 

NO as NO2 

Overall Average -3.6 

CO 

Overall Average -20 
a RC: Resurfacing Cycle 
b SC: Shouldering Cycle 
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Table 7-14. Comparison of Measured Fuel Use Rates versus Owner Records for Selected Motor 
Graders and Fuels 

Engine Fuel Consumption Rate (gal/hr) Vehicle 
ID a Tier Horsepower 

(hp) Size (l) 
Test 
Fuel Fleet 

Owner b PEMS Diff (%) c 

MAP 
Range 
(kPa) 

MG 0a 0 167 8.3 B20 1.6 1.9 19 96-188 
MG 0b 0 160 8.3 PD 4.2 4.8 14 96-201 
MG 1a 1 195 8.3 B20 4.6 4.6 0.0 102-243 
MG 1b 1 195 8.3 B20 4.3 4.7 9.3 96-223 
MG 2 2 198 7.1 PD 5.7 4.4 -23 101-246 
MG 3 3 198 7.2 B20 N/A 3.3 N/A 97-290 

Average of MG 0a to MG 2 4.1 4.1 0.0  
a All 6 motor graders are 37,000 lb. GVW. 
b These fuel consumption rates are averages over 3 years, including 2004, 2005, and 2006. 
c Percent difference in observed fuel consumption rate versus the rate estimated based on the owner records. 
 

 

Table 7-15. Comparison of Emission Rates from Selected Motor Graders based on Real-World Tests 
and EPA’s NONROAD Model Based on Petroleum Diesel 

NOx (g/gallon) a PM (g/gallon) HC (g/gallon) CO (g/gallon) Vehicle 
ID 

Engine 
Tier PEMS b EPA c PEMS b EPA c PEMS b EPA c PEMS b EPA c 

MG 0a 0 134 153 0.93 11 16 14 27 89 
MG 0b 0 136 153 1.0 11 12 14 26 89 
MG 1a 1 104 102 0.86 6.2 13 6.3 12 23 
MG 1b 1 105 102 0.80 6.2 17 6.3 15 23 
MG 2 2 90 74 0.62 2.4 9.2 6.2 8.5 22 
MG 3 3 59 45 0.53 1.6 4.5 3.7 9.3 22 

Overall 59–134 45–153 0.53–0.93 1.6–11 4.5–16 3.7–14 8.5–27 22–89 
a NO emission rates were corrected for ambient temperature and humidity based on U.S. EPA 2003 (40 CFR I 

Section 86.1342-90, 2003). 
b The PEMS field measurement data are based on petroleum diesel for the resurfacing duty cycle. 
c Estimates from the EPA’s NONROAD model based on petroleum diesel.  These estimates were converted from 

g/bhp-hr to g/gallon using an estimate of brake specific fuel consumption (BSFC) of 0.37037 g/bhp-hr (EPA, 2005). 
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Figure 7-6. Example of a Time Series Plot of Manifold Absolute Pressure, Fuel Use, and NO 
Emission for Motor Grader 1a Fueled with B20 Biodiesel 
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NO emissions are corrected based on ambient temperature and humidity given in Table 1. 
Values shown in the figure are the upper end of each MAP range: e.g., “0.1” = 0 ≤ Normalized MAP < 0.1; “0.2” = 
0.1 ≤ Normalized MAP < 0.2, and so on. 
 

Figure 7-7. Example of Comparison between Petroleum Diesel and B20 Biodiesel of Average Fuel 
Use and NO Emission Rates on a Per Time and on a Gallon of Fuel Consumed Basis for Engine-

Based Modes for Motor Grader 1a 
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NO emissions are corrected based on ambient temperature and humidity given in Table 1. 
Idle : Engine on, but the vehicle is not working or moving 
Moving : Movement of the motor grader when the blade is not in contact with the ground (forward or 

backward) 
Blade : Movement of the motor grader when the blade is in contact with the ground. 

Figure 7-8. Example of Comparison between Petroleum Diesel and B20 Biodiesel of Average 
Fuel Use and NO Emission Rates on a Per Time and on a Gallon of Fuel Consumed Basis for 

Task-Oriented Based Modes for Motor Grader 1a 
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Figure 7-9. Cumulative Frequency Distribution of Normalized Manifold Absolute Pressure for 
Two Representative Duty Cycles for a Motor Grader 
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Figure 7-10. Fuel-Based Emission Factors by Engine Tiers Fueled with B20 Biodiesel and 
Resurfacing Duty Cycle 
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The objectives of this research were to:  (1) characterize the baseline real-world in-use 

emissions of selected onroad and nonroad diesel vehicles, including those fueled with B20 

biodiesel, during normal duty cycles; (2) characterize the episodic nature of emissions and fuel 

use; (3) identify factors responsible for variability in emissions and fuel use; and (4) developed 

recommended strategies for reducing fuel use and emissions. 

Based upon a literature review, some of the key factors influencing vehicle emissions 

were found to be engine design, vehicle weight, vehicle load, vehicle activity patterns (including 

speed, acceleration, and operating modes), and ambient conditions.  The results of the literature 

review suggested that key factors to consider in design of a field study include vehicle weight, 

engine design, load, fuel, and operating mode.  Furthermore, ambient conditions should be 

taken into account when comparing NO emission rates measured on different days. 

A variety of methods can be used to measure vehicle emissions.  These include 

dynamometer tests, tunnel studies, remote sensing, and on-board instrumentation.  The latter 

was selected as the preferred method because it enables characterization of real-world duty cycles 

and simultaneous measurement of emissions that occur during actual use. 

The available data for comparing emission rates between B20 biodiesel and petroleum 

diesel are based upon engine dynamometer measurements.  The U.S. EPA has compiled a 

database of this type of data.  Based upon these data, the emission rate of NOx is estimated to 

increase by 2 percent, whereas the emission rates of CO, HC, and PM are estimated to decrease 

by 11, 21, and 10 percent, respectively.   However, these data are based on test procedures that 

are not likely to representative of real-world duty cycles.  Furthermore, these data are average 

emissions for an entire test cycle, and do not enable evaluation of the episodic nature of fuel use 

and emissions.  Thus, there was a need for a field study of in-use emissions on a second-by-

second basis during actual duty cycles. 

Key factors in developing a study design for field data collection include vehicle 
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selection, duty cycles and scheduling, driver selection, site and route selection, and fuel selection.  

Vehicle selection took into account engine model, engine year, engine size, engine tiers, and 

chassis.  The study design was based upon collecting one operating shift of data for each vehicle 

for each of two fuels, including B20 biodiesel and petroleum diesel.  The selection of sites, 

routes, and duty cycles was based on the duty requirements of NCDOT.  The drivers of the 

vehicles were assigned by NCDOT to conduct normal tasks for delivery of materials to sites.  

Thus, the deployment of the PEMS was conducted in such a manner as to observe typically duty 

cycles during actual operation of the vehicles. 

The field study produced a substantial amount of second-by-second data regarding 

vehicle activity, engine data, fuel use, and emissions.  In fact, there are over one-third of a 

million seconds of data.  As a critical part of quality control, steps were taken to carefully 

review the data prior to any analysis in order to identify any problems in the data and either 

correct or remove the errant data.  In general, diagnostic checks of the data identified particular 

types of problems only infrequently.  Once a quality assured data base was developed, these 

data were processed in order to estimate average fuel consumption and emission rates on a modal 

basis.  Furthermore, a methodology for validating the fuel use estimates of the PEMS was 

developed based upon comparison to the amount of fuel consumed as documented by NCDOT. 

For the NONROAD comparison, the average emission rates from the PEMS field 

measurement data are of similar magnitude to those based on the NONROAD model for NO, HC, 

and CO; however, they are much lower in magnitude for PM.  While the opacity measurements 

may be adequate for relative comparisons between fuels or vehicles, they are not considered to be 

accurate with respect to estimation of the absolute magnitude of PM emission rates.  These 

estimates were converted from g/bhp-hr to g/gallon using an estimate of brake specific fuel 

consumption (BSFC) of 0.37037 g/bhp-hr.  Also, the NONROAD estimations are based on the 

same model year and engine size range as the measured vehicles. 
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The main results of the field study measurements are the following: 

• There is substantial variability in fuel use and emission rates by operating mode regardless of 

whether these are analyzed in terms of mass per time, mass per mile driven, or mass per gallon 

of fuel consumed.  The mass per time approach was the most useful for this work because it 

enabled evaluation of the contribution of each second of operation in a given mode to the total 

fuel use and total emissions.  However, for purposes of developing emission inventories in 

the future, NCDOT may find that the mass per gallon of fuel consumed emission factors are 

more useful in that the total amount of fuel consumed is easier to measure and document than 

the amount of time spent or the distance driven. 

• There are extensive data from this study regarding the distribution of operating modes for a 

typical duty cycle with respect to time, distance, fuel consumption, and emissions.  These 

data can be used to improve emissions inventories in combination with the modal emission 

factors by more appropriately weighting the modal emission rates. 

• The baseline real-world in-use emissions of a selected set of diesel vehicles were characterized 

based upon PEMS measurements during normal duty cycles.  These data were partially 

validated with respect to fuel consumption and were compared with engine dynamometer data.  

These consistency checks provide some degree of confidence regarding the reasonableness of 

the PEMS data. 

• The episodic nature of fuel use and emission rates was confirmed based upon comparison of 

the average emission rates for different operating modes.   For example, on a mass per time 

basis, there was typically a factor of 4 to 20 when comparing the mode with the highest rate to 

the mode with the lowest rate.  In many cases, the high acceleration mode had the highest 

mass per time rate and the idle mode had the lowest mass per time rate, but there are some 

exceptions depending on the pollutant. 
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• Factors that were responsible in the observed variability in fuel use and emissions include:  

operating mode, vehicle size, engine type, vehicle weight, and fuel.  The role of operating 

mode is summarized above.  Vehicle size and weight clearly influenced fuel use and 

emissions.  Fuel use and CO2 emissions increase with vehicle size and weight.  The 

emissions of other pollutants typically, but not always, increased by size and weight. 

• In some cases, the type of engine clearly had a significant role.  In particular, NO and opacity 

emission rates were typically lower for higher engine tiers (Tier 2 or Tier 3) than for lower 

engine tiers (Tier 0 or Tier 1). 

• Vehicle load leads to an increase in fuel use and emissions for a given vehicle on an individual 

basis or for groups of vehicles on an average basis.  For the smaller single rear-axle vehicles, 

there was approximately a 26 percent increase in fuel use and emissions associated with an 

averaging doubling of vehicle weight.  For the larger tandems, the vehicle weight with a load 

increases by approximately 140 percent and produces an increase in average fuel use and 

emission rates of 30 to 35 percent. 

• The emission rates on B20 biodiesel were typically lower than those for petroleum diesel for 

NO, CO, HC, and PM.  The finding for NO is somewhat different than that based upon 

engine dynamometer data reported by EPA, but an analysis of average emission rates by 

operating mode suggests that the average NO emission rate for a duty cycle is sensitive to the 

proportional contribution of each mode to the total.  Therefore, a finding is that whether NO 

emissions appear to increase or decrease when comparing the fuels depends, at least on part, 

on what duty cycles are used for making the comparison.. 

• For CO, HC, and PM, the average percentage change in emission rates from the field study 

was comparable to that estimated based upon data reported by EPA.  Also, petroleum diesel 

produces various types of compunds of PM with sulfate and speciated HC.  These 
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compounds may cause a decrease of after-treatment efficiency, which will be implemented in 

Tier 4 vehicle. 

• The higher Tier vehicles have substantially lower emission rates on a time basis than the Tier 0 

vehicles, which was expected from the NONROAD model. 

Based upon the results of the study, the following recommendations are made: 

• The emissions of greatest concern from diesel trucks are NOx and PM, particularly because 

this type of emission source tends to have a higher emission rate for these pollutants than other 

sources and because these two pollutants contribute significantly to ambient air qualities that 

are governed by the National Ambient Air Quality Standards (NAAQS).  Therefore, it is 

recommended that owners and operators of fleets of these types of emission sources 

characterize the emission rates and the emission inventories for their fleets, using real-world 

representative data where possible. 

• It is clear from the comparison of PEMS data to dynamometer data that, while there is some 

consistency or comparability, the former can lead to estimates of emissions that are higher 

than those obtained from the latter at least in part because real-world duty cycles are more 

challenging than the test cycles used for dynamometer testing, and because the former are 

based upon testing of the entire vehicle and not just the engine.  Thus, the collection and 

interpretation of real-world in-use data for duty cycles, as well as for emissions, is 

recommended for other significant categories of vehicles aside from single rear-axle and 

tandem dump trucks. 

• Similarly, the difference in results when comparing B20 biodiesel versus petroleum imply that 

different results can be obtained depending in  part on the duty or test cycle, further 

emphasizing the need for characterization and use of realistic duty cycles when making 

estimates and comparisons of emissions. 
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• The findings that average emission rates were reduced when vehicles were fueled with B20 

biodiesel versus petroleum diesel suggests that there is a benefit to the use of biodiesel fuel in 

terms of emissions that occur within the airsheds where the vehicles operate.  Thus, the 

substitution of B20 biodiesel for petroleum diesel should be evaluated as an option for 

reducing tailpipe emissions especially in airsheds where attainment of the NAAQS for NO2 

and PM may be of concern.  However, based on the recent study from NREL, the ratio of 

NO/NOx does not change significantly for petroleum diesel vs. B20 bioeidsel.  This ratio can 

vary due to the fuel quality of test fuel. 

• Other factors that influence vehicle emissions, such as vehicle load and operating mode, 

provide insight into situations that can produce high emissions.  For example, the highest 

emission rates would be expected to occur for a vehicle that is in medium or high acceleration 

and carrying a load.  To the extent that the vehicle duty cycle could be modified to 

accommodate extenuating circumstances, such as to manage or reduce emissions on a day that 

might be subject to an exceedence of the NAAQS for NO2 or PM, an effort could be made to 

moderate acceleration rates in order to reduce the total emissions for a duty cycle.  However, 

on a day when it is unlikely that an exceedence of the NAAQS might occur, such measures 

would be unnecessary. 

• Although the vehicles tested in this study spent a significant amount of time idling, the total 

fuel use and emissions associated with idling was a small fraction of the total fuel use and 

emissions for the entire duty cycle.  Nonetheless, on a mass per gallon of fuel consumed 

basis, the emission rate during idling can be relatively large.  Therefore, consideration could 

be given to reducing fuel use and emissions by reducing the amount of time spent idling.  For 

example, if it can be predicted that the vehicle will sit idle for an extended period of time, then 

guidelines could be developed regarding when and for how long to shut down the engine. 
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• Fuel consumption rates estimated from the PEMS data were compared to historical fuel usage 

data, where such data were available.  The purpose of this comparison was to assess the 

concordance of the magnitude of fuel consumption rates.  However, because the owner 

records are based on annual averages whereas the field data are from a few hours of operation, 

exact agreement is not expected.  Since emission rates can be estimated from the PEMS data 

on a per gallon of fuel consumed basis, the availability of annual fuel consumption data 

enables the development of fuel based inventories of total annual emissions by vehicle 

category. 

Overall, all of the key research objectives are satisfied based upon the findings and 

recommendations of this study. 

Any study has some limitations that could motivate future work to expand the scope of 

the analysis or to apply improved methods.  A few limitations of this study imply 

recommendations for future work: 

• This study did not address the life cycle emissions associated with production and distribution 

of either B20 biodiesel or petroleum diesel.  Thus, although the tailpipe emissions at the 

location of end-use of the fuel may be lower for B20 biodiesel, this study does not establish 

whether the life cycle emissions are lower or the geographic and temperal scales of emissions 

associated with fuel production and distribution. 

• This study was based upon measurement of NO.  In future work, it would be appropriate to 

measure the ratio of NO to total NOx to verify whether the findings here for NO are fully 

applicable to total NOx.  This could be done either by adding instrumentation during field 

measurements to measure total NOx or NO2, or by using the PEMS simultaneously with a 

dynamometer in order to compare both measurement systems. 

• Additional analysis will be followed among all 35 vehicles based on the model year, tier, 



 

 210

compression ratio, and accumulated operation hours.  For example, the effect of compression 

ratio will be evaluated. 

• For the results from motor graders, speed/acceleration analysis was not included due to the 

objectives of the nonroad project.  However, “roading” for a motor grader transport, “blade” 

for a typical work for a motor grader, and “moving” in the work site will be compared based 

on the vehicle speed.  In roading mode, a motor grader typically travels in the range of 40 to 

50 mph, wherese other two modes (moving and blade) have less than 25 mph. 

• In this study, fuels compliant with ASTM standards had been tested, which could maximize 

the engine efficiency and produce less emission. 

• For the fuel quality study, only some emission related studies are available now.  Thus, 

additional study based on the variability of fuel use rates is recommended for a future work.  

In this study, the ratio of fuel use rates was not significantly different after switching fuels. 

• The PEMS, Montana system, was not initially designed and developed to run in construction 

site.  To solve the challenges that can be encountered in construction site from the PEMS, the 

wireless emissions measurement system (WEMS) was designed.  The WEMS is equipped 

with several new techniques such as real time wireless data transport and monitoring, light-

weight and relatively small, NO2 sensor, and upgraded two parallel five gas analyzers. 

This study did not consider occupational exposures to emissions, especially during idling.  

The benefits of shortening or avoiding long periods of idling with respect to human occupational 

exposures may be of importance, in addition to the relatively small benefits of reductions in total 

fuel use and total emissions.  The effect of reducing idling emission on human exposures could 

be evaluated in future work. 



 

 211

 

 

 

 

PART IX 

 

 

APPENDICES 

 

9.1  COMPARISON OF TOTAL FUEL USE AND EMISSIONS FOR FOUR SELECTED 
CEMENT TRUCKS FUELED WITH PETROLEUM DIESEL vs. B20 BIODIESEL 

 

9.2  TOTAL FUEL USE AND EMISSIONS FOR THREE SELECTED COMBINATION 
TRUCKS (Base Line vs. Fuel Additive) 

 

9.3  BUILD-UP THE PORTABLE WIRELSS EMISSION MEASUREMENT SYSTEM 
(WEMS) 

 
 
 
 
 

Kangwook Kim 



 

 212

9.1  COMPARISON OF TOTAL FUEL USE AND EMISSIONS FOR FOUR 
SELECTED CEMENT TRUCKS FUELED WITH PETROLEUM 
DIESEL vs. B20 BIODIESEL 

 
 

 

 

 

 

Prepared by: 

 

North Carolina State University 

 

 

 

Prepared for: 

 

Lafarge North America 

(Atlanta, GA) 

 

 

 

 

 

 

 

 

 

November 21, 2007 



 

 213

Table 9-1. Data Collection Schedule 

Period Test Vehicle Phase Test Fuel 
Start End 6780704 6780705 6780732 6780738

Status

I Petroleum Diesel 9/17/07 9/21/07 9/20/07 9/18/07 9/21/07 9/19/07 Done

II B20 Biodiesel 10/8/07 10/12/07 10/9/07 10/11/07 10/10/07 10/12/07 Done

 

 

  
 

 

 
Figure 9-1. Pictures of a Lafarge Cement Mixer while Unloading 
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Table 9-2. Data Collection Field Log 

Chassis Engine 
ID 6780704 Year 2006 

License # GA PX469J Make Cummins 
VIN 1HTXHAHT17J461324 Engine Model ISM-350V 
Type Cement Mixer Displacement 10.8 liter 
Year 2006 # of Cylinders 6 
Make International # of Gears 9 
Model Paystar 5600i 6X4 HP @ RPM 335 hp@ 2100 
GVW 66,000 lbs. EGR Yes 

Test Date 9 / 20 / 07 10 / 9 /07 
Test Fuel Petroleum Diesel B20 Biodiesel 

Mileage (mile) 9,303 10,023 
Operation Hours (hr) 1,544 1,681 

Temperature Humidity Temperature Humidity Ambient Condition a 72 ˚F 68 % 73 ˚F 84 % 
Unload 26,000  

Type Concrete Vehicle 
Weight (lb.) Load b 62,408 Weight (lb.) b 36,408 

 
Chassis Engine 

ID 6780705 Year 2006 
License # GA PX468J Make Cummins 

VIN 1HTXHAHT67J526538 Engine Model ISM-350V 
Type Cement Mixer Displacement 10.8 liter 
Year 2006 # of Cylinders 6 
Make International # of Gears 9 
Model Paystar 5600i 6X4 HP @ RPM 335 hp@ 2100 
GVW 66,000 lbs. EGR Yes 

Test Date 9 / 18 / 07 10 / 11 / 07 
Test Fuel Petroleum Diesel B20 Biodiesel 

Mileage (mile) 10,304 11,493 
Operation Hours (hr) 1,502 1,674 

Temperature Humidity Temperature Humidity Ambient Condition a 69 ˚F 58 % 60 ˚F 49 % 
Unload 28,406  

Type Concrete Vehicle 
Weight (lb.) Load b 64,814 Weight (lb.) b 36,408 

a Ambient condition was collected from the Weather Underground website (http://www.wunderground.com). 
b Load weight is estimated based on the density of concrete (4,045 lb/yd3) (Dorf, Richard. Engineering Handbook. 

New York: CRC Press, 1996).  Typical load for each vehicle is 9 cubic yard per each load. 
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Table 9-2. Continued 

Chassis Engine 
ID 6780732 Year 2006 

License # GA PX414J Make Cummins 
VIN 1HTXHAHT27J626567 Engine Model ISM-350V 
Type Cement Mixer Displacement 10.8 liter 
Year 2006 # of Cylinders 6 
Make International # of Gears 9 
Model Paystar 5600i 6X4 HP @ RPM 335 hp@ 2100 
GVW 66,000 lbs. EGR Yes 

Test Date 9 / 21 / 07 10 / 10 / 07 
Test Fuel Petroleum Diesel B20 Biodiesel 

Mileage (mile) 8,945 9,728 
Operation Hours (hr) 1,260 1,386 

Temperature Humidity Temperature Humidity Ambient Condition a 71 ˚F 86 % 73 ˚F 56 % 
Unload 28,406  

Type Concrete Vehicle 
Weight (lb.) Load b 64,814 Weight (lb.) b 36,408 

 
Chassis Engine 

ID 6780738 Year 2006 
License # GA PX037K Make Cummins 

VIN 1HTXHAHT97J526582 Engine Model ISM-350V 
Type Cement Mixer Displacement 10.8 liter 
Year 2006 # of Cylinders 6 
Make International # of Gears 9 
Model Paystar 5600i 6X4 HP @ RPM 335 hp@ 2100 
GVW 66,000 lbs. EGR Yes 

Test Date 9 / 19 / 07 10 / 12 / 07 
Test Fuel Petroleum Diesel B20 Biodiesel 

Mileage (mile) 8,905 10,441 
Operation Hours (hr) 1,161 1,354 

Temperature Humidity Temperature Humidity Ambient Condition a 71 ˚F 57 % 61 ˚F 53 % 
Unload 28,406  

Type Concrete Vehicle 
Weight (lb.) Load b 64,814 Weight (lb.) b 36,408 

a Ambient condition was collected from the Weather Underground website (http://www.wunderground.com). 
b Load weight is estimated based on the density of concrete (4,045 lb/yd3) (Dorf, Richard. Engineering Handbook. 

New York: CRC Press, 1996).  Typical load for each vehicle is 9 cubic yard per each load. 
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Example for Loaded (Outbound) vs. Unloaded (Inbound) 

 

 

 

 
 

 

 

Loading → Loading in Transit → Creeping → Unloading → Unloading in Transit 

 

Figure 9-2. Actual Inbound and Outbound Test Route for a Cement Mixer tested on September 20, 
2007 in Downtown Atlanta, Georgia 

Outbound 

Work Site 

Loading Plant 

Inbound N

S
EW

(Outbound) (Inbound) 
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Definition of Representative Duty Cycles 

 

 Loading : Duty Cycle for Loading Material (zero speed) 

 Loaded in Transit : Duty Cycle in Transit with Load 

 Creeping : Duty Cycle in Work Site 

 Unloading : Duty Cycle for Unloading Material (zero speed) 

 Unloaded in Transit : Duty Cycle in Transit without Load 

 Overall : Combination of All Five Cycles 
 

 

 

 

Figure 9-3. Cumulative Frequency of Manifold Absolute Pressure for Each Duty Cycle 

 

nLO = 205 

nLOTR = 948 

nCreeping = 3,589 

nUN = 1,304 

nUNTR = 1 183
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CONCLUSION 

 

Table 9-3. Total Fuel Use and Emissions based on Representative Real-World Duty Cycles for 
Four Selected Cement Mixers Fueled with Petroleum Diesel and B20 Biodiesel 

Fuel Pollutant 6780704 6780705 6780732 6780738 Average 

Fuel Use (kg) 13.5 13.1 13.8 13.3 13.4 
CO2 (kg) 42.4 40.4 43.7 42.5 42.3 
NO (g) a 278 256 294 256 271 

Opacity (g) 1.64 1.81 2.04 2.00 1.87 
HC (g) 18.5 25.7 25.4 27.5 24.3 

PD 

CO (g) 58.4 70.9 73.3 74.8 69.4 
Fuel Use (kg) 13.7 13.0 14.0 13.1 13.5 

CO2 (kg) 43.3 40.1 44.2 42.1 42.4 
NO (g) a 284 246 287 233 262 

Opacity (g) 1.46 1.51 1.55 1.50 1.51 
HC (g) 10.7 20.6 20.0 16.6 17.0 

B20 

CO (g) 57.0 63.6 58.9 58.2 59.4 
Fuel Use 1.02 0.99 1.01 0.99 1.00 

CO2 1.02 0.99 1.01 0.99 1.00 
NO 1.02 0.96 0.97 0.91 0.97 

Opacity 0.89 0.83 0.76 0.75 0.80 
HC 0.58 0.80 0.79 0.60 0.70 

PD
B20

 

CO 0.98 0.90 0.80 0.78 0.86 
a NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-4. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 6780704 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

Fuel Use (g/s) 0.471 5.42 0.988 0.565 3.33 1.86 
CO2 (g/s) 1.48 17.1 3.11 1.78 10.5 5.87 

NO (mg/s) b 27.6 68.9 31.6 28.3 48.2 38.5 
Opacity (mg/s) 0.059 0.636 0.121 0.074 0.417 0.227 

HC (mg/s) 1.45 5.09 1.85 1.58 3.94 2.56 

PD 

CO (mg/s) 3.39 18.4 5.14 4.15 13.8 8.07 
Fuel Use (g/s) 0.485 5.52 1.00 0.590 3.42 1.90 

CO2 (g/s) 1.52 17.4 3.15 1.86 10.8 6.00 
NO (mg/s) b 28.1 69.1 32.2 28.9 49.9 39.2 

Opacity (mg/s) 0.057 0.567 0.110 0.070 0.365 0.203 
HC (mg/s) 0.843 2.92 1.08 0.914 2.28 1.48 

B20 

CO (mg/s) 3.12 18.7 4.88 3.81 13.7 7.89 
Fuel Use 1.03 1.02 1.01 1.04 1.03 1.02 

CO2 1.03 1.02 1.01 1.04 1.03 1.02 
NO 1.02 1.00 1.02 1.02 1.04 1.02 

Opacity 0.97 0.89 0.90 0.93 0.88 0.89 
HC 0.58 0.57 0.58 0.58 0.58 0.58 

PD
B20

 

CO 0.92 1.01 0.95 0.92 0.99 0.98 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 

Table 9-5. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 
6780704 Cement Mixer 

Representative Real-World Duty Cycle a 
Fuel Pollutant 

LO LOTR CR UN UNTR OC 
NO (g/gal) b 186 40.4 102 159 46.1 65.8 

Opacity (g/gal) 0.397 0.373 0.391 0.419 0.398 0.388 
HC (g/gal) 9.76 2.99 5.95 8.87 3.77 4.37 

PD 

CO (g/gal) 22.9 10.8 16.6 23.3 13.2 13.8 
NO (g/gal) b 187 40.3 104 157 47.0 66.4 

Opacity (g/gal) 0.379 0.330 0.353 0.380 0.344 0.343 
HC (g/gal) 5.60 1.70 3.47 4.99 2.14 2.51 

B20 

CO (g/gal) 20.7 10.9 15.7 20.8 12.9 13.4 
NO 1.00 1.00 1.02 0.99 1.02 1.01 

Opacity 0.96 0.89 0.90 0.91 0.86 0.88 
HC 0.57 0.57 0.58 0.56 0.57 0.57 PD

B20
 

CO 0.90 1.01 0.95 0.89 0.98 0.97 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-6. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 6780704 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LOTR UNTR OC 

Fuel Use (g/mile) 3.21 2.48 1.32 
CO2 (g/mile) 10.1 7.82 4.17 
NO (g/mile) b 66.4 51.3 27.4 

Opacity (g/mile) 0.392 0.303 0.161 
HC (g/mile) 4.41 3.41 1.82 

PD 

CO (g/mile) 13.9 10.8 5.74 
Fuel Use (g/mile) 3.28 2.53 1.35 

CO2 (g/mile) 10.3 7.99 4.26 
NO (g/mile) b 67.7 52.3 27.9 

Opacity (g/mile) 0.350 0.270 0.144 
HC (g/mile) 2.55 1.97 1.05 

B20 

CO (g/mile) 13.6 10.5 5.61 
Fuel Use 1.02 1.02 1.02 

CO2 1.02 1.02 1.02 
NO 1.02 1.02 1.02 

Opacity 0.89 0.89 0.89 
HC 0.58 0.58 0.58 

PD
B20

 

CO 0.98 0.98 0.98 
a Definition of Representative Real-World Duty Cycles 

LOTR: Duty Cycle for loaded in transit; UNTR: Duty Cycle for unloaded in transit; 
OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-7. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 6780705 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

Fuel Use (g/s) 0.464 5.27 0.961 0.549 3.26 1.81 
CO2 (g/s) 1.42 16.3 2.95 1.68 10.1 5.59 

NO (mg/s) b 25.3 63.8 29.0 25.9 44.7 35.4 
Opacity (mg/s) 0.062 0.731 0.131 0.075 0.455 0.251 

HC (mg/s) 2.13 6.86 2.65 2.28 5.33 3.56 

PD 

CO (mg/s) 4.95 21.2 6.78 5.45 15.5 9.81 
Fuel Use (g/s) 0.475 5.20 0.954 0.568 3.22 1.80 

CO2 (g/s) 1.45 16.0 2.93 1.74 9.94 5.54 
NO (mg/s) b 25.0 59.2 28.2 25.6 42.5 34.0 

Opacity (mg/s) 0.050 0.606 0.109 0.061 0.387 0.209 
HC (mg/s) 1.66 5.64 2.09 1.79 4.30 2.85 

B20 

CO (mg/s) 4.74 18.0 6.27 5.12 13.8 8.79 
Fuel Use 1.02 0.99 0.99 1.04 0.99 0.99 

CO2 1.02 0.99 0.99 1.04 0.99 0.99 
NO 0.99 0.93 0.97 0.99 0.95 0.96 

Opacity 0.81 0.83 0.83 0.81 0.85 0.83 
HC 0.78 0.82 0.79 0.79 0.81 0.80 

PD
B20

 

CO 0.96 0.85 0.93 0.94 0.89 0.90 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 

Table 9-8. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 
6780705 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

NO (g/gal) b 174 38.4 95.9 150 43.6 62.1 
Opacity (g/gal) 0.425 0.441 0.433 0.436 0.444 0.439 

HC (g/gal) 14.6 4.14 8.77 13.2 5.20 6.24 
PD 

CO (g/gal) 33.9 12.8 22.4 31.6 15.2 17.2 
NO (g/gal) b 170 36.7 95.2 145 42.5 61.0 

Opacity (g/gal) 0.339 0.376 0.367 0.346 0.387 0.375 
HC (g/gal) 11.3 3.49 7.05 10.2 4.30 5.10 

B20 

CO (g/gal) 32.2 11.2 21.2 29.1 13.8 15.7 
NO 0.98 0.95 0.99 0.97 0.97 0.98 

Opacity 0.80 0.85 0.85 0.79 0.87 0.85 
HC 0.77 0.84 0.80 0.77 0.83 0.82 PD

B20
 

CO 0.95 0.87 0.94 0.92 0.91 0.92 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-9. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 6780705 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LOTR UNTR OC 

Fuel Use (g/mile) 3.13 2.42 1.29 
CO2 (g/mile) 9.65 7.45 3.97 
NO (g/mile) b 61.2 47.2 25.2 

Opacity (g/mile) 0.433 0.334 0.178 
HC (g/mile) 6.14 4.74 2.53 

PD 

CO (g/mile) 16.9 13.1 6.97 
Fuel Use (g/mile) 3.10 2.40 1.28 

CO2 (g/mile) 9.56 7.38 3.94 
NO (g/mile) b 58.8 45.4 24.2 

Opacity (g/mile) 0.361 0.279 0.149 
HC (g/mile) 4.92 3.80 2.03 

B20 

CO (g/mile) 15.2 11.7 6.25 
Fuel Use 0.99 0.99 0.99 

CO2 0.99 0.99 0.99 
NO 0.96 0.96 0.96 

Opacity 0.83 0.83 0.83 
HC 0.80 0.80 0.80 

PD
B20

 

CO 0.90 0.90 0.90 
a Definition of Representative Real-World Duty Cycles 

LOTR: Duty Cycle for loaded in transit; UNTR: Duty Cycle for unloaded in transit; 
OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-10. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 6780732 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

Fuel Use (g/s) 0.508 5.51 1.02 0.609 3.41 1.91 
CO2 (g/s) 1.60 17.4 3.22 1.92 10.8 6.05 

NO (mg/s) b 28.7 72.8 33.2 29.4 52.4 40.7 
Opacity (mg/s) 0.084 0.786 0.155 0.100 0.500 0.282 

HC (mg/s) 1.93 7.21 2.50 2.11 5.46 3.52 

PD 

CO (mg/s) 4.36 23.3 6.53 5.09 17.1 10.1 
Fuel Use (g/s) 0.511 5.51 1.04 0.610 3.49 1.94 

CO2 (g/s) 1.61 17.4 3.30 1.92 11.0 6.12 
NO (mg/s) b 26.7 73.1 31.6 27.6 52.9 39.7 

Opacity (mg/s) 0.072 0.576 0.122 0.084 0.374 0.215 
HC (mg/s) 1.62 5.41 2.05 1.75 4.16 2.77 

B20 

CO (mg/s) 4.23 17.2 5.67 4.65 13.0 8.15 
Fuel Use 1.00 1.00 1.02 1.00 1.02 1.01 

CO2 1.00 1.00 1.02 1.00 1.02 1.01 
NO 0.93 1.00 0.95 0.94 1.01 0.97 

Opacity 0.86 0.73 0.79 0.85 0.75 0.76 
HC 0.84 0.75 0.82 0.83 0.76 0.79 

PD
B20

 

CO 0.97 0.74 0.87 0.91 0.76 0.80 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 

Table 9-11. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 
6780732 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

NO (g/gal) b 180 42.0 103 154 48.8 67.7 
Opacity (g/gal) 0.525 0.453 0.483 0.520 0.466 0.469 

HC (g/gal) 12.1 4.16 7.79 11.0 5.09 5.84 
PD 

CO (g/gal) 27.3 13.5 20.3 26.6 16.0 16.9 
NO (g/gal) b 168 42.7 97.4 146 48.8 66.0 

Opacity (g/gal) 0.456 0.337 0.377 0.445 0.345 0.357 
HC (g/gal) 10.2 3.16 6.32 9.25 3.84 4.61 

B20 

CO (g/gal) 26.6 10.1 17.5 24.5 12.0 13.6 
NO 0.94 1.02 0.94 0.95 1.00 0.98 

Opacity 0.87 0.74 0.78 0.86 0.74 0.76 
HC 0.85 0.76 0.81 0.84 0.75 0.79 PD

B20
 

CO 0.98 0.75 0.86 0.92 0.75 0.80 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-12. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 6780732 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LOTR UNTR OC 

Fuel Use (g/mile) 3.30 2.55 1.36 
CO2 (g/mile) 10.4 8.06 4.30 
NO (g/mile) b 70.2 54.2 28.9 

Opacity (g/mile) 0.487 0.376 0.201 
HC (g/mile) 6.07 4.68 2.50 

PD 

CO (g/mile) 17.5 13.5 7.21 
Fuel Use (g/mile) 3.34 2.58 1.38 

CO2 (g/mile) 10.6 8.15 4.35 
NO (g/mile) b 68.5 52.9 28.2 

Opacity (g/mile) 0.371 0.286 0.153 
HC (g/mile) 4.78 3.69 1.97 

B20 

CO (g/mile) 14.1 10.9 5.80 
Fuel Use 1.01 1.01 1.01 

CO2 1.01 1.01 1.01 
NO 0.97 0.97 0.97 

Opacity 0.76 0.76 0.76 
HC 0.79 0.79 0.79 

PD
B20

 

CO 0.80 0.80 0.80 
a Definition of Representative Real-World Duty Cycles 

LOTR: Duty Cycle for loaded in transit; UNTR: Duty Cycle for unloaded in transit; 
OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-13. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 6780738 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

Fuel Use (g/s) 0.457 5.25 0.961 0.585 3.40 1.84 
CO2 (g/s) 1.43 17.1 3.02 1.84 10.8 5.88 

NO (mg/s) b 25.7 60.9 29.3 26.5 44.9 35.4 
Opacity (mg/s) 0.074 0.780 0.148 0.092 0.506 0.277 

HC (mg/s) 2.25 7.27 2.80 2.45 5.81 3.80 

PD 

CO (mg/s) 4.50 23.3 6.72 5.38 17.5 10.3 
Fuel Use (g/s) 0.468 5.27 0.965 0.572 3.25 1.82 

CO2 (g/s) 1.47 17.2 3.04 1.80 10.4 5.82 
NO (mg/s) b 23.2 56.1 26.5 23.9 41.3 32.2 

Opacity (mg/s) 0.050 0.601 0.107 0.066 0.384 0.208 
HC (mg/s) 1.40 4.28 1.74 1.52 3.44 2.30 

B20 

CO (mg/s) 3.92 17.3 5.46 4.45 13.1 8.05 
Fuel Use 1.02 1.00 1.00 0.98 0.96 0.99 

CO2 1.02 1.01 1.00 0.98 0.96 0.99 
NO 0.90 0.92 0.91 0.90 0.92 0.91 

Opacity 0.68 0.77 0.72 0.71 0.76 0.75 
HC 0.62 0.59 0.62 0.62 0.59 0.60 

PD
B20

 

CO 0.87 0.75 0.81 0.83 0.75 0.78 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 

Table 9-14. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 
6780738 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LO LOTR CR UN UNTR OC 

NO (g/gal) b 179 36.8 96.9 144 42.1 61.1 
Opacity (g/gal) 0.513 0.472 0.491 0.501 0.473 0.479 

HC (g/gal) 15.6 4.40 9.28 13.3 5.44 6.57 
PD 

CO (g/gal) 31.3 14.1 22.2 29.3 16.4 17.9 
NO (g/gal) b 159 34.3 88.4 134 40.8 57.1 

Opacity (g/gal) 0.345 0.368 0.356 0.369 0.380 0.368 
HC (g/gal) 9.62 2.62 5.79 8.54 3.40 4.07 

B20 

CO (g/gal) 26.9 10.6 18.2 25.0 13.0 14.2 
NO 0.89 0.93 0.91 0.93 0.97 0.93 

Opacity 0.67 0.78 0.73 0.74 0.80 0.77 
HC 0.62 0.60 0.62 0.64 0.63 0.62 PD

B20
 

CO 0.86 0.75 0.82 0.86 0.79 0.80 
a Definition of Representative Real-World Duty Cycles 

LO: Duty Cycle for loading; LOTR: Duty Cycle for loaded in transit 
CR: Creeping cycle; UN: Duty Cycle for unloading 
UNTR: Duty Cycle for unloaded in transit; OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Table 9-15. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 6780738 Cement Mixer 

Representative Real-World Duty Cycle a Fuel Pollutant 
LOTR UNTR OC 

Fuel Use (g/mile) 3.18 2.45 1.31 
CO2 (g/mile) 10.2 7.84 4.18 
NO (g/mile) b 61.0 47.1 25.2 

Opacity (g/mile) 0.478 0.370 0.197 
HC (g/mile) 6.56 5.07 2.70 

PD 

CO (g/mile) 17.9 13.8 7.36 
Fuel Use (g/mile) 3.14 2.42 1.29 

CO2 (g/mile) 10.0 7.76 4.14 
NO (g/mile) b 55.6 42.9 22.9 

Opacity (g/mile) 0.359 0.277 0.148 
HC (g/mile) 3.97 3.06 1.64 

B20 

CO (g/mile) 13.9 10.7 5.72 
Fuel Use 0.99 0.99 0.99 

CO2 0.99 0.99 0.99 
NO 0.91 0.91 0.91 

Opacity 0.75 0.75 0.75 
HC 0.60 0.60 0.60 

PD
B20

 

CO 0.78 0.78 0.78 
a Definition of Representative Real-World Duty Cycles 

LOTR: Duty Cycle for loaded in transit; UNTR: Duty Cycle for unloaded in transit; 
OC: Overall Cycle 

b NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
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Comparison of Average Modal Fuel Use and Emission Rates based on Normalized Manifold 
Absolute Pressure (MAP) for Four Selected Vehicles fueled with Petroleum Diesel and B20 

Biodiesel 

 

 

 

• Results for 6780704 
 

• Results for 6780705 
 

• Results for 6780732 
 

• Results for 6780738 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-4. Comparison Between Petroleum Diesel and B20 Biodiesel of Average Fuel Use and 

Emission Rates of Each Pollutant on a Per Time Basis for Engine-Based Modes for 6780704 
Cement Mixer (continued on next page) 
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Figure 9-4. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-5. Comparison Between Petroleum Diesel and B20 Biodiesel of Emission Rates of Each 
Pollutant on a Per Gallon of Fuel Consumed Basis for Engine-Based Modes for 6780704 Cement 

Mixer (continued on next page) 
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Figure 9-5. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-6. Comparison Between Petroleum Diesel and B20 Biodiesel of Average Fuel Use and 

Emission Rates of Each Pollutant on a Per Time Basis for Engine-Based Modes for 6780705 
Cement Mixer (continued on next page) 
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Figure 9-6. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-7. Comparison Between Petroleum Diesel and B20 Biodiesel of Emission Rates of Each 
Pollutant on a Per Gallon of Fuel Consumed Basis for Engine-Based Modes for 6780705 Cement 

Mixer (continued on next page) 
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Figure 9-7. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-8. Comparison Between Petroleum Diesel and B20 Biodiesel of Average Fuel Use and 

Emission Rates of Each Pollutant on a Per Time Basis for Engine-Based Modes for 6780732 
Cement Mixer (continued on next page) 
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Figure 9-8. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-9. Comparison Between Petroleum Diesel and B20 Biodiesel of Emission Rates of Each 
Pollutant on a Per Gallon of Fuel Consumed Basis for Engine-Based Modes for 6780732 Cement 

Mixer (continued on next page) 
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Figure 9-9. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 
Figure 9-10. Comparison Between Petroleum Diesel and B20 Biodiesel of Average Fuel Use and 

Emission Rates of Each Pollutant on a Per Time Basis for Engine-Based Modes for 6780738 
Cement Mixer (continued on next page) 
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Figure 9-10. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-2. 
 
 

Figure 9-11. Comparison Between Petroleum Diesel and B20 Biodiesel of Emission Rates of 
Each Pollutant on a Per Gallon of Fuel Consumed Basis for Engine-Based Modes for 6780738 

Cement Mixer (continued on next page) 
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Figure 9-11. Continued 
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Evaluation of Non-Detected Measurements of Modal Average Gas Concentrations 

 
Table 9-16.  Average Concentrations for Each Pollutant Based on 6780704 Cement Mixer 

Fueled with Petroleum Diesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 375 10.6 0.008 2.12 17.8 

115-135 0.2 275 9.11 0.016 3.28 16.0 
136-156 0.3 152 9.27 0.011 3.25 15.9 
157-178 0.4 144 9.21 0.010 3.82 15.2 
179-199 0.5 138 8.69 0.009 4.16 14.9 
200-220 0.6 160 8.53 0.009 4.83 13.9 
221-242 0.7 218 8.01 0.011 5.94 12.6 
243-263 0.8 214 8.21 0.010 6.40 11.9 
264-284 0.9 237 7.90 0.010 7.01 11.1 
285-306 1 277 7.93 0.009 7.59 10.3 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-17.  Average Concentrations for Each Pollutant Based on 6780704 Cement Mixer 
Fueled with B20 Biodiesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 355 6.13 0.007 2.29 17.7 

115-135 0.2 276 5.20 0.014 3.72 15.8 
136-156 0.3 165 6.00 0.011 3.51 15.8 
157-178 0.4 166 5.81 0.011 4.22 14.9 
179-199 0.5 151 4.37 0.009 4.45 14.5 
200-220 0.6 187 4.93 0.011 5.33 13.1 
221-242 0.7 215 5.47 0.011 5.99 12.2 
243-263 0.8 220 4.94 0.011 6.43 11.4 
264-284 0.9 220 4.68 0.010 6.87 10.9 
285-306 1 258 4.71 0.010 7.65 10.0 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-18.  Average Concentrations for Each Pollutant Based on 6780705 Cement Mixer 
Fueled with Petroleum Diesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 319 13.5 0.010 1.85 18.0 

115-135 0.2 270 12.1 0.011 3.09 16.4 
136-156 0.3 152 12.5 0.011 3.12 16.1 
157-178 0.4 147 11.8 0.010 3.71 15.3 
179-199 0.5 148 12.0 0.010 4.11 14.6 
200-220 0.6 159 11.2 0.010 4.53 13.8 
221-242 0.7 177 10.9 0.011 5.08 12.7 
243-263 0.8 194 11.0 0.012 5.54 11.8 
264-284 0.9 217 10.7 0.012 6.28 11.1 
285-306 1 248 10.9 0.011 6.85 10.5 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
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Table 9-19. Average Concentrations for Each Pollutant Based on 6780705 Cement Mixer Fueled 
with B20 Biodiesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 313 10.2 0.009 1.70 18.3 

115-135 0.2 285 10.0 0.008 2.83 16.7 
136-156 0.3 157 9.72 0.009 2.87 16.5 
157-178 0.4 157 8.91 0.009 3.43 15.7 
179-199 0.5 170 8.91 0.009 4.10 14.7 
200-220 0.6 194 8.79 0.009 4.68 13.7 
221-242 0.7 213 8.53 0.010 5.20 12.9 
243-263 0.8 230 8.44 0.009 5.68 12.1 
264-284 0.9 247 8.62 0.009 6.39 11.3 
285-306 1 260 8.84 0.009 6.75 10.9 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-20. Average Concentrations for Each Pollutant Based on 6780732 Cement Mixer Fueled 
with Petroleum Diesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 388 13.1 0.009 2.36 17.6 

115-135 0.2 260 11.8 0.014 3.67 16.0 
136-156 0.3 154 12.0 0.012 3.42 16.1 
157-178 0.4 160 11.6 0.012 4.50 14.6 
179-199 0.5 153 11.3 0.011 4.77 14.0 
200-220 0.6 164 10.9 0.011 5.15 13.2 
221-242 0.7 185 10.8 0.012 5.78 12.1 
243-263 0.8 195 10.4 0.012 6.27 11.3 
264-284 0.9 209 10.5 0.011 7.00 10.5 
285-306 1 230 10.9 0.012 7.79 9.66 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 
Table 9-21. Average Concentrations for Each Pollutant Based on 6780732 Cement Mixer Fueled 

with B20 Biodiesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 348 11.1 0.008 2.17 17.4 

115-135 0.2 240 10.0 0.009 3.10 16.4 
136-156 0.3 151 10.2 0.009 3.44 15.8 
157-178 0.4 125 9.86 0.009 4.20 14.7 
179-199 0.5 135 9.61 0.009 4.89 13.8 
200-220 0.6 141 9.27 0.009 5.24 13.2 
221-242 0.7 160 9.18 0.008 5.82 12.4 
243-263 0.8 193 8.84 0.009 6.34 11.7 
264-284 0.9 198 8.93 0.009 7.06 11.0 
285-306 1 214 9.27 0.008 7.70 10.4 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
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Table 9-22. Average Concentrations for Each Pollutant Based on 6780738 Cement Mixer Fueled 
with Petroleum Diesel 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
93-114 0.1 342 15.6 0.010 1.92 18.0 

115-135 0.2 256 13.7 0.016 3.71 16.0 
136-156 0.3 156 14.0 0.014 3.94 15.5 
157-178 0.4 147 14.4 0.011 4.29 14.7 
179-199 0.5 152 13.3 0.011 4.61 14.1 
200-220 0.6 186 12.2 0.013 5.44 12.5 
221-242 0.7 192 11.8 0.014 5.72 11.7 
243-263 0.8 195 11.2 0.013 6.06 11.2 
264-284 0.9 208 11.2 0.012 6.56 10.6 
285-306 1 240 11.1 0.012 7.65 9.61 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 
Table 9-23. Average Concentrations for Each Pollutant Based on 6780738 Cement Mixer Fueled 

with B20 Biodiesel 
MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 

93-114 0.1 288 9.28 0.008 1.62 18.4 
115-135 0.2 248 8.41 0.010 3.21 16.4 
136-156 0.3 141 8.02 0.009 2.96 16.6 
157-178 0.4 133 7.60 0.008 3.18 16.2 
179-199 0.5 170 7.66 0.010 4.36 14.2 
200-220 0.6 183 7.31 0.010 4.80 13.5 
221-242 0.7 189 7.30 0.010 5.24 12.9 
243-263 0.8 195 7.18 0.009 5.67 12.3 
264-284 0.9 203 6.71 0.009 6.14 11.7 
285-306 1 228 6.20 0.009 6.73 11.0 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007). 
Tables 9-16 ~ Table 9-23 indicate that the measurements of CO2 and NO are well above the detection limit. 
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Figure 9-12. Regression Analysis between Actual Fuel Use and Measured Fuel Use 

 
Table 24. Total Sample Size for Each Tested Vehicle and Each Fuel 

Vehicle 6780704 6780705 6780732 6780738 

Fuel PD B20 PD B20 PD B20 PD B20 

Total Seconds 30,271 22,870 26,854 33,492 30,426 13,948 21,285 37,188 

 
Table 9-25. Rate of Loss of Data Because of Data Quality Errors for Lafarge-Atlanta Project 

Amount of Data Lost for Specific Type of Error b ID Fuel Rawa 
(sec) 1 2 3 4 5 6 7 

Errorc 

(%) 
QA Datad

(sec) 
PD 31,815 0 4 758 723 59 0 0 4.9 30,271 6780704 
B20 24,014 0 3 659 447 35 0 0 4.8 22,870 
PD 27,848 0 4 285 693 12 0 0 3.6 26,854 6780705 B20 35,167 0 4 706 870 87 4 4 4.8 33,492 
PD 32,373 1 0 1003 912 25 6 0 6.0 30,426 6780732 B20 14,478 7 0 97 413 10 0 3 3.7 13,948 
PD 22,605 3 1 978 319 19 0 0 5.8 21,285 6780738 B20 38,229 0 6 365 644 26 0 0 2.7 37,188 

Overall              
Total Seconds 226,529 11 22 4,851 5,021 273 10 7 - 216,334 

Percentage of Raw Data (%) 0.00 0.01 2.1 2.2 0.12 0.00 0.00 4.5 95.5 
a Total Raw Data 
b Definition of Errors 

1: Missing Manifold Absolute Pressure (MAP) 
2: Unusual Engine Speed (engine RPM) 
3: Analyzer Freezing 
4: Inter-analyzer Discrepancy (IAD) 
5: Air Leakage 
6: Unusual Intake Air Temperature (IAT) 
7: Negative Emission Value 

c Average Error Rate 
d Quality Assured Data 
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9.2  TOTAL FUEL USE AND EMISSIONS FOR THREE SELECTED 
COMBINATION TRUCKS 

 
 

(Base Line vs. Fuel Additive) 
 
 
 
 
 

Prepared by: 
 

North Carolina State University 
 
 
 

Prepared for: 
 

North Carolina Department of Transportation 
(Raleigh, NC) 

 
 
 
 
 
 
 
 
 

November 21, 2007 
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Table 9-26. Data Collection Field Logs 

Chassis Engine Trailer 
ID 215-5714 Year 1999 ID 016-1285 

License # PK 4942 Make Cummins Model GWR 65000 
Type Combination Trailer Engine Model ISM-370 Length 48 feet 
Year 1999 Displacement 10.8 litter Tire 295/75/R22 5G 
Make International # of Cylinders 6    
Model 2574  6X4 # of Gears 13    
GVW 53,220 lbs. HP @ RPM 370 hp@ 2100    

# of Axles 5 Axles with 18 wheels      
Test Condition 

Baseline Test Fuel Additive Test 
Test Date 9/6/07 Test Date 10/3/07 

Truck Weight Unloaded Loaded Truck Weight Unloaded Loaded 
(measured) 33,860 lbs. 41,080 lbs. (measured) 35,460 lbs. 37,120 lbs. 

Temperature Humidity Temperature Humidity Ambient 
Condition a 76 ˚F 70 % 

Ambient 
Condition a 68 ˚F 91 % 

Cargo Replacement Parts Cargo Replacement Parts 
 

Chassis Engine Trailer 
ID 215-5715 Year 1999 ID 016-1287 

License # PM 1645 Make Cummins Model GWR 65000 
Type Combination Trailer Engine Model ISM-370 Length 48 feet 
Year 1999 Displacement 10.8 litter Tire 295/75/R22 5G 
Make International # of Cylinders 6    
Model 2574  6X4 # of Gears 13    
GVW 53,220 lbs. HP @ RPM 370 hp@ 2100    

# of Axles 5 Axles with 18 wheels      
Test Condition 

Baseline Test Fuel Additive Test 
Test Date 8/30/07 Test Date 9/27/07 

Truck Weight Unloaded Loaded Truck Weight Unloaded Loaded 
(measured) 33,120 lbs. 41,400 lbs. (measured) 33,640 lbs. 39,500 lbs. 

Temperature Humidity Temperature Humidity Ambient 
Condition a 75 ˚F 75 % 

Ambient 
Condition a 72 ˚F 84 % 

Cargo Replacement Parts Cargo Replacement Parts 
a Ambient condition was collected from the Weather Underground website (http://www.wunderground.com). 
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Table 9-26. Continued 
Chassis Engine Trailer 

ID 215-6415 Year 2004 ID 016-1286 
License # PM 1073 Make Cummins Model GWR 65000 

Type Combination Trailer Engine Model ISM-500 Length 48 feet 
Year 2004 Displacement 15.0 litter Tire 295/75/R22 5G 
Make International # of Cylinders 6    
Model 9400I  6X4 # of Gears 13    
GVW 54,000 lbs. HP @ RPM 500 hp@ 2100    

# of Axles 5 Axles with 18 wheels      
Test Condition 

Baseline Test Fuel Additive Test 
Test Date 9/4/07 Test Date 10/1/07 

Truck Weight Unloaded Loaded Truck Weight Unloaded Loaded 
(measured) 34,700 lbs. 39,840 lbs. (measured) 33,640 lbs. 43,220 lbs. 

Temperature Humidity Temperature Humidity Ambient 
Condition a 74 ˚F 71 % 

Ambient 
Condition a 61 ˚F 78 % 

Cargo Replacement Parts Cargo Replacement Parts 
a Ambient condition was collected from the Weather Underground website (http://www.wunderground.com). 
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Table 9-27. Data Collection Schedule 

Period Test Vehicle Phase Test 
Start End 215-5714 215-5715 215-6415 

Status

I Baseline Test 8/30/07 9/4/07 9/06/07 8/30/07 9/4/07 Done

II Fuel Additive 9/27/07 10/3/07 10/3/07 9/27/07 10/1/07 Done

 
 

 

   
 

   

Figure 9-13. Pictures of Combination Trucks while Unloading 
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Vehicle Speed Estimation 

Because of the automatic refueling system (ARS), the sensor array was used to measure engine 
data. For vehicle speed data, GPS coordinate was used to estimate.  Figure 2 was illustrated 
based on the GPS coordinates data. 
 
 

 

 

Figure 9-14. One Day of Travel Route for 215-5715 Combination Truck tested on August 30, 
2007 

 

Validation of Speed Estimation from GPS Data 

To validate the speed data from GPS coordinates versus those from engine scanner, one result 
from previous NCDOT dump truck study (2004) was used.  Figure 9-15 shows the comparison 
of speed data from engine scanner versus speed estimations from GPS coordinates.  Both speed 
data were represented as mile per hour unit (mph). 
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Figure 9-15. Comparison of Speed Data from Engine Scanner versus Speed Estimations from 
GPS Coordinates (Result: December 1, 2004 Tier 2 Tandem Dump Truck) 

 

Definition of Duty Cycle 

Figure 9-14 shows the one day of travel route for 215-5715 combination truck tested on August 
30, 2007.  Based on this route, three duty cycles were observed for a combination truck shown 
in Figure 9-16. 

 Highway 1 : Highway Driving with Full Load 

 Highway 2 : Highway Driving with Empty Load 

 Arterial : Arterial Driving with Empty Load 

 Overall : Combination of All Three Cycles (Highway 1, Highway 2, and Arterial) 
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Figure 9-16.  Cumulative Frequency of Manifold Absolute Pressure for Each Duty Cycle tested 

on August 30, 2007 

 

Arterial 

Highway 2

Highway 1

Overall 
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CONCLUSION 

 
Table 9-28. Total Fuel Use and Emissions based on Representative Real-World Duty Cycles for 

Three Selected Combination Trucks with and without Fuel Additives 

Fuel Pollutant 215-5714 215-5715 215-6415 Average 

Fuel Use (kg) 49.1 49.4 50.9 49.8 
CO2 (kg) 152 151 155 153 
NO (kg) a 1.56 1.50 1.79 1.62 

Opacity (g) 3.07 3.17 3.69 3.31 
HC (g) 56.4 57.9 65.2 59.8 

Base Line 

CO (g) 98.9 98.1 103 100 
Fuel Use (kg) 49.1 49.4 50.7 49.8 

CO2 (kg) 152 151 155 153 
NO (kg) a 1.57 1.54 1.79 1.63 

Opacity (g) 3.10 3.19 3.70 3.33 
HC (g) 56.8 57.8 63.1 59.2 

Fuel Additive 

CO (g) 99.3 97.3 101 99 
Fuel Use 1.00 1.00 1.00 1.00 

CO2 1.00 1.00 1.00 1.00 
NO 1.01 1.02 1.00 1.01 

Opacity 1.01 1.01 1.00 1.01 
HC 1.01 1.00 0.97 0.99 

Base
FuelAdd  

CO 1.00 0.99 0.98 0.99 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26.
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Table 9-29. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 215-5714 Combination Truck 

Representative Real-World Duty Cycle  Pollutant 
Highway1 Highway2 Arterial Overall 

Fuel Use (g/s) 7.32 5.59 3.64 5.54 
CO2 (g/s) 22.7 17.3 11.3 17.2 

NO (mg/s) a 241 174 109 176 
Opacity (mg/s) 0.448 0.351 0.236 0.346 

HC (mg/s) 7.88 6.44 4.72 6.36 

Base Line 

CO (mg/s) 13.0 11.7 8.81 11.2 
Fuel Use (g/s) 7.32 5.59 3.64 5.54 

CO2 (g/s) 22.7 17.3 11.3 17.2 
NO (mg/s) a 241 175 112 177 

Opacity (mg/s) 0.457 0.352 0.237 0.350 
HC (mg/s) 7.86 6.53 4.80 6.41 

Fuel Additive 

CO (mg/s) 12.3 11.7 9.7 11.2 
Fuel Use 1.00 1.00 1.00 1.00 

CO2 1.00 1.00 1.00 1.00 
NO 1.00 1.01 1.02 1.01 

Opacity 1.02 1.01 1.01 1.01 
HC 1.00 1.01 1.02 1.01 

Base
FuelAdd  

CO 0.94 1.00 1.10 1.00 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 

 
Table 9-30. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 

215-5714 Combination Truck 
Representative Real-World Duty Cycle  Pollutant 

Highway1 Highway2 Arterial Overall 
NO (g/gal) a 106 100 96.8 102 

Opacity (g/gal) 0.197 0.202 0.209 0.201 
HC (g/gal) 3.47 3.71 4.18 3.70 

Base Line 

CO (g/gal) 5.72 6.73 7.80 6.49 
NO (g/gal) a 106 101 99.1 103 

Opacity (g/gal) 0.201 0.203 0.210 0.203 
HC (g/gal) 3.46 3.76 4.25 3.73 

Fuel Additive 

CO (g/gal) 5.39 6.74 8.60 6.51 
NO 1.00 1.01 1.02 1.01 

Opacity 1.02 1.01 1.01 1.01 
HC 1.00 1.01 1.02 1.01 Base

FuelAdd  

CO 0.94 1.00 1.10 1.00 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
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Table 9-31. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 215-5714 Combination Truck 

Representative Real-World Duty Cycle Fuel Pollutant 
Highway1 Highway2 Arterial Overall 

Fuel Use (g/mile) 1.01 1.37 2.19 0.461 
CO2 (g/mile) 3.14 4.26 6.80 1.43 
NO (g/mile) a 32.2 43.6 69.6 14.6 

Opacity (g/mile) 0.063 0.086 0.137 0.029 
HC (g/mile) 1.16 1.58 2.52 0.529 

Base Line 

CO (g/mile) 2.04 2.77 4.42 0.929 
Fuel Use (g/mile) 1.01 1.37 2.19 0.461 

CO2 (g/mile) 3.1 4.26 6.80 1.43 
NO (g/mile) a 32.4 44.0 70.2 14.7 

Opacity (g/mile) 0.064 0.087 0.139 0.029 
HC (g/mile) 1.17 1.59 2.54 0.533 

Fuel Additive 

CO (g/mile) 2.05 2.78 4.44 0.932 
Fuel Use 1.00 1.00 1.00 1.00 

CO2 1.00 1.00 1.00 1.00 
NO 1.01 1.01 1.01 1.01 

Opacity 1.01 1.01 1.01 1.01 
HC 1.01 1.01 1.01 1.01 

Base
FuelAdd  

CO 1.00 1.00 1.00 1.00 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
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Table 9-32. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 215-5715 Combination Truck 

Representative Real-World Duty Cycle  Pollutant 
Highway1 Highway2 Arterial Overall 

Fuel Use (g/s) 7.47 5.62 3.57 5.58 
CO2 (g/s) 22.8 17.1 10.9 17.0 

NO (mg/s) a 231 167 107 169 
Opacity (mg/s) 0.482 0.353 0.232 0.358 

HC (mg/s) 8.31 6.57 4.63 6.53 

Base Line 

CO (mg/s) 13.4 11.3 8.41 11.1 
Fuel Use (g/s) 7.479 5.59 3.58 5.58 

CO2 (g/s) 22.8 17.0 10.9 17.0 
NO (mg/s) a 237 172 108 173 

Opacity (mg/s) 0.477 0.359 0.238 0.360 
HC (mg/s) 8.39 6.48 4.60 6.52 

Fuel Additive 

CO (mg/s) 12.8 11.6 8.60 11.0 
Fuel Use 1.00 0.99 1.00 1.00 

CO2 1.00 0.99 1.00 1.00 
NO 1.03 1.03 1.00 1.02 

Opacity 0.99 1.02 1.03 1.01 
HC 1.01 0.99 0.99 1.00 

Base
FuelAdd  

CO 0.95 1.02 1.02 0.99 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
 

Table 9-33. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 
215-5715 Combination Truck 

Representative Real-World Duty Cycle  Pollutant 
Highway1 Highway2 Arterial Overall 

NO (g/gal) a 99.4 95.8 96.9 97.8 
Opacity (g/gal) 0.208 0.202 0.209 0.206 

HC (g/gal) 3.58 3.76 4.18 3.77 
Base Line 

CO (g/gal) 5.78 6.50 7.58 6.39 
NO (g/gal) a 102 99.0 97.1 100 

Opacity (g/gal) 0.206 0.207 0.214 0.208 
HC (g/gal) 3.61 3.74 4.14 3.77 

Fuel Additive 

CO (g/gal) 5.50 6.67 7.74 6.34 
NO 1.03 1.03 1.00 1.02 

Opacity 0.99 1.02 1.02 1.01 
HC 1.01 0.99 0.99 1.00 Base

FuelAdd  

CO 0.95 1.03 1.02 0.99 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
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Table 9-34. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 215-5715 Combination Truck 

Representative Real-World Duty Cycle Fuel Pollutant 
Highway1 Highway2 Arterial Overall 

Fuel Use (g/mile) 1.02 1.38 2.21 0.464 
CO2 (g/mile) 3.11 4.22 6.73 1.41 
NO (g/mile) a 31.0 42.0 67.1 14.1 

Opacity (g/mile) 0.065 0.089 0.142 0.030 
HC (g/mile) 1.19 1.62 2.58 0.543 

Base Line 

CO (g/mile) 2.03 2.75 4.38 0.921 
Fuel Use (g/mile) 1.020 1.38 2.21 0.464 

CO2 (g/mile) 3.11 4.22 6.73 1.41 
NO (g/mile) a 31.7 43.0 68.7 14.4 

Opacity (g/mile) 0.066 0.089 0.142 0.030 
HC (g/mile) 1.19 1.62 2.581 0.542 

Fuel Additive 

CO (g/mile) 2.01 2.72 4.34 0.913 
Fuel Use 1.00 1.00 1.00 1.00 

CO2 1.00 1.00 1.00 1.00 
NO 1.02 1.02 1.02 1.02 

Opacity 1.01 1.01 1.01 1.01 
HC 1.00 1.00 1.00 1.00 

Base
FuelAdd  

CO 0.99 0.99 0.99 0.99 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
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Table 9-35. Time-Based Average Fuel Use and Emission Factors based on Representative Real-
World Duty Cycles for 215-6415 Combination Truck 

Representative Real-World Duty Cycle  Pollutant 
Highway1 Highway2 Arterial Overall 

Fuel Use (g/s) 7.65 5.77 3.72 5.74 
CO2 (g/s) 23.4 17.6 11.4 17.5 

NO (mg/s) a 277 199 126 202 
Opacity (mg/s) 0.538 0.421 0.283 0.416 

HC (mg/s) 9.11 7.44 5.46 7.36 

Base Line 

CO (mg/s) 13.5 12.2 9.18 11.6 
Fuel Use (g/s) 7.61 5.76 3.73 5.72 

CO2 (g/s) 23.3 17.6 11.4 17.5 
NO (mg/s) a 276 199 127 202 

Opacity (mg/s) 0.545 0.420 0.283 0.418 
HC (mg/s) 8.46 7.49 5.41 7.12 

Fuel Additive 

CO (mg/s) 12.6 12.1 9.48 11.4 
Fuel Use 1.00 1.00 1.00 1.00 

CO2 1.00 1.00 1.00 1.00 
NO 1.00 1.00 1.01 1.00 

Opacity 1.01 1.00 1.00 1.00 
HC 0.93 1.01 0.99 0.97 

Base
FuelAdd  

CO 0.93 1.00 1.03 0.98 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
 

Table 9-36. Fuel-Based Emission Factors based on Representative Real-World Duty Cycles for 
215-6415 Combination Truck 

Representative Real-World Duty Cycle 
 Pollutant 

Highway1 Highway2 Arterial Overall 
NO (g/gal) a 117 111 109 113 

Opacity (g/gal) 0.227 0.235 0.245 0.233 
HC (g/gal) 3.84 4.15 4.72 4.13 

Base Line 

CO (g/gal) 5.70 6.79 7.95 6.52 
NO (g/gal) a 117 111 110 114 

Opacity (g/gal) 0.230 0.235 0.244 0.235 
HC (g/gal) 3.58 4.19 4.68 4.00 

Fuel Additive 

CO (g/gal) 5.34 6.79 8.19 6.40 
NO 1.00 1.00 1.01 1.00 

Opacity 1.02 1.00 1.00 1.01 
HC 0.93 1.01 0.99 0.97 Base

FuelAdd  

CO 0.94 1.00 1.03 0.98 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
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Table 9-37. Travel Distance-Based Average Fuel Use and Emission Factors based on 
Representative Real-World Duty Cycles for 215-6415 Combination Truck 

Representative Real-World Duty Cycle Fuel Pollutant 
Highway1 Highway2 Arterial Overall 

Fuel Use (g/mile) 1.05 1.42 2.27 0.477 
CO2 (g/mile) 3.21 4.35 6.94 1.46 
NO (g/mile) a 36.9 50.1 79.9 16.8 

Opacity (g/mile) 0.076 0.103 0.165 0.035 
HC (g/mile) 1.35 1.83 2.91 0.612 

Base Line 

CO (g/mile) 2.13 2.88 4.60 0.967 
Fuel Use (g/mile) 1.05 1.42 2.27 0.476 

CO2 (g/mile) 3.20 4.34 6.93 1.46 
NO (g/mile) a 37.0 50.1 80.0 16.8 

Opacity (g/mile) 0.076 0.104 0.165 0.035 
HC (g/mile) 1.30 1.77 2.82 0.592 

Fuel Additive 

CO (g/mile) 2.08 2.83 4.51 0.947 
Fuel Use 1.00 1.00 1.00 1.00 

CO2 1.00 1.00 1.00 1.00 
NO 1.00 1.00 1.00 1.00 

Opacity 1.00 1.00 1.00 1.00 
HC 0.97 0.97 0.97 0.97 

Base
FuelAdd  

CO 0.98 0.98 0.98 0.98 
a NO emission are corrected based on the ambient temperature and humidity given in Table 9-26. 
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Average Modal Fuel Use and Emission Rates based on Normalized MAP for Three Selected 

Combination Trucks 
(Baseline vs. Fuel Additive) 

 
 
 

• Results for 215-5714 
 

• Results for 215-5715 
 

• Results for 215-6415 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-26. 
 

 

Figure 9-17. Average Fuel Use and Emission Rates of Each Pollutant on a Per Time Basis for 
Engine-Based Modes for 215-5714 Combination Truck 
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Figure 9-17. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-26. 
 
 

Figure 9-18. Emission Rates of Each Pollutant on a Per Fuel Basis for Engine-Based Modes for 
215-5714 Combination Truck 
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Figure 9-18. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-26. 
 
 

Figure 9-19. Average Fuel Use and Emission Rates of Each Pollutant on a Per Time Basis for 
Engine-Based Modes for 215-5715 Combination Truck 
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Figure 9-19. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-26. 
 
 

Figure 9-20. Emission Rates of Each Pollutant on a Per Fuel Basis for Engine-Based Modes for 
215-5715 Combination Truck 
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Figure 9-20. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-26. 
 
 

Figure 9-21. Average Fuel Use and Emission Rates of Each Pollutant on a Per Time Basis for 
Engine-Based Modes for 215-6415 Combination Truck 
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Figure 9-21. Continued 
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NO emissions are corrected based on ambient temperature and humidity given in Table 9-26. 
 
 

Figure 9-22. Emission Rates of Each Pollutant on a Per Fuel Basis for Engine-Based Modes for 
215-6415 Combination Truck 
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Figure 9-22. Continued 
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Evaluation of Non-Detected Measurements of Modal Average Gas Concentrations 
 

Table 9-38. Average Concentrations for Each Pollutant Based on 215-5714 Combination Truck 
Fueled for the Baseline Test 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
91-108 0.1 163 14.4 0.008 1.47 18.6 

109-126 0.2 290 12.0 0.011 3.93 15.6 
127-144 0.3 470 11.4 0.010 4.70 14.1 
145-162 0.4 545 11.2 0.008 5.46 13.1 
163-180 0.5 658 11.2 0.007 5.68 12.7 
181-198 0.6 742 11.6 0.006 5.84 12.5 
199-216 0.7 786 11.7 0.006 6.20 12.0 
217-234 0.8 790 11.9 0.006 6.54 11.5 
235-252 0.9 809 11.4 0.006 6.94 11.0 
253-270 1 643 11.4 0.006 7.33 10.4 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-39. Average Concentrations for Each Pollutant Based on 215-5714 Combination Truck 
Fueled for the Fuel Additive Test 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
91-108 0.1 180 9.14 0.009 1.52 18.7 

109-126 0.2 283 14.5 0.015 3.94 15.7 
127-144 0.3 306 12.6 0.011 4.91 14.5 
145-162 0.4 469 15.4 0.006 5.22 14.0 
163-180 0.5 608 14.2 0.004 5.21 13.6 
181-198 0.6 628 11.8 0.004 5.20 13.6 
199-216 0.7 669 7.52 0.004 5.38 13.4 
217-234 0.8 701 7.91 0.004 5.63 13.0 
235-252 0.9 683 8.64 0.005 5.96 12.5 
253-270 1 677 15.8 0.006 6.38 11.7 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-40. Average Concentrations for Each Pollutant Based on 215-5715 Combination Truck 
Fueled for the Baseline Test 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
91-107 0.1 210 10.9 0.007 1.48 18.8 

108-123 0.2 295 8.94 0.010 3.45 16.0 
124-139 0.3 389 9.46 0.009 4.49 14.7 
140-155 0.4 481 9.72 0.008 5.08 13.9 
156-171 0.5 571 10.7 0.006 5.26 13.5 
172-187 0.6 581 10.9 0.007 5.71 12.9 
188-203 0.7 628 11.5 0.006 5.98 12.5 
204-219 0.8 692 12.0 0.006 6.26 12.0 
220-235 0.9 718 11.2 0.006 6.46 11.8 
236-252 1 595 9.44 0.007 7.03 11.0 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
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Table 9-41. Average Concentrations for Each Pollutant Based on 215-5715 Combination Truck 
Fueled for the Fuel Additive Test 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
91-107 0.1 217 11.7 0.008 1.50 18.7 

108-123 0.2 272 12.7 0.010 3.76 16.1 
124-139 0.3 387 12.3 0.009 4.41 14.8 
140-155 0.4 511 13.1 0.008 5.07 13.7 
156-171 0.5 635 12.6 0.007 5.25 13.3 
172-187 0.6 698 13.2 0.006 5.48 12.9 
188-203 0.7 705 14.1 0.006 5.84 12.3 
204-219 0.8 747 16.0 0.006 6.12 11.9 
220-235 0.9 792 12.1 0.006 6.49 11.5 
236-252 1 768 15.3 0.006 6.85 11.1 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-42. Average Concentrations for Each Pollutant Based on 215-6415 Combination Truck 
Fueled for the Baseline Test 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
91-112 0.1 150 13.9 0.017 2.33 18.4 

113-133 0.2 394 17.1 0.012 2.28 18.5 
134-155 0.3 438 12.6 0.011 3.58 16.7 
156-176 0.4 411 9.2 0.008 4.90 14.8 
177-198 0.5 414 8.9 0.009 5.89 13.4 
199-219 0.6 564 8.7 0.009 6.29 12.7 
220-241 0.7 580 8.6 0.008 6.66 12.1 
242-262 0.8 608 8.6 0.008 6.88 11.8 
263-284 0.9 663 8.6 0.009 7.27 11.1 
285-306 1 732 8.5 0.010 7.98 10.1 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
 

Table 9-43. Average Concentrations for Each Pollutant Based on 215-6415 Combination Truck 
Fueled for the Fuel Additive Test 

MAP Range N_MAP NO (ppm) HC (ppm) CO (%) CO2 (%) O2 (%) 
91-112 0.1 150 13.1 0.014 1.73 18.4 

113-133 0.2 425 11.0 0.010 3.35 16.5 
134-155 0.3 460 10.2 0.008 3.95 15.4 
156-176 0.4 466 10.6 0.008 5.22 13.7 
177-198 0.5 449 9.06 0.008 5.72 12.9 
199-219 0.6 449 8.04 0.008 6.10 12.4 
220-241 0.7 556 7.62 0.007 6.28 12.1 
242-262 0.8 583 8.24 0.007 6.55 11.7 
263-284 0.9 622 8.63 0.007 6.80 11.3 
285-306 1 726 8.30 0.010 7.41 10.4 

Detection Limit for HC and CO are approximately 13 ppm and 0.012 vol-% (Frey et al., 2007) 
Tables 9-38 ~ 9-43 indicate that the measurements of CO2 and NO are well above the detection limit. 
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Figure 9-23. Regression Analysis between Actual Fuel Use and Measured Fuel Use 
 

Table. 9-44 Total Sample Size for Each Tested Vehicle and Each Fuel 
Vehicle 215-5714 215-5715 215-6415 

Test Type Base Fuel Additive Base Fuel Additive Base Fuel Additive

Total Seconds 11,324 8,606 19,545 15,186 22,083 19,130 

 
Table 9-45.  Rate of Loss of Data Because of Data Quality Errors for NCDOT Fuel Additive 

Project 
Amount of Data Lost for Specific Type of Error c ID Fuel a Raw b 

(sec) 1 2 3 4 5 6 7 
Error d 

(%) 
QA e
(sec)

BASE 11,856 0 0 204 243 85 0 0 4.5 11,324215-5714 
FADD 9,097 0 6 208 216 61 0 0 5.4 8,606
BASE 20,600 0 10 358 485 202 0 0 5.1 19,545215-5715 FADD 15,793 0 0 296 176 133 2 0 3.8 15,186
BASE 22,742 0 7 197 343 108 0 4 2.9 22,083215-6415 FADD 19,734 10 0 210 263 116 0 5 3.1 19,130

Overall              
Total Seconds 99,822 10 23 1,473 1,726 705 2 9 - 95,874
Percentage of raw data (%) 0.01 0.02 1.5 1.7 0.71 0.00 0.01 4.0 96.0 

a BASE: Baseline test with B20 biodiesel;  FADD: Test with fuel additive 
b Total Raw Data 
c Definition of Errors 

1: Missing Manifold Absolute Pressure (MAP) 
2: Unusual Engine Speed (engine RPM) 
3: Analyzer Freezing 
4: Inter-analyzer Discrepancy (IAD) 
5: Air Leakage 
6: Unusual Intake Air Temperature (IAT) 
7: Negative Emission Value 

d Average Error Rate 
e Quality Assured Data 
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9.3  BUILD-UP THE PORTABLE WIRELSS EMISSION MEASUREMENT SYSTEM 

 

 

 

(WEMS) 

 

Proposal 

 

 

 

Kangwook Kim 



 

 279

9.3.0 Objective 

Given our poor experience with the Montana system and CATI (Clean Air Technologies Inc.)'s 

lack of ability to fix things in a timely manner, it might be good time to consider developing our 

own system.  The WEMS can be one good option.  Key requirements for the WEMS are, 

• Second-by-second data acquisition capability and data security: continuous records of 

data able to save data even in malfunction of instrument 

• Continuous Particulate Matter (PM) and 5 different gases (NO, HC, CO, CO2, and O2) 

measurement (NO2 in option) 

• Flexibility to accept engine scanner data from all types of vehicles including 

construction vehicles 

• Engine data acceptance compatible to special interface (i.e. CAT ET or Sensor Array) 

• Global Positioning System (GPS) with barometric altimeter 

• Durability to outer conditions such as vibration, weather, and test site environment 

• Ambient data acquisition capability such as temperature, humidity, and barometric 

pressure 

• Remote operation within 1,000 feet 

9.3.1  General Concept of the WEMS 

There is lots of difficulty to collect data especially from construction vehicles.  For instance, 

difficulties can be vibration from construction vehicle, dust in construction site, and climate 

(rain).  Because of the physical damage of the main unit of the Montana system from those 

difficulties, we have experienced data loss problems several times.  Moreover, it is hard to 

detect system errors while data collection because of the inaccessibility to a test vehicle.  Also, 

it is difficult to collect engine data from construction vehicles using the method of the Montana 

system.  Because of the difficulties mentioned above, they became the motives to build the 



 

 280

WEMS. 

The WEMS has a wireless function, and more engine variables can be collected from 

National Instruments (NI) CAN Interface.  The WEMS is installed inside a test vehicle, and data 

collection crew can monitor the data collection status 1,000 feet apart using a laptop.  Figure 9-1 

shows the overall shape of data collection using the WEMS from a construction vehicle.  Using 

the Global Positioning System (GPS) receiver, the WEMS can read the location of test vehicle. 

 
 
 
 
 

 
 

Figure 9-24.  Overall Shape of the WEMS While Data Collection 
 

9.3.2  Wireless Emission Measurement System (WEMS) 

The WEMS installed in the vehicle has five parts: Emission Device Control Room (EDCR), 

Analyzer Box (AB), GPS receiver, engine scanner, and power battery.  The EDCR has 2 USB 

ports and 8 RS-232 serial ports for connecting all devices.  The AB contains two 5-gas analyzer 

and PM photometer.  For engine sensor, NI CAN Interface is initially placed in the EDCR.  

Sensor array and heavy (or light) duty scanner can be installed additionally outside of the WEMS 

when needed.  The GPS receiver will be installed on the roof of the vehicle.  Power battery 

will be placed outside of the vehicle in secure place.  The sizes of EDCR and AB are 11×8.5×8 

inches and 15×9×8 inches respectively.  The weight of EDCR and AB is 10 to 15 lb. without 

power battery. 

The WEMS is small enough to be installed inside a test vehicle or cab.  Thus, there will 

1,000 Feet
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be no interference of driver’s sight, installation difficulties, or dust damage.  All described 

problems can be solved easily just using the WEMS.  Also, the WEMS has a battery monitor 

sensor easy to monitor the remained battery power.  Major components of the WEMS are, 

• Emission Device Control Room (PXI-8105) 

• Analyzers (5-Gases and PM) 

• Engine Scanner (CAN Interface, Sensor Array, and Heavy (or Light) Duty Scanner) 

• Power Battery 

• Battery Monitor 

• Global Positioning System (GPS) Receiver 

• Wireless Transmitter and Router 

• Remote Control Center (Laptop computer) 

Figure 9-25 shows the schematic diagram of the WEMS.  Following sections (9.3.2.1 to 

9.3.2.11) describe each part in detail. 
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Figure 9-25. The Schematic Diagram of the WEMS 
 
 

9.3.2.1  Power Battery and Battery Monitor (Marine Battery, LM 3914) 

A Marine battery supplies power to the WEMS.  One power battery can support 5 hours 

operation of the WEMS.  It has 10×7×8 inches size and approximately 30 lb. of weight.  For 

finding optimal time of replacing a battery, a battery monitoring sensor is installed.  One of 

battery monitoring sensor, LM 3914, is able to monitor the remained power in the battery. 

9.3.2.2  Emission Device Control Room (PXI-8105) 

National Instruments PXI-8105 is chosen for the EDCR of the WEMS.  This 10 lb. PXI-8105 is 

a rugged and PC-based platform for real time measurement and automation systems.  NI PXI-

8105 integrates a 2.0 GHz Core Duo CPU processor, 60GB hard drive, 2,048 KB cache memory, 

512 MB to 2 GB RAM, Ethernet/LAN, video, 8 port RS-232 serials, 2 USB ports, and other 

PM Photometer (TRI) 
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Gas Analyzer II (Andros 6900) 
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peripherals, as well as Microsoft Windows XP based operation.  This PXI-8105 supports high-

speed data processing capability, the enhanced complete communication networks between 

installed devices with simple connections (USB or RS-232 serials), and widening compatibility.  

In addition to lightweight and low power consumption advantages, it is resistant to high 

vibrations, humidity and temperature extremes.  One NI LabVIEW program can control the 

entire system over the network and peripherals. 

9.3.2.3  Gas Analyzer I and II (Andros 6900 5-Gas Analyzer) 

For 5-gas Analyzer I and II, two identical Andros 6900 models are chosen for the WEMS.  The 

Andros 6900 analyzer is the newest analyzer in Andros Company.  The Andros 6900 measures 

NO, HC, CO, CO2, and O2 continuously, on a second-by-second basis.  For HC, CO and CO2 

measurement, non-dispersive infrared (NDIR) is used. NO and O2 measurement, electrochemical 

sensors are used.  In addition, this analyzer has simple and easy connections to other devices 

using RS-232 serial.  To reduce the communication failure between each component, the Andros 

6900 combines all component (analyzer, pump, solenoid valve, analyzer circuit board, and water 

filter) into one.  The Andros 6900 generates zeroing requests every 30 minutes of operations.  

For zeroing, it takes approximately 40 seconds each time.  Gas Analyzer II goes in zeroing 

mode in the middle of operation of Gas Analyzer I. 

9.3.2.4  PM Photometer (TRI Photometer) 

There are two gas flows.  One is for gas analyzers, and the other is for PM measurement.  For 

PM concentration reading, the TRI Photometer is chosen.  The TRI Photometer uses light 

scattering techniques to read PM concentration.  It is the same photometer used in the Montana 

system. 

9.3.2.5  GPS Receiver (Garmin 60CSx) 

The Garmin 60CSx is a proper model for research and marine use.  This unit features a 

removable micro SD card that is pre-loaded with topological US map and city navigator street 
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map.  Map data, transfer routes, and waypoints can be downloaded through the unit’s USB 

connection.  In addition, this unit features a highly sensitive GPS receiver that acquires satellites 

signals in challenging location or condition, such as heavy foliage or deep canyon.  The Garmin 

60CSx also incorporates a barometric altimeter for accurate elevation data and an electronic 

compass that displays an accurate heading.  Elevation data provides current elevation, 

ascent/descent rate, minimum/maximum elevation, total ascent and descent, average and 

maximum ascent and descent rate. 

9.3.2.6  Engine Scanner (NI CAN Interface) 

The high speed NI CAN Interface can read the electronically controlled vehicles, from which 

engine and vehicle data may be downloaded during vehicle operation.  The high speed NI CAN 

Interface can communicate with devices using transfer rates up to 1Mb/sec.  This device can 

read even in light duty and heavy duty vehicles such as Ford and Caterpillar vehicles.  The 

LabVIEW can support real-time engine signals via NI CAN Interface. 

9.3.2.7  Sensor Array (Capelec 470 UFSMT XS) 

For all engines without electronic control module (ECM), the sensor array is used to get engine 

data such as engine speed, manifold absolute pressure (MAP), and intake air temperature (IAT). 

A Capelec 470 UFSMT XS sensor array unit used in the Montana System is chosen for the 

WEMS in non-electronically controlled vehicle. 

9.3.2.8  Optional HD and LD Engine Scanner (Nexiq USB-Link and Snap-on SOLUS) 

The heavy (or light) duty engine scanner can be used to download the engine variables connected 

to the data link of electronically controlled vehicles.  For heavy duty engines, the Nexiq USB-

Link is chosen to connect the heavy duty vehicle interface to the WEMS.  It communicates 

using bluetooth wireless between the WEMS and the vehicle interface.  For light duty engines, 

the Snap-on SOLUS is selected.  It is able to communicate with all vehicles after 1996. 
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9.3.2.9  Remote Control Center (Dell CPS M1210) 

To control and monitor the WEMS, a laptop is needed as the Remote Control Center (RCC).  To 

get enough data processing speed and data logging, Pentium 4 2.4 GHz processor with 512 MB 

RAM laptop computer is chosen.  One customized laptop computer from Dell Company, Dell 

CPS M1210, matches with this condition. 

9.3.2.10  Wireless Ethernet Transmitter (Linksys WRT350N Wireless-N Gigabit Router 

with Storage Link with Wireless-N USB Network Adapter) 

Linksys WRT350N Wireless-N Gigabit Router with Storage Link is chosen with Wireless-N USB 

Network Adapter.  It is an integrated two-way (point-to-point) radio frequency monitoring and 

controlling high-speed transmitter.  The frequency of this model utilizes the 2.4 GHz radio band 

to guarantee an interference-free link between the EDCR (in the WEMS) and the RCC (laptop 

computer).  This model is ideal for moving numerous signals within high interference 

environments. 

9.3.2.11  Analyzer Box (AB) 

All three analyzers are in a steel case to protect from unexpected physical damages, containing 

sample inlet, exhaust lines, zeroing line, and power cable connection ports behind the case.  The 

13×9×8 inches sized AB has shock absorber at the bottom enough to be resistant from vibrations 

coming through the vehicle.  Also, the AB has three sliding doors for two gas analyzers and one 

PM photometer.  Thus, it is easy to fix or clean analyzers.  Figure 9-3 shows the front, inside, 

left, and right sides of the AB. 
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Figure 9-26. Front, inside, Left, and Right Side of the WEMS 

 
 
9.3.3  System Integration 

This section describes the flow of data, power, and gases.  The following sections (9.3.3.1 to 

9.3.3.3) describe in detail. 

9.3.3.1  Data Flow 

The WEMS is designed to measure emissions during the actual use of the vehicle or construction 

equipment in its regular daily operation.  The WEMS uses 2.4 GHz radio band to control the 

EDCR and data logging data in the RCC.  In the RCC, a Dell laptop computer logs data and 

monitors the WEMS in real time.  Even when there is disturbance in radio band, the EDCR logs 

data for back-up continuously.  Battery status can be monitored as well.  Bps stands for the 
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bytes per seconds.  One byte is equal to one digit or one alphabetic character.  Figure 9-27 

shows the schematic diagram how data flow in the WEMS. 

 

 
 

Figure 9-27. Diagram of Data Flow 
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9.3.3.2  Power Flow 

In Figure 9-28, Power Flow I shows the power flowing in the EDCR.  Power Flow II shows the 

power flow to the RCC.  In the RCC, a wireless router and a laptop need power to operate.  

Figure 9-28 shows the schematic diagram of Power Flow I and II.  In Figure 9-28, Ah stands for 

the amps per hour. 

 

 

 
 

Figure 9-28. Diagram of Power Flow 
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9.3.3.3  Gas Flow 

This section describes the way of flowing gases through the WEMS.  In Figure 9-29, emission 

flow is separated into two directions for PM measurement and gas measurement.  For PM 

measurement flow, water vapor is filtered in the saturation filter and heater.  Pump can 

accelerate the flow rate enough to reach the PM photometer and Analyzer I & II. 

For gas measurement flow, water vapor and particles are filtered in the saturation filter 

and PM filter.  There is a two-way solenoid valve between PM filter and pump in each Analyzer.  

For zeroing calibration, this valve switches the flow pass-way.  Figure 9-29 shows the schematic 

diagram of gas flow in the WEMS. 

 

 

Figure 9-29. Diagram of Gas Flow 

 

9.3.4  Budget for Developing the WEMS 

This section describes the summary of budget for building the WEMS in each component.  The 

estimated budget does not include shipping cost and taxes.  Estimated cost for the minimum set 

is the minimum requirement budget to build the WEMS.  Estimated cost for the full set is the 
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full amount of money to build the WEMS. 

Table 9-46. The Itemized Cost for Each Component of the WEMS 

Estimated Cost Item Model Quantity Unit Cost Minimum Set Full Set 
5-Gas Analyzer Andros 6900 2 $1,600 $3,200 $3,200 
PM Photometer TSI Photometer 1 $3,200 $3,200 $3,200
Power Source Marine Battery 3 $80 $80 $240 

EDCR NI PXI-8105 1 $4,700 $4,700 $4,700 
Power Supply PXI 11~30V PS 1 $1,400 $1,400 $1,400

Serial Port RS-232 8 Ports 1 $720 $720 $720
Battery Monitor LM 3914 1 $150 $150 $150
GPS Receiver Garmin 60CSx 1 $600 $600 $600 

Engine Scanner HS CAN Interface 1 $1,200 $1,200 $1,200
Heavy Duty Scanner Nexiq USB-Link 1 $3,000  $3,000
Light Duty Scanner Snap-on SOLUS Kit 1 $3,700  $3,700 

Sensor Array Capelec 470UFSMT 1 Set $ 1,500  $ 1,500
Wireless Transmitter Linksys WRT350N 1 $350 $350 $350 

Software NI Labview 8.2 1 $600 $600 $600 
Laptop Computer Dell CPS M1210 1 $2,300  $2,300 

Steel Case AB 1 $100 $100 $100 
Miscellaneous Tubing, nuts, etc. 1 Set $100 $100 $100
Labor Charge Dave Jordan 1 hr $56 $2,500 $5,000

Total     $18,900 $31,910 
 

9.3.5  Preliminary Schedule of Building the WEMS 

$18,900 is the total minimum estimated cost to build the WEMS.  3 month will be taken to build 

the system in total, including programming the software and checking the system.  Building the 

WEMS is composed of 5 phases.  The following sections (9.3.5.1 to 9.3.5.5) describe the 

estimated time-spent and work duties at each phase.  Figure 9-30 shows the current location for 

this project. 

 
Phase I 

(3 weeks) 
Phase II 

 (2.5 weeks) 
Phase 

III 
Phase IV 
(2 weeks) 

Phase V 
(2 weeks) 

                

Figure 9-30. Current Location of the WEMS Project 
 
 

9.3.5.1  Phase I:  WEMS Planning Step 

The planning step is the period to make budget and plans to build the WEMS.  Phase I is 

expected to spend 3 weeks. 
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• 1st week : Conceptual Designing of the WEMS 

• 2nd week: Revising the conceptual designing of the WEMS 

• 3rd week : Finalizing the conceptual designing of the WEMS 

9.3.5.2  Phase II:  WEMS Building Step 

In this step, actual building of the WEMS will be initiated based on the completed design in 

Phase I.  This step is the most important phase among 5 phases and will spend 17 days (2.5 

weeks).  Following bullet lists will describe the time-spent for completing communications 

between each device and PXI-8105 in the EDCR. 

• 2 days : Communication between Gas Analyzer I and PXI-8105 

• 1 day : Communication between Gas Analyzer II and PXI-8105 

• 1 day : Operation of Gas Analyzer I and II: Removing the complication between two 

analyzers in zeroing 

• 1 day : Communication between PM photometer and PXI-8105 

• 1 day : Communication between NI CAN Interface and PXI-8105 

• 2 days : Communication between HD scanner and PXI-8105 

• 2 days : Communication between LD scanner and PXI-8105 

• 1 day : Communication between GPS receiver and PXI-8105 

• 1 day : Communication between Battery monitoring sensor and PXI-8105 

• 1 day : Wireless communication between PXI-8105 and laptop 

• 2 days : Combining all communication 

• 2 days : Assembling all devices in the AB 

9.3.5.3  Phase III:  WEMS Controlling Software (WEMS CS) Programming 

When running the WEMS, 7 different text files will be produced from the two 5-gas analyzers, 

PM photometer, engine scanner, and GPS.  The developed software will combine all 7 files into 
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one file, and convert it to mass per time.  The interface in the RCC will be made by the National 

Instruments LabVIEW for monitoring the data collection status.  The estimated time-spent is 1 

week.  The follow-up document, the WEMS CS Interface Guidebook, will be attached.  This 

attachment will present what variables we need and how it will show on the monitor (in the RCC).  

It will be a guidebook for the programmer to build the WEMS CS.  In addition to help the 

programmer, it has time reduction effect. 

9.3.5.4  Phase IV:  WEMS Test Running and Error Correction 

In this phase, the assembled prototype WEMS will be tested.  3 hours of test using the WEMS 

will be performed 3 times in real world operation.  During three tests, the detected errors will be 

corrected in this phase.  The WEMS CS will be debugged based on the detected bugs while test 

running of the WEMS as well.  The expected time for this phase is 2 weeks. 

9.3.5.5  Phase V:  Final Test and Accessories Making 

A final test is going to perform to check the new system.  For data collection convenience, the 

accessories for data collection will be manufactured for the WEMS in this phase.  The expected 

time period of this phase is 2 weeks. 
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9.3.6 SIMPLE DESIGNS OF OPTIONAL WEMS 

9.3.6.1 OPTION  I 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-31. Schematic Diagram of Design I 

 

9.3.6.1.1  Advantages of Design I 

• Simple System 
• Easy to Develop 
• Upgradeability of the System in the Future: engine data and other analyzers 

 

9.3.6.1.2  Weaknesses of Design I 

• Over Budget($5,000) 
• No Engine Data Available 
• Size (10×8×8) inches + α (for Analyzer and Computer) 

 

9.3.6.1.3  Budget to Develop 

Estimated Total Cost to Build: $8,572 

• PXI-8105 kit : $6,100 
• Andros 6900 : $1,600 
• Labor Charge (Dave Jordan) : $672 (for 2 days of work) 
• Miscellaneous (Tubing, nuts, etc.) : $100 
• Analyzer Steel Case : $100 

Gas Analyzer I (Andros 6900) 

Power Battery 

Emission Device 
Control Room 

(PXI-8105) 

Control Center 
(Dell XPS M1210) 
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9.3.6.1.4  Period of Time to Build 

5 weeks will takes to build the system.  There are five phases: 

• Phase I : 3 weeks for Mailing Order and Delivery 
• Phase II : 3 days for Assemble 
• Phase III : 1 week for Debugging System 
• Phase IV : 3 days for Final Tests 

 

9.3.6.2 OPTION  II 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-32. Schematic Diagram of Design II 

 

9.3.6.2.1  Advantages of Design II 

• Simple System 
• Easy to Develop 
• Light Weight and Small Size (8×4×4) inches+ α (for Analyzer and Computer) 
• Budget less than $6,000 

 

9.3.6.2.2  Weaknesses of Design II 

• No Engine Data Available 
• Only one port available for connection: No further update in the future 
• Difficult to write the system code 

 

9.3.6.2.3  Budget to Develop 

Estimated Total Cost to Build: $5,974 

Gas Analyzer I (Andros 6900) 

Power Battery 

Emission Device 
Control Room 

(CompRIO) 

Control Center 
(Dell XPS M1210) 
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• CompactRIO kit : $2,860 
• Andros 6900 : $1,600 
• Labor Charge (Dave Jordan) : $1,344 (for 4 days of work) 
• Miscellaneous (Tubing, nuts, etc.) : $100 
• Analyzer Steel Case : $100 

 

9.3.6.2.4  Period of Time to Build 

5 weeks and 3 days will takes to build the system.  There are five phases: 

• Phase I : 3 weeks for Mailing Order and Delivery 
• Phase II : 1 week for Assemble 
• Phase III : 1 week for Debugging System 
• Phase IV : 3 days for Final Tests 

 
9.3.6.3 OPTION  III 

 

 

 

 

 

Figure 9-33. Schematic Diagram of Design III 

 

9.3.6.3.1  Advantages of Design III 

• Customized System 
• NO, NO2, O2, and CO measurable 
• Light Weight (1.4 lb) and Small Size 
• Second-by-second basis data logging 
• Internal Memory 

 

9.3.6.3.2  Weaknesses of Design I 

• No Engine Data Available 
• No further update available in the future 

 

9.3.6.3.3  Budget to Develop 

Estimated Total Cost to Build: $5,400 

• PCA2 Unit : $3,400 
• Sample Conditioner : $2,000 

PCA2-265 

From Bacharach Company
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9.3.6.3.4  Period of Time to Build 

No need to build the system 

 

9.6.3.5  Response Time 

It needs 1 minute of warming up time for the system.  However, no further information is 
available related to the response time. 

 

9.3.6.4 OPTION  IV 

Design IV is the modified design of OPTION I to get engine data from Sensor Array.  After 
succeeding the development of OPTION I, OPTION IV can be an alternative for the next step. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-34. Schematic Diagram of Design IV 

 

9.3.6.4.1  Advantages of Design IV 

• Upgraded System 
• Still can install more devices (such as Analyzer II or PM photometer) 

 

9.3.6.4.2  Weaknesses of Design IV 

• Over Budget ($5,000) 
• Difficulties while building 

 

9.3.6.4.3  Budget to Develop 

Gas Analyzer I (Andros 6900) 

Power Battery 

Emission Device 
Control Room 

(PXI-8105) 

Control Center 
(Dell XPS M1210) 

Engine Scanner (NI CAN Interface) 

Sensor Array (Capelec 470 UFSMT XS) 
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Estimated Total Cost to Build: $11,164 

• PXI-8105 kit : $6,100 
• Andros 6900 : $1,600 
• CAN Interface : $1,200 
• 8 Serial Port Module : $ 720 
• Labor Charge (Dave Jordan) : $ 1,344 (for 4 days of work) 
• Miscellaneous (Tubing, nuts, etc.) : $ 100 
• Analyzer Steel Case : $ 100 

 

9.3.6.4.4  Period of Time to Build 

5 weeks will takes to build the system.  There are five phases: 

• Phase I : 3 weeks for Mailing Order and Delivery 
• Phase II : 11 days for Assemble 
• Phase III : 1 week for Debugging System 
• Phase IV : 3 days for Final Tests 

 

 

9.3.6.5 OPTION  V 

There is another option for the interim of the PEMS.  Renting the customized measurement 
system takes approximately 20 percent of total price of the system for 2 months rental. 

Contact Information 

• Test Equipment Rental Company in Texas 
• http://www.test-equpment-rental.com 
• 817-465-949 

 


