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ABSTRACT

Fundamental accomplishment was achieved by development of an on-board & in-use 

fuel consumption and emissions measurement system adapted for easy transition from 

vehicle to vehicle. Instantaneous mass flow rates of fuel and emissions were measured 

and recorded by an ECM OBD-II scanner, a mass air flow meter, two emissions 

analyzers and a laptop computer on five typical mid-life vehicles representative of a 

significant fraction of the on-road fleet. From repeated tests in urban, highway and 

aggressive driving situations, on-road fuel consumption functions were developed to 

quantify the fuel economy and greenhouse gas CO2 emission impact of vehicle, road 

and traffic control changes. Comprehensive emission factors analysis for HC, CO and 

NOx was also illustrated to highlight that vehicle power-based emission factor could 

represent the influences from wide varieties of vehicle power demand and acceleration 

driving profiles. A basic in-use power-based model was developed for use in estimating 

cumulative fuel consumption and tailpipe emissions for vehicles experiencing real- 

world driving conditions with significant differences from the standard test sequences.
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NOMENCLATURE

a Instantaneous Vehicle Acceleration [m/s ]

AFR Air to Fuel ratio

ASME The American Society of Mechanical Engineers
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CHAPTER 1

Introduction to In-Use Vehicle Fuel Consumption and Emissions 
Functions Measurement

Chapter 1 illustrates the motivation fo r  studies on motor vehicle related fuel 
consumption and emissions measurement, highlights the objectives o f  this research and 
outlines the contents o f the following chapters.

1
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1.0 INTRODUCTION

Motorized transport has been a key element to global economic success since 

improvements in road construction and vehicular technology allowed an ever- 

increasing number of vehicles on the road. However, considering the depletion of 

energy resources and the aggravation of pollutant emissions issues, it is critical to 

improve vehicle fuel consumption and control tailpipe emissions. These demands 

as well as the more stringent environmental regulations are increasing the impetus for 

not only developing cleaner automobiles, but also more advanced fuel consumption and 

emissions measurement systems representing the real-world driving conditions.

As the most repeatable method for confirming emission compliance, the traditional 

chassis dynamometer tests are still widely utilized by most laboratories and emissions 

legislation bodies.[5] In order to obtain fuel consumption and emissions measurement, 

the tested vehicle must be mounted on a test bed and driven through certified driving 

cycles simulating certain vehicle on-road operations. However, many concerns have 

been raised about the extent to which emissions produced or fuel consumed by on-road 

vehicles can be represented using these standard test procedures. ^

On-board emissions measurements have emerged as a promising new approach for 

obtaining representative real-world tailpipe emissions data based upon actual on-road 

driving at any location and in any weather.[7] This remedies many of the shortcomings 

of laboratory-based methods and of field-based methods such as remote sensing and 

tunnel studies, which are limited in sites. The increasing availability of instrumentation 

for performing on-road emissions studies, the development of data collection and 

analysis protocols, and the increasing availability of example on-board studies suggest 

that on-board data collection is a potentially practical and useful source of data for the 

fuel consumption and emission inventories estimation.[8][9]
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This thesis describes a measurement system and method to quantify real-time, on-road 

vehicle fuel consumption and emissions. The objectives of the research presented here 

are:

1. To rebuild a fuel consumption and emissions measurement system adapted for 
easy transition from vehicle to vehicle permitting testing of a number of 
different light-duty gasoline vehicle classes.

2. To generate suggestions for fuel saving strategies through on-road fuel 
efficiency analysis.

3. To develop a general vehicle work-based fuel consumption function and build a 
basic prediction model to estimate the cumulative fuel consumption and 
greenhouse gas CO2 emission for the test vehicles.

4. To study three emission factors (g/kW.h, g/km, g/kgFuel) for HC, CO and NOx. 
A basic model established by the practical emission functions will predict 
complete emission profiling of the test vehicles for any given simulation vehicle 
speed trace.

Most current emission factors used in emission inventories are determined from chassis 

dynamometer testing procedures facing the criticism of poorly representing the actual 

on-road diving conditions. The reason for this study was to provide the methodologies 

of developing in-use fuel consumption and emissions functions, improve the relevance 

of the emission factors and improve the accuracy of emission inventories. The project 

objectives were totally achieved after the completion of this thesis research.

The literature review presented in Chapter 2 illustrates the need for an in-use 

measurement system by comparing the advantages and disadvantages among the 

current emission measuring techniques. Chapter 2 also briefly introduces current 

emission regulations governing the sale of vehicles in North America, Europe and 

Japan as well as the associated certified driving cycles. The history of OBD (On Board 

Diagnostic System) and the emission inventories estimation model developed by U.S. 

EPA helps understand of the measurement system setup and the development of the in- 

use fuel consumption and emissions prediction models.

3
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Chapter 3 details an on-board & in-use emissions and fuel consumption system by 

introducing all experimental apparatus and test procedures. The background and 

specifications of five typical mid-life vehicles with engine displacement varying from

1.8 L to 5.7 L are described, highlighting the on-board & in-use measurement system’s 

adaptability and stability.

The next section, presented as a stand alone SAE technical paper (Chapter 4), focuses 

on the fuel efficiency analysis and fuel consumption functions development. The 

relationship between CO2 emission and gasoline fuel consumption from the 

experimental results is proven reasonably accurate by comparing with the theoretical 

carbon balancing method. The specific fuel consumption rates and vehicle tractive 

energy demands are correlated with the vehicle tractive power and average speed 

respectively giving the potential to indicate the vehicle power/speed range where 

vehicles have the higher fuel efficiency and to build a fuel consumption estimation 

model based on the fuel consumption functions.

Comprehensive analysis of the emission factors expressed in terms of g/kW.h, g/km 

and g/kgFuel for HC, CO and NOx is illustrated in Chapter 5 which is also presented as 

a stand alone SAE technical paper. The idle emission rates with cold-start or warmed- 

up start as well as the emission functions both in the pre-catalyst light-off region and 

post-catalyst light-off region are measured and developed to build a basic in-use 

emission inventories model for test vehicles.

The last chapter of this thesis summarizes the conclusions presented in the previous 

chapters. The research provides the foundations and general methodologies for 

developing the fuel consumption and emissions functions and the associated prediction 

models utilized in the future on-road vehicle tests.

Four appendices provide fundamental support for the fuel consumption and emissions 

behaviors analysis for the test vehicles. Appendix A details the vehicle dynamic model 

method and coast down test procedures used to determine the coefficient of rolling

4
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resistance (Cr) and coefficient of drag (Cd) as well as the vehicle tractive power. 

Appendix B demonstrates how to calculate fuel consumption and emission factors in 

addition to the instantaneous mass flow rates of fuel and emissions. Appendix C 

describes the sensor calibration procedures performed on the Vetronix 5- Gas Analyzer, 

Horiba Mexa-720 NOx Sensor, Mass Air Flow Sensor and Ambient Temperature 

Sensor. Appendix D illustrates the Matlab program written to process the data and 

provide all calculations used for any data analysis.

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

1. Yutong Gao, M. David Checkel. “Experimental Measurement of On-Road Fuel 
Consumption Functions”, Combustion Institute/Canadian Section, in Waterloo, 
Ontario, Spring Technical Meeting 2006.

2. Kurt Engeljehringer. “Trends of Future Emission Legislation and its 
Measurement Requirements”, SAE Paper 2004-01-3291, Society of Automotive 
Engineers, 2004.

3. M. D. Checkel, A. Brownlee, L. Doblanko. “Optimizing Vehicle Fuel 
Consumption and Emissions Through Traffic Optimization Using Vehicle and 
Traffic Forecasting Models”, Combustion Canada 99 Technical Paper H 1.4, 
1999.

4. J. R. Wootton, A. Garcia-Ortiz, S. M. Amin. “Intelligent Transportation 
Systems: A Global Perspective”, Mathl. Comput. Modelling Vol. 22, No. 4-7, 
pp. 259-268, 1995.

5. Basil Daham, Gordon Andrews, Hu Li. “Application of a Portable FTIR for 
Measuring On-road Emissions”, SAE Paper 2005-01-0676, Society of 
Automotive Engineers, 2005.

6. M. Gautam, G.Thompson, D. Carder, N.Clark. “Measurement of In-Use, On- 
Board Emissions from Heavy-Duty Diesel Vehicles: Mobile Emissions 
Measurement System”, SAE Paper 2001-01-3643, Society of Automotive 
Engineers, 2001.

7. H. Christopher Frey, Alper Unal, Jianjun Chen. “Recommended Strategy For 
On-Board Emission Data Analysis and Collection For The New Generation 
Model”, Prepared for: Office of Transportation and Air Quality U.S. 
Environmental Protection Agency, Ann Arbor, MI. February 4th, 2002. 
Department of Civil Engineering, North Carolina State University, Raleigh, 
NC.

8. J. D. Hawirko. “Modeling Vehicle Emission Factors Determined with an In-Use 
& Real-Time Emissions Measurement System”, Master of Science Thesis, 
Department of Mechanical Engineering, University of Alberta, 2003.

9. Travis B. Manchur. “Accuracy Of On-Board Vehicle Emission Measurements”, 
Master of Science Thesis, Department of Mechanical Engineering, University 
of Alberta, 2005.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2

Review of Current Emission Regulations, Emission Measurement 
Systems and Emission Inventories Prediction Program

The purpose o f the literature review is to present the background o f  the current vehicle 
tailpipe emission regulations, research on different emission measurement systems and 
emission inventory estimation models. The requirement o f the advanced emission 
measurement system representing the real-world & in-use driving conditions will be 
highlighted in Chapter 2 by comparing the emission testing procedures and testing 
requirements among the traditional chassis dynamometer system, remote sensing 
system and in-vehicle measurement system.

7
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2.0 INTRODUCTION

Besides Carbon Dioxide (CO 2), the major greenhouse gas blamed for global warming, 

any fossil fuel combustion also produces minor emissions of Carbon Monoxide (CO), 

Hydrocarbon (HC) and Nitrogen Oxides (NOx), all of which are poisonous gases or 

significantly contribute to air pollution problems such as the smog, acid rain, etc. Since 

motorized transport has become an essential part of our world economic system, motor 

vehicle emissions have become the major source of air pollution problems in most 

urban areas.

The first section of this literature review briefly introduces current emission regulations 

governing the sale of vehicles in North America, Europe and Japan. The trend towards 

more stringent emissions standards for the vehicles is also emphasized in this section.

The second section of the literature review discusses the advantages and disadvantages 

of traditional chassis dynamometer measurement, remote sensing measurement and on­

board & in-use measurement. In addition, it briefly introduces the most-used driving 

cycles developed to certify that vehicles meet the emissions standards implemented 

officially in all developed countries and most of the developing countries.t3]

The last part of the literature review briefly introduces the background of the 

MOBILE6 emission prediction model developed by U.S. EPA (U.S. Environmental 

Protection Agency) as well as the methodology used to achieve regional emission 

inventory estimates and its limitation of representing real-world driving conditions.

2.1 CURRENT EMISSION REGULATIONS

In order to make improvements in air quality, the amount of pollutants being emitted 

into the air must be measured and reduced. The Emissions Measurement Center 

develops standards and evaluates testing methods so that regulations can be developed 

and enforced. [3] USA, Europe and Japan were the pioneers in defining and

8
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implementing emissions legislation including the vehicle test cycle, the test procedure 

and the tailpipe emissions limits. The test cycle should represent the usual operation of 

a vehicle or an engine. For light duty vehicles the test cycle simulates the actual driving 

on the road and represents the driving pattern for such vehicles and drivers by defining 

a vehicle velocity profile over the test time. For the heavy duty and off road engines, 

the test cycle defines a speed and torque profile over the test time. The test procedure 

illustrates the details of how the test is executed, which test systems have to be used as 

well as the test conditions and the measurement specifications. The emissions limits 

expressed in mass per driving distance (g/km) or mass per work (g/kW.h) vary 

according to vehicle weight class and specify the maximum accepted emissions of the 

regulated components in the engine exhaust.[3]

USA, Europe and Japan developed their own emission regulations with different test 

cycles and limits, but with similar test procedures. The core of all procedures is the 

measurement methods formulated by the U.S. EPA. Many countries follow the 

European or American emission standards, but only a few have adopted Japanese 

standards. Since 1988, Environment Canada has followed the regulations developed by 

U.S. EPA to harmonize the manufacturing of vehicles between the two very integrated 

countries. The On-Road Vehicle and Engine Emission Regulations (SOR2003-2) 

introduce more stringent national emission standards for on-road vehicles and engines 

and a new regulatory framework under the Canadian Environmental Protection Act, 

1999 (CEPA, 1999). These Regulations for controlling emissions from on-road 

vehicles and engines came into effect on January 1, 2004. Future emissions

standards will likely continue to impose more stringent control on toxic emissions from 

passenger vehicles, light-duty and heavy-duty trucks to limit the impact on the 

environment from the increasing numbers of on road vehicles.
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2.2 CURRENT EMISSION MEASUREMENT SYSTEMS

The measurement equipment and methods used for measuring vehicle emissions vary 

widely, from the lab-based Constant Volume Sampler (CVS) system utilized to pass 

environmental legislation certification, to road-side remote sensing systems, to portable 

on-board measurement systems examining the emissions while the vehicle is in real 

service. The following is a description of these systems.

2.2.1 DYNAMOMETER TEST METHOD

The traditional vehicle emissions measurement is the chassis dynamometer test with 

the vehicle or engine running on a dynamometer under fully controlled laboratory 

driving conditions. In addition to tailpipe emissions testing, this method is also able to 

conduct fuel consumption testing and engine mapping (such as power, torque, etc) 

during a designed driving cycle. The driving cycle is composed of a unique profile of 

starts, constant speed cruises, accelerations, decelerations and stops and is typically 

characterized by an overall time-weighted average speed. The emissions testing 

equipment used to pass environmental legislation certification is know as the CVS 

system. In order to ensure that the emission composition is stabilized and measure 

exhaust mass flow accurately, the vehicle exhaust is drawn into a dilution wind tunnel, 

which handles a fixed mass of total flow. The dilution cools the exhaust rapidly, 

ensuring that composition is stabilized. If there is very little exhaust coming from the 

car, it will show a very low concentration of pollutants. If the car is running at high 

power and producing a large exhaust flow, the amount of dilution air is reduced, 

resulting in a higher pollutant concentration. During the test, a small fraction of the 

mixed components is extracted and stored in a non-reactive plastic bag for later 

analysis. The components in the plastic bag include hydrocarbon, carbon monoxide, 

carbon dioxide, oxygen and nitrogen oxides, etc. Therefore, the contents of the bag are 

a representative sample for the vehicle exhaust.[1] To determine the vehicle emissions, 

different analyzers are utilized according to the demands. Usually, an NDIR analyzer is 

used to measure CO and CO2 , a chemiluminescent analyzer is used to measure NOx,

10
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and an FID analyzer is used to measure HC. Dynamometer tests are widely used in 

regulatory procedures to check compliance of new vehicles with emission standards or 

to inspect in-use vehicles.[4]

Traditional dynamometer test typically suffers from a major shortcoming that the actual 

driving conditions are not represented. As all vehicles are tested on the dynamometer in 

the laboratory, the driving conditions are idealized and fully controlled, failing to 

represent the real-world influences from factors like different driver behaviors, severe 

weather, heavy loads, and Wide-Open Throttle (WOT) acceleration on the vehicle 

emissions. The actual factors mentioned above cause higher emission levels than that 

measured by CVS measurement system conducted in the laboratory, and this is partly 

due to higher fuel consumption, partly because gasoline engines operate fuel-rich at 

WOT and partly because of higher combustion chamber temperatures under such 

conditions. [6] The limitations of testing with lab dynamometer lead to an interest in 

using advanced measure techniques (remote emissions sensing technology and on­

board emissions measurement) to study behavior of vehicle emissions under real world 

driving conditions.

2.2.1.1 Driving Cycles

All developed countries and most of the developing countries today have emission 

regulations implemented. The test cycle comprising a certain distance and varying 

speed profiles are designed to certify the different country’s emission standards. The 

driving cycles have two main objectives: (a) to provide a representative indicator of 

vehicle emissions and energy consumption at the local and national level, (b) to 

function as a control instrument in connection with certification or Inspection and 

Maintenance (I/M). The main driving test cycles accepted by Canadian and USA 

vehicle emission standards are FTP72, FTP75, SC03, US06 and Highway Fuel 

Economy Test (HWFET) driving cycles.[7] The New European Driving Cycle (NEDC) 

and 10-15 Mode Cycle are the main test cycles for light duty vehicles in Europe and 

Japan respectively. ®
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The U.S. FTP-72 cycle is also called Urban Dynamometer Driving Schedule (UDDS) 

or LA-4 cycle. The same engine driving cycle is known in Sweden as A10 or CVS 

cycle and in Australia as the ADR 27 (Australian Design Rules) cycle. The specified 

cycle simulates an urban route of 12.07 km with frequent stops as shown in Figure 2-1. 

The maximum speed is 91.2 km/h and the average speed is 31.5 km/h. The cycle 

consists of two phases: (1) 505 seconds driving period, 5.78 km distance at 41.2 km/h 

average speed with cold start. (2) 864 seconds driving period with 6.3 km distance at

26.2 km/h average speed. Emissions are expressed in g/km.[7]

The FTP-75 cycle shown in Figure 2-2 is derived from the FTP-72 cycle by adding 10 

minutes soak time and a third phase of 505s, identical to the first phase of FTP-72 but 

with a hot start. The purpose of the FTP75 cycle is to measure urban driving tail pipe 

exhaust emissions and evaporative emissions.[8] This cycle has three separate phases: a 

cold-start (505 seconds) phase known as Bag 1, a hot-transient (870 seconds) phase 

known as Bag 2, and a hot-start (505 seconds) phase known as Bag 3. The three test 

phases are referred to as Bag 1, Bag 2, and Bag 3 because exhaust samples are 

collected in separate Tedlar bags during each phase. During a 10-minute cool-down 

between the second and third phase, the engine is turned off. The total test time for the 

FTP-75 is 2,457 seconds (40.95 minutes), the maximum speed is 91.2 km/h, and the 

average speed is 34.1 km/h. The distance driven is approximately 17.86 km. The 

emissions from each phase are analyzed and expressed in g/km .[7]

The US06 Supplemental Federal Test Procedure (SFTP) shown in Figure 2-3 is 

developed to address the shortcomings with the FTP-75 test cycle in the representation 

of aggressive driving behavior, high speed and high acceleration. The cycle represents 

a 12.8 km route with an average speed of 77.9 km/h, maximum speed of 129.2 km/h, 

and a duration of 596 seconds.[7][9][10J

The SC03 Supplemental Federal Test Procedure (SFTP) shown in Figure 2-4 has been 

introduced to represent the engine load and emissions associated with the use of air
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conditioning units in vehicles certified over the FTP-75 test cycle. The cycle represents 

a 5.8 km route with an average speed of 34.8 km/h, maximum speed of 88.2 km/h, and 

a duration of 596 seconds.[7][10]

The HWFET cycle illustrated in Figure 2-5 is another chassis dynamometer driving 

schedule, developed by the U.S. EPA for the determination of fuel economy of light 

duty vehicles. The cycle represents a 16.45 km route with an average speed of 77.7 

km/h, maximum speed of 96.4 km/h, and a duration of 765 seconds.[7][10]

A combined chassis dynamometer test used for emission testing and certification in 

Europe is shown in Figure 2-6. It is composed of four ECE Urban Driving Cycles, 

simulating city driving, and one Extra Urban Driving Cycle (EUDC), simulating 

highway driving conditions. The cold-start version of the test, introduced in 2000, is 

also referred to as the New European Driving Cycle (NEDC). The cycle represents a l l  

km route with an average speed of 33.6 km/h, maximum speed of 120 km/h and a 

duration of 1180 seconds.

The 10-15 Mode cycle shown in Figure 2-7 is currently used in Japan for emission 

certification and fuel economy for light duty vehicles. It is derived from the 10 Mode 

cycle by adding another 15 Mode segment with a maximum speed of 70 km/h. The 

whole cycle is 4.16 km distance with 660 seconds driving duration at 22.7 km/h 

average vehicle speed. Emissions are expressed in g/km.[9][10]

It should be stated that the vehicles are calibrated using the certified dynamometer 

cycles so it can be expected that off-cycle conditions will be less well calibrated and 

lead to higher emissions.

2.2.2 REMOTE SENSING METHOD

Typically, an on-road remote emissions sensing system comprises an infrared (IR) 

source, an IR detector module, an ultraviolet (UV) source, an UV detector module and
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a video camera. The criteria of site selection is based on the road type, number of lanes, 

traffic volume and vehicle mix, traffic speed and acceleration mode, road grade, traffic 

signal location, geographical distribution and representation. In 2002, Chan carried out 

an experiment and measured the concentrations of HC, CO, CO 2, NOx in real time 

simultaneously using a remote sensing vehicle exhaust emissions testing system (ESP 

Accuscan RSD3000).[U] A device including an emitter bar and a detector bar was used 

to measure the speed and acceleration/deceleration of vehicles driving past the remote 

sensor. A color video camera system was utilized in the experiment to record the 

vehicle license plate so that the vehicle information could be obtained at a later stage.

In 1997, a sampling site was set up in the Caldecott Tunnel, located east of San 

Francisco Bay on highway 24 by Kirchstetter et al (1999). [12] Background pollutant 

concentrations were measured at the fresh air intake ventilation fans. CO and C 0 2 

concentrations were quantified using gas filter correlation spectrometers, and NOx was 

measured with chemiluminescent analyzer (Thermo environmental Instruments model 

42). The pollutant concentrations inside the tunnel were measured by CO and NOx 

analyzers located in the fan room. An approximately fifty meters Teflon sample line 

was use to draw air samples directly from the traffic tube. Particle concentrations in the 

tunnel were measured continuously by a Condensation Nucleus Counter (CNC), an 

Optical Particle Counter (CPC) and an aethalometer. The experimental results clearly 

indicated that the stability of NOx emission factors when expressed on a fuel consumed 

basis supported their use in the development of fuel-based emission inventories.

Remote sensing of passenger car emissions was pioneered by Donald Stedman and 

Gary Bishop of the University of Denver using Non-dispersive Infrared and Ultraviolet 

(NDIR-NDUV) techniques for measuring NOx emissions. However, NDIR based 

instruments can operate with very limited cross-road path lengths due to the angular 

dispersion of their non-laser light. The longest path lengths reported with this type of 

instrument are 12-15 m, so this system only operated well on a single lane road. 

However, Tunable Infrared Laser Differential Absorption Spectroscopy (TILDAS) 

remote sensor used by Jimenez et al (2000). was quite sensitive on-road remote sensing
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technique for NOx measurement, and could operate with an optical path length of 8 8  m 

or more than five times that of NDIR-NDUV instrument. [13] TILDAS technique is 

suitable for the emissions measurements made across a four-lane highway.

In comparison with the traditional in-laboratory emission testing, the remote emission 

sensing system can collect emission data that naturally reflects the on-road vehicle fleet 

combinations and current vehicle technologies. The major advantage is that it is 

possible to measure a large number of on-road vehicles. In contrast, the disadvantage is 

that it only gives an instantaneous estimate of emissions at a specific location. The 

remote sensing system neither measures the mass of emissions due to the shortage of 

detailed vehicle information, (i.e. vehicle exhaust mass flow rate, engine speed, power, 

torque, etc.) nor tells which vehicle is under good condition and which vehicle needs 

repairs urgently based on the ‘snapshot’ emissions at a specific spot.

2.2.3 ON-BOARD AND REAL-TIME EMISSIONS MEASUREMENT SYSTEM

Engine emissions vary a lot depending on operation mode, particularly for vehicle 

where the engine must produce a very wide range of power from idle to cruise to 

maximum power as well as negative power during engine braking. As the engine shifts 

operation modes, both the concentration of exhaust pollutants and mass rate of exhaust 

production vary widely and rapidly. This makes it difficult to actually measure the 

pollutant production on a mass basis. But the mass of pollutant put into the atmosphere 

is normally the critical value which must be controlled. To achieve a reasonable mass 

emission measurement, it is necessary to carefully control the vehicle operation 

conditions and to measure the pollutant in a way that accounts for the variable 

concentration and variable exhaust flow rate. Therefore, until the late of 1990s, the on­

board & in-vehicle emission measurement was not widely used because it would have 

been prohibitively expensive to overcome the challenges mentioned above. However, 

in the last few years, in-use emission measurement methods have been developed 

dramatically, partially because of recent improvements in emissions equipment size, 

portability, and affordability, and partially because of the increased regulatory
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emphasis on air pollution from vehicles leading to an increasing amount of research on 

portable emission measurement systems. The following is a brief review of the on­

board systems that have been proposed and used for measuring the real-world vehicle 

tailpipe emissions.

A low-cost portable on-board emission measurement system, capable of measuring five 

exhaust gases (CO, CO2, O2 , HC, NOx) from in-use vehicles, was developed by 

Vojtisek-Lom and Cobb of the University of Pittsburgh in 1997. The system required 

no modification to the vehicle and used a five-gas RG240 Digital Gas Analyzer made 

by OTC SPX, a Snap-On MT-2500 engine diagnostic scanner and a laptop computer. 

Repeated tests were carried out on a designed Pittsburgh Campus Test Route using 

twenty compressed natural gas vans. The test results showed that significant variance 

existed among the tests and vehicles, especially for HC and NOx emissions, but the 

CO2 mass emissions had reasonable accuracy. Nevertheless, this on-board emission 

measurement system provided an alternative to research vehicles on which instruments 

were permanently mounted.[6]

QEM-2100™ The concepts employed by Vojtisek-Lom and Cobb were

commercialized by Clean Air Technologies International, Inc., which marketed the 

OEM-2100™ portable emissions measurement system. Comprised of a five-gas 

analyzer, an engine diagnostic scanner and an on-board computer, this system can be 

installed in approximately fifteen minutes in a light duty vehicle. The equipment has a 

width of 53 cm, a height of 41 cm, a depth of 31 cm and weighs approximately 30 Kg. 

[i4][i5] QEM-2100™ not only measures on-road tailpipe emissions of CO, C 0 2, O2, 

NOx, HC on a second-by-second basis during actual driving, but also records eight On- 

Board Diagnostics (OBD) port parameters, such as vehicle speed, engine speed, engine 

coolant temperature, intake air temperature, manifold absolute pressure, percent of 

wide open throttle, and open loop/ closed loop flag. There are three interfaces with a 

vehicle: ( 1 ) tailpipe exhaust gas if sampled, (2 ) engine data were downloaded via 

diagnostic link, (3) system electrical power supplied via the cigarette lighter, power
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port, or via direct connection to the vehicle’s battery. All the connections are fully 

reversible and do not require any modifications to the vehicles. The accuracy of the 

OEM-2100™ was tested by the New York Department of Environmental Conservation 

(DEC) and at the U.S. EPA’s National Fuels and Vehicle Emissions Laboratory. By 

using FTP, US06, FWY-HI driving cycles, the three vehicles emissions were measured 

simultaneously by the dynamometer equipment and the OEM-2100™. The test results 

pointed out that the OEM-2100™ had good precision with low standard error (less than 

ten percent of the mean emissions for all of the pollutants).

Frey et al. (2000) examined eleven different vehicles using OEM-2100™ and 

demonstrated that the emissions during some modes (i.e., idling) are generally low 

compared to emissions during other modes (i.e. acceleration), the highway vehicle air 

quality management strategies should focus on how vehicles were driven, and not 

necessarily regarding how far they were driven. [15] However, the slow response 

emission analyzer had limited ability to catch the emission spikes caused by aggressive 

drives in the real-word driving conditions. The vehicle tractive power, one of the most 

important vehicle parameters, could not been calculated accurately due to the lack of 

the instantaneous ambient temperature records.

RAVEM SYSTEM Ride Along Vehicle Emission Measurement (RAVEM) was 

among the first on-board emission measurement systems developed, and remains one 

of the very few that can measure emissions of particulate matter (PM) accurately. 

RAVEM system is based on proportional partial-flow constant volume sampling 

(CVS). The key advantage of the CVS principle for vehicle emission measurements is 

that the pollutant mass flow rate in the vehicle exhaust and pollutant concentrations can 

be measured readily, while exhaust mass flow rates are difficult and expensive to 

measure accurately, especially under transient conditions.[16][17]

RAVEM has been applied to a wide variety of emission measurements. The range of 

pollutants that can be measured has been expanded and now includes carbonyls, air 

toxics, N2O, and ammonia as well as NOx, CO, C 0 2, and PM. The principle
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contributor to error in the emission results is inaccuracy in determining the CVS flow 

rate. Leaks in the tubing and valves that conduct the gas sample to the analyzers are 

another potential source of error.

FTIR SYSTEM In the early 1990s, a Fourier Transform Infrared (FTIR) system was 

installed on a 1992 Aerostar Minivan by Ford Motor Co., Dearborn, Mi. Chemistry 

Dept. FTIR is capable of acquiring time-resolved emissions of thirty exhaust 

components including CO, C 0 2 and N O .[18] Basically, this on-board multi-component 

exhaust gas measurement system was composed of three major components. (1) The 

FTIR spectrometer equipped with a water cooled glow bar source and a MCT detector. 

When the vehicle was mobile, nitrogen gas was used to purge the spectrometer and 

circulated water was used to cool the infrared (IR) source. (2) The FTIR Data 

Acquisition System, which was controlled by a PC compatible computer. (3) Exhaust 

Gas Heated Sampling and Dilution System. A constant flow of nitrogen gas was mixed 

with the exhaust in the dilution chamber.[19]

At the turn of the century, another FTIR system was developed by University of 

California and Honda R&D Americas Inc. This new system was designed to 

simultaneously measure vehicle exhaust and ambient roadway pollutant concentrations. 

It was capable of accurately measuring Non-Methane Hydrocarbons (NMHC), CO and 

NO at the low concentrations encountered in ambient (roadway) air and vehicle 

exhaust. Sampling probes were installed in the vehicle’s front grill, and 40 cm into the 

tailpipe. The sampling measurement systems were identical for each sample, with the 

exception of a heated line to keep the exhaust sample above dew-point temperatures. 

FTIR signals were processed with a Pentium-400 computer, permitting real-time 

display of NMHC, CO, NO, CO 2 concentration data with an update time of less than 

two seconds.[20] In infrared gas analysis, IR light was passed through a sample in a gas 

cell. Some of the infrared light was absorbed by the sample and some passed through. 

The measurement of these absorbed and transmitted wavelengths of infrared light 

constituted an infrared spectrum. Since no two chemical species had the same infrared
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spectrum, the spectrum served as a fingerprint for identifying different gas components 

in the sample. The intensity of the infrared absorption indicated the quantity of the 

component in the sample. Truex et al. (2000) conducted a series of the validation 

experiments, which proved that their FTIR system had good accuracy and sensitivity to 

measure the very low NMHC, CO and NO concentrations. [21] However, they failed to 

work out a method for time alignment of the on-road data.

Daham et al. (2005)[22] developed an on-road emissions measurement system utilizing 

a commercial, portable FTIR Spectrometer capable of measuring up to 51 different 

compounds and measuring concentrations as low as 0.5-3 ppm. The whole system also 

included a fuel flow meter, a throttle position sensor, an air flow meter, a vehicle speed 

sensor, multiple temperature sensors, two laptop computers and two backup batteries. 

The major advantage of this measurement system was its ability to differentiate 

between various hydrocarbon species (toluene, formaldehyde, acetaldehyde, butadiene, 

benzene, etc) in gaseous mixture. Another useful application was the speciation of 

nitrogen-containing compounds such as NH3, NO2, NO and N2O. On the other hand, 

the major shortcoming was that the whole system weighed 180 kg, which caused an 

increase in emissions as it was equivalent to carrying at least two passengers.

ON-BOARD SYSTEM DEVELOPED IN UNIVERSITY OF ALBERTA Hawirko 

and Checkel (2003) developed an on-board emission measurement system using a 

Vetronix PXA-1100 five-gas analyzer, an ECM AFRecorder 2400E, a Siemens mass 

air flow meter, and three AD590 temperature probes for coolant water, ambient air and 

intake air temperatures. The five-gas analyzer could measure HC, CO, CO2 , O2 and 

NOx concentrations in the exhaust. Communication with all of the instruments and 

sensors was conducted through a Fujitsu laptop computer running Labview 6 i. All data 

were synchronized by a dedicated Matlab process program for the further analysis in 

the laboratory. A 1990 GMC three-quarter ton regular cab pickup was tested on a 

repeated 17.4 km urban/suburban route with one driver and one vehicle over a one-year 

period. Their research mainly focused on the driving behavior and ambient temperature 

influences on the mass emissions rate.[23]
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Based on Hawirko and Checkel’s emission measurement system protocol, Manchur 

adopted a fast response Horiba Mexa-720 NOx analyzer and an Engine Control Module 

(ECM) data scanner (Autotap).[4] A Horiba zirconia ceramic NOx sensor was mounted 

on the exhaust pipe downstream of the catalytic converter of a 1999 Chevrolet 

Silverado Extended Cab pickup, and the ECM scanner connected with the vehicle 

OBDII port connector under the driver side dashboard could read the vehicle sensors 

data. Manchur’s research results provided a comprehensive evaluation of the 

differences between the slow response gas analyzer and the fast response in-line sensor 

as well as the differences between the manually installed sensors and the ECM sensors. 

His on-board emission measurement system was also limited to one-vehicle and one- 

driver tests. In order to generate the general in-use emissions functions and fuel 

consumption functions, it is critical to develop a portable, low weight fuel consumption 

and emission measurement system adapting for multiple vehicles.

ON-BOARD DIAGNOSTIC SYSTEM (OBD1 With the development of the 

automotive industry, the vehicle electronic control system has been evolving rapidly. 

The electronic control system, commonly defined as the ECM, was used to control fuel 

injection system, ignition system, transmission system, emissions control system, etc. 

This computer based electronic control system poses significant challenges for repair 

technicians. This is particularly challenging in areas where the I/M programs are in 

place, because component problems could frequently lead to high emissions without 

adversely affecting vehicle drivability. In this case, the On-Board Diagnostic program 

is then added to the ECM, which could help to indicate the emission-related 

malfunctions.[24]

In 1970, the American Congress passed the Clean Air Act and established the 

Environmental Protection Agency (EPA). This started a series of graduated emission 

standards and requirements for maintenance of vehicles for extended periods of time. 

To meet these standards, OBD-I (the first generation of On-Board Diagnostic system) 

was proposed and then adopted by California Air Resources Board (CARB) in April 

1988. [24] The OBD-I requirements applied to new light-duty vehicles beginning with
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the 1988 model year and continued to apply to some vehicles through the 1996 model 

year. The OBD-I system was greatly helpful for the service technicians to diagnose and 

repair the parts/components leading to the vehicle emissions failure. However, the 

OBD-I system was limited in that it did not monitor all emission control system 

components. As a result, it still remained difficult for the repair technicians to identify 

and repair malfunctions associated with unmonitored components. Moreover, the 

OBD-I system connector location and the fault codes used to identify specific 

malfunctions varied from manufacture to manufacture, and sometimes within a 

manufacture.

In 1988, the Society of Automotive Engineers (SAE) developed a standard that used a 

standard sixteen-pin connector plug and a set of diagnostic test signals. Therefore, 

OBD-II (the second generation of On-Board Diagnostic system) was an expanded set 

of standards and practices developed by SAE and adopted by the EPA and CARB for 

implementation by January 1, 1996. The OBD-II link of all car models is located under 

the dashboard of the vehicle. In contrast to the OBD-I regulations, where monitoring of 

only a limited number of components was required, the current OBD-II regulations 

require a system to detect the failure of any component which can affect emissions. In 

other words, OBD-II system is capable of monitoring the following: catalyst system, 

engine misfire, evaporative emission control system, oxygen sensors, exhaust gas 

recirculation system, positive crankcase ventilation system, engine cooling system, cold 

start emission reduction strategy, air conditioning system, variable valve timing system, 

direct ozone reduction system and diesel particulate trap. Due to the problems 

associated with multiple protocols, the new OBD regulations require that all 2008 and 

subsequent model year vehicles use one protocol, a Controller Area Network (CAN) 

protocol, which is the leading network in power-train and body electronic applications. 

The high speed CAN network is well accepted by European carmakers and it is also 

becoming the leading network in America and the Far East. [24̂ 251[26]

Connected with OBD-II port plug, a diagnostic scanner can be used to read different 

vehicle operation parameters (vehicle speed, engine speed, intake air temperature,
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coolant temperature, ambient pressure, etc.) as well as the vehicle emission control 

sensor data (EGR, TPS, O2 , etc). At present, many kinds of OBD-II port scanners 

produced by many manufactures such as B&B electronics, AUTOXRAY, Snap-On, 

NGK, etc, are widely used in the automotive service shops as well as in research 

institutions.

2.3 EMISSION INVENTORIES PREDICTION MODEL

Emission inventory is used to estimate and predict the amount of pollution that 

automobiles release into the atmosphere. This is an important tool for city planners in 

managing traffic problems associated with the fast urban growth and increased use of 

motor vehicles.

Developed by U.S. EPA, MOBILE5, an emission inventory prediction program 

developed in the 1990s, was able to estimate emissions of hydrocarbons, carbon 

monoxide, and oxides of nitrogen for cities or regions. MOBILE5 distributes the on­

road vehicle fleet into eight main weight different categories. The vehicle composite 

emissions factor (g/km) was essentially based on the vehicle accumulative mass of the 

pollutant divided by the driving distance illustrated by the solid line in Figure 2-8 

which shows an example of a HC cumulative emission trace with a cold start. This 

single emission factor calculated by MOBILE5 had good accuracy only for the 

simulation trip distance near 20 km. The emissions were under-estimated when the 

simulation distance was less than 2 0  km and over estimated when the distance was 

more than 20 km. Since the release of MOBILE5 on December 4th, 1992, MOBILE5 

had been found to contain a number of minor errors that can affect the emission factors 

calculated by the model under certain conditions. For this reason, the Office of Mobile 

Sources had developed two corrected versions, which were called MOBILE5a (March 

26th, 1993) and MOBILE5b (October, 1996). However, the inaccurate single emission 

factor development method was still adopted by the above new versions.[23][27]
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M0BILE6 was developed to overcome many of the MOBILE5 problems and is 

capable of predicting gram per km emissions of HC, CO, NOx, CO2  and Particulate 

Matter (PM) from cars, trucks, and motorcycles under various conditions. MOBILE6  

further expands the previous eight vehicle categories into twenty-eight vehicle weight 

sections. The basic emission rates are derived from emissions tests conducted under 

standard conditions such as temperature, fuel, and driving cycle. Emission rates further 

assume a pattern of deterioration in emission performance over time, again based on 

results of standardized emission tests. MOBILE6  calculates adjustments to basic 

emission rates for conditions that differ from typical standard testing. Adjustments are 

used both to reflect how an in-use vehicle population is different from the tested 

samples and for conditions different from those used in the testing program . 1281

For the cumulative emission calculation for each pollutant, MOBILE6  uses two 

emission values. The first value is called starting emission value shown as the intercept 

between the Y axis and the dashed line in Figure 2-8. The second value describes the 

running emission factor shown as the slope of the dashed line. The total mass emission 

can be calculated by adding the starting emission value with running emission factor 

multiplied by diving distance. Obviously, the MOBILE6  model will estimate the 

vehicle emissions better than MOBILE5.

Because the data obtained from driving cycles is typically reported only a trip average 

basis, it is not possible to estimate emissions at smaller time or spatial scales. Thus, 

typical driving cycle data cannot be used to evaluate microscale vehicle emissions. The 

emission factor (g/km) used by the MOBILE series of models is also based on standard 

dynamometer testing and may not represent the vehicle emission rates at the high 

power demand, high acceleration with low vehicle speed driving situations.

2.4 CONCLUSION

As a consequence of urban growth and increasing traffic levels, many cities experience 

serious air pollution problems. More stringent emission regulations are moving forward
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innovation of the exhaust after treatment technologies and the development of the 

advanced tailpipe emission measurement representing the actual on-road driving 

conditions. Computerized emission inventories models make it possible to estimate the 

regional emissions both in the past and in the future supplying good guides for urban 

planners in managing traffic pollution problems. To improve the accuracy of those air 

pollution prediction models, it is preferable to develop on-road fuel consumption and 

emission functions instead of deriving them from the legislated drive cycle data tested 

on the chassis dynamometer which may not be representative of real-world traffic 

conditions.[22][29]
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CHAPTER 3 

Experimental System and Procedures

Chapter 3 introduces an on-board & in-use emission and fuel consumption 
measurement system by describing the experimental system setup and procedures. The 
aim o f this section is to demonstrate that this in-use system is portable, practical and 
capable o f  accurately measuring the instantaneous mass flow  rates o f  fuel and 
emissions as well as several operation parameters such as tractive power while the 
tested vehicle is in real service.
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3.0 INTRODUCTION

Understanding the role of real-world mobile source emission on air quality is moving 

us to develop new exhaust after treatment technologies as well as to design advanced 

emission measurement systems to evaluate on-road emissions from motor vehicles. [1] 

The most common method for measuring vehicle emissions and fuel consumption has 

been the use of chassis dynamometer tests in a laboratory test facility. Unlike the 

laboratory, where factors such as temperature and humidity can be controlled to within 

a specification, and where a vehicle can be operated on a standard speed or engine load 

trace, the on-road or in-field operation of a vehicle is subject to uncontrollable 

variability of ambient conditions and, in the case of on-road vehicles, of traffic 

conditions. Thus, the scheduling of data collection in an on-board study is more critical 

than it would be in the laboratory.[2] The opportunities for collecting data under desired 

conditions of ambient temperature, traffic flow, and other ambient or external 

uncontrollable factors are limited. It is therefore the challenge to develop a portable, 

fast installation in-use emission and fuel consumption measurement system with 

minimal impact on vehicle normal operations.[3]

This chapter focuses on a description of the experimental design and the test 

procedures employed in measuring real-world vehicle mass fuel consumption and 

emissions with an on-board & in-use measurement system adapted for multiple light- 

duty gasoline vehicles. Section 3.1 summarizes six individual subsystems of the 

experimental apparatus and one data processing program (Vetronix 5-Gas Analyzer, 

Horiba 720 NOx Analyzer, OBD-II Port Scanner, MAF Meter, Ambient Temperature 

Sensor, Data Acquisition System and Matlab program). The detail specifications of five 

test vehicles are summarized in Section 3.2. An overview of the experimental 

procedures used in conducting this study, driving routes designed and a typical start- 

stop test analysis are given in Section 3.3, Section 3.4 and Section 3.5 respectively. 

Section 3.6 details the measurement uncertainty analysis using the statistical method.
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3.1 EXPERIMENTAL APPARATUS DETAILS

Figure 3-1 provides a schematic of the emission analyzers, sensors and data acquisition 

system used as an on-board & in-use measurement system. Vehicle speed, mass flow 

rate (g/s) of fuel and exhaust emissions (NOx, CO, CO2 , HC, O2) are achieved using an 

ECM OBD-II scanner (Autotap), a Mass Air Flow sensor (Siemens), and two emissions 

analyzers (Horiba and Vetronix) with the rated resolution and accuracy listed in Table 

1. All measurements are coordinated and recorded using a Dell laptop computer. The 

following sub-sections describe the components of this measurement system.

3.1.1 VETRONIX FIVE-GAS ANALYZER

The Vetronix PXA-1100, a self-contained device which operates from vehicle 

electrical power (12v), is a portable, light weight (13 lbs) diagnostic exhaust gas 

analyzer. It is equipped with quick connect/disconnect hoses, which include one 

sampling line, two exhaust lines and one drainage line with a check valve. A flexible 

probe assembly at the end of the sampling hose is designed to insert into the vehicle 

tailpipe and secured by a chain during road tests. The emission samples are pumped 

into the Five Gas Analyzer through the sample line by the built-in vacuum pump. The 

mole fraction of CeHn, CO, CO 2, O2 and NOx can be measured and displayed on the 

analyzer screen. These emission gases are analyzed by two different methods: NDIR 

for HC, CO and CO 2 composition and two electro-chemical detectors for O 2 and NOx 

detection. The PXA-1100 is also equipped with a 22- key keypad which allows the user 

to make selections or input data needed to operate the gas analyzer. Before conducting 

the experimental test, the gas analyzer takes approximately 15 minutes from the time it 

is powered up for the internal, infrared gas detectors and sample chamber to complete 

the warm-up cycle. ‘Zero Gas Data’ is one of the steps after the analyzer warms up. 

Zeroing the gas analyzer adjusts the internal bench (HC, CO, CO2 Detector Bench) and 

NOx sensor to read zero relative to the ambient air. Therefore, it is critical to locate the 

analyzer in a place with ventilated fresh air. In order to ensure the measurement 

accuracy, calibration was conducted every two weeks using a premixed blend [4̂ 5]. In
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order to record the emissions data continuously, the PXA-1100 can transmit the 

instantaneous data into a Dell Inspiron-1100 laptop computer through a RS-232 

interface cable at 1.7 Hz sampling frequency.

Table 3-1 Instrument Specification

Value Range Resolution Sensitivity Accuracy (Rated)
5 Gas HC 0-20,000 ppm 1 ppm N/A 5% of reading
5 Gas CO 0-10% 0.01% N/A 5% of reading
5 Gas CO2 0-20% 0.10% N/A 5% of reading
5 Gas O2 0-25% 0.01% N/A 5% of reading

5 Gas NOx 0-4000 ppm 1 ppm N/A
32 ppm at 0-1000 ppm 

60 ppm at 1001-2000 ppm 
120 ppm at 2001-4000 ppm

Horiba NOx 0-3000 ppm 1 ppm N/A
30 ppm at 0-1000 ppm 
3% at 1001-2000 ppm 
5% at 2001-3000 ppm

Horiba A/F 3.99-500 0.01 A/F N/A

0.35 A/F at 9.5-Stoich 
0.15 A/F at Stoich 

0.40 A/F at Stoich-20.00 A/F 
0.90 A/F at 20.01-30.00 A/F
1.70 A/F at 30.01-40.00 A/F 
2.60 A/F at 40.01-50.00 A/F
3.70 A/F at 50.01-60.00 A/F 
0.5 vol% O2 at >=60.01 A/F

Siemens
HFM62B 2-153 g/s 27.72 mg/s 22.72 (g/s)/V 1.0 g/s

AD 590 -55 -  150 °C 0.12 °C 1000 °C /V

OO

3.1.2 HORIBA MEXA-720 NOx ANALYZER

Mexa-720 NOx analyzer is a low weight (1 kg), compact (130x75x200 mm), multi­

function portable NOx emissions analyzer using a zirconia-ceramic sensor. The unit 

provides fast-response measurements of NOx concentrations from diesel or gasoline 

engines and simultaneously measures O 2, Air/Fuel Ratio (AFR), and Excess Air Ratio 

(Z).  The sensor can be directly inserted into the vehicle downstream exhaust flow, 

eliminating the need for a sample-handling unit. This feature minimizes measurement 

time delays due to dead-volume sampling. The Mexa-720 NOx analyzer operates on 

vehicle electrical power ( 1 2 v) and needs approximately three minutes warm-up time. 

Recommended calibration consists of measuring four points (Zero, Middle, Span, High
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NOx). Calibration was conducted for this zirconia-ceramic NOx sensor once a month. 

The values of NOx and AFR can be read by the data acquisition system and recorded in 

the Dell laptop computer at 10 Hz sampling frequency.[6]

3.1.3 ECM OBD-II PORT SCANNER

An Auto Tap OBD-II Diagnostic Scanner is used to read the ECM sensor data in real 

time from any domestic and imported OBD-II vehicles after 1996. The vehicle 

parameters such as vehicle speed, engine speed, coolant temperature, intake air 

temperature, etc are available to be chosen and displayed in table, graph, meter or 

gauge displays. Those visual displays are convenient for the user to monitor and test 

the vehicle performance. All selected vehicle parameters can be recorded in the Dell 

laptop computer via USB connector. With a greater number of parameters being 

recorded, the OBD-II Scanner updates the instantaneous data values at a slower rate. 

Sampling frequency of about 3 Hz was for all tested vehicles during the experiments. ^

3.1.4 MASS AIR FLOW METER

Vehicle intake mass air flow rate is measured by a Siemens HFM 62B MAF meter 

mounted in the vehicle air intake system manually before conducting the road tests. 

This MAF meter is a compact, light weight (160g) device operating on the vehicle 

electrical power (12v), with a mass air flow range from 2 g/s to 153 g/s. The HFM 62B 

was calibrated every three months in order to ensure the accuracy and stability. Like 

other equipment, this MAF meter also needs to warm up around fifteen minutes before 

the road tests. The device produces an analog output voltage, which can be converted 

into the mass air flow rate (g/s) using a calibration curve derived from comparison with 

an ASME standard nozzle per SAE standard J244. The mass air flow rate is recorded at 

frequency of 10 Hz by the Dell laptop computer in the same spread sheet as the Horiba 

NOx and AFR values.

3.1.5 TEMPERATURE SENSOR
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The ambient temperature is measured by AD590, which is an integrated-circuit 

temperature transducer capable of producing an output current proportional to absolute 

temperature. The ambient air temperature sensor was mounted on the radio antenna of 

the vehicles where it could be exposed to the ambient air and would not be affected by 

the heat under the hood. This sensor is also powered by the vehicle electrical power 

(12v) and produces a linear current output (1 f xAI K) between -55 °C and 150°C. The 

calibration curve can be developed by a three points calibration method, which was 

actually conducted every three months as requirement. Like the HFM 62B MAF meter, 

the converting process of voltage to Celsius degree for AD590 can be achieved by the 

data acquisition system. The ambient temperature values in term of Celsius degree are 

recorded in the Dell laptop computer at a frequency of 10 Hz along with Horiba NOx, 

AFR and MAF data.

3.1. 6  DATA ACQUISITION SYSTEM

The data acquisition system includes a Dell Inspiron-1100 laptop computer, a National 

Instruments AL-16E-4 PCMCIA Data Acquisition Card (DAQ) and two Labview 6 i 

programs. The DAQ Card is capable of monitoring eight differential channels of analog 

input with twelve bit resolution and selectable gains of 1, 2, 5, 10, 20, 50 and 100. The 

data acquisition card collects data from the HFM 62B MAF meter, AD590 ambient 

temperature sensor and Horiba Mexa-720 NOx. Labview 6 i program codes are written 

to process the analog inputs from the data acquisition card as well as to communicate 

with PXA-1100 gas analyzer via RS-232 interface cable. The data acquisition system is 

able to read and record all instantaneous data from the measurement equipment into the 

Dell laptop computer[5].

The whole system weighing 17 kg (38 lbs) is installed in a designed steel case to be 

convenient for the operator to carry from vehicle to vehicle. This on-board & in-use 

emission measurement system is capable of being installed easily on a wide variety of 

vehicles, and being used during the regular everyday duty of the vehicles. Since the 

light-weight system can be belted on the passenger seat and the emission sampling hose
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is secured along the vehicle body, the measurement system does not pose a real or 

perceived danger to the vehicle drivers, passengers or the general public[8].

3.1.7 DATA ANALYSIS SOFTWARE

Using a Graphical User Interface (GUI) to provide onscreen options, a dedicated 

MATLAB program was composed to process raw experimental data files to interpolate 

data values due to the different sampling frequencies, synchronize the timing of the 

exhaust gas composition measurements with the other measurements due to the 

transport delay from the tail pipe to the five gas analyzer, and calculate the 

instantaneous vehicle power, mass emission rate and the fuel consumption rate as well 

as three types of emission factors. The detailed explanation of the program routines and 

sub-routines is illustrated in Appendix D.

A vehicle dynamic model was established in the processing program to calculate the 

vehicle tractive power at each time step. Tractive power is a measure of actual power 

transmitted to the road by the test vehicle based on the aerodynamic drag, rolling and 

inertial resistance of the vehicles. The complete calculations are illustrated in Appendix 

A. The instantaneous emissions rates and fuel consumption rates were calculated by 

balancing the combustion equations as detailed in Appendix B. The fuel consumption 

and emissions could be calculated in various formats such as g/s, g/km, g/kW.h and 

g/kgFuel. These measures were used to develop fuel consumption and emissions 

factors playing fundamental roles for building the associated prediction models in 

Chapter 4 and 5.

3.2 TEST VEHICLES

Five typical mid-life vehicles of model year 1997 to 2004 were used for these tests. As 

listed in Table 3-2, these vehicles included three passenger cars, one light duty pickup 

truck and one cargo van. Engine displacement varied from 1.8 L to 5.7 L with four 

automatic transmissions and one manual transmission. Vehicle odometer reading 

varied from 22,000 to 442,000 km. All vehicles were in “normal” operating conditions
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with no diagnostic trouble codes or obvious faults. The vehicle classes represented by 

these vehicles represent a significant fraction of the on-road fleet.

A 1999 Audi Quattro A4, all-wheel drive passenger car was used as one of the test 

vehicles for experiments. The vehicle was equipped with a 1.8 L four-cylinder gasoline 

fueled engine with turbo charger, and five speed manual transmission and all-wheel 

drive. The odometer reading was 101,000 km during the testing period. The rated peak 

power is 150 HP at 5700 rpm engine speed.

The 2004 Pontiac Vibe, front-wheel drive passenger car was equipped with a 1.8 L 

four-cylinder DOHC gasoline fueled engine and automatic transmission. The engine 

and ECM control system were produced by Toyota Motor Corporation. The odometer 

reading was 22,700 km during the testing period. The rated peak power is 130 HP at 

6000 rpm engine speed.

The 1997 Chevrolet Cavalier, front-wheel drive passenger car was equipped with a 2.2 

L four-cylinder DOHC gasoline fueled engine and automatic transmission. The 

odometer reading was 129,600 km during the testing period. The rated peak power is 

120 HP at 5200 rpm engine speed.

The 1999 Chevrolet Silverado C l500, extended cab, four-wheel drive pickup was 

equipped with a 5.4 L V8  Vortec gasoline fueled engine and automatic transmission, 

which was operated in two-wheel drive mode for all tests. The odometer reading was 

about 122,000 km during the testing period. The rated peak power is 270 HP at 4000 

rpm engine speed. The truck was originally obtained for competition in the 2000 

Ethanol Vehicle Challenge sponsored by General Motors and the U.S. and Canadian 

governments. After the completion of the competition, the vehicle was converted back 

to the stock gasoline power configuration. The pickup is currently used as an emissions 

research test vehicles, as well as a utility vehicle for student vehicle projects at the 

University of Alberta.
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Table 3-2 Vehicle Specifications

Vehicle Type LDGV LDGV LDGV LDGT2 LDGT3

Vehicle Model Audi Quattro Pontiac Vibe Chevrolet
Cavalier

Chevrolet
Silverado GMC Savana

Vehicle Symbol LDGVA LDGW LDGVC LDGTSP LDGTSV

Model Year 1999 2004 1997 1999 2001
Odometer Reading 101,000 km 22,700 km 129,600 km 122,000 km 442,300 km

Englnei&ECM^Maker: Audi, Germany Toyota. Japan Chevrolet, USA Chevrolet, USA GMC. USA
Engine Type / Size 1.8 L L4 AWD 1.8 L L4 FWD 2.2 L L4 FWD 5.4 L V8 4WD 5.7 L V8 RWD

Supply OBDII Port Data Yes Yes Yes Yes Yes
Real Weight During Test 1557 kg 1407 kg 1357 kg 2360 kg 2690 kg

Transmission Manual Automatic Automatic Automatic Automatic
Length 4522 mm 4365mm 4580 mm 6261 mm 6063 mm
Width 1733 mm 1775 mm 1712 mm 1994 mm 2012 mm
Height 1418 mm 1580 mm 1392 mm 1798 mm 2096 mm

The 2001 GMC Savana 2500, rear-wheel drive cargo van was equipped with a 5.7 L 

V8  gasoline fueled engine and automatic transmission. The rated peak power is 290 HP 

at 5200 rpm engine speed. The odometer reading was 442,300 km during the testing 

period, which was high for its age.

In order to minimize the extra engine load from the accessories, the radio/CD player 

and air conditioner were turned off, but the ventilation fan was set at the lowest level 

during experimental tests on every vehicle.

3.3 EXPERIMENTAL PROCEDURE

Once all instrumentation had been calibrated and installed onto the tested vehicle, it 

was possible to begin the experiments. The Vetronix PXA-1100 5-gas analyzer and 

Horiba Mexa-720 NOx analyzer were turned on first because they have longer warm­

up time. To supply power for ECM OBD-II scanner, the vehicle ignition switch was 

turned to the “ON” position. However the engine would not be cranked at this moment. 

Next step was to turn on the laptop computer and load the two Labview programs and 

the Auto Tap program. Once all equipment was warmed up, the user manually 

composed the recorded file names for each program and triggered the record buttons.
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The last step was to start up the engine and make sure every experimental apparatus or 

program works well. The weather conditions and test route traffic conditions were 

recorded after each in-use test as good references for the later research analysis.

3.4 DRIVING ROUTES

Six urban routes were selected in Edmonton city, each of which is similar to FTP 75 

urban driving cycle consisting of one fraction of the congested stop-start urban roads 

including one way, one lane each way, two lanes each way, and two fractions of 

relatively high-speed suburban roads. Those routes have an average distance of 16 km 

with an average vehicle speed of 30 km/h, maximum vehicle speed of around 80 km/h 

and a duration of 27 minutes.

Table 3-3 Driving Routes Comparison

Item Distance [km] Average Speed 
[km/h]

Maximum Speed 
[km/h]

Duration
[minutes]

Urban Route 16.0 30.0 80.0 27.0

FTP 75 17.9 34.1 91.2 31.0

Aggressive Driving 10.0 80.0 130.0 11.0

US 06 12.8 77.9 129.2 9.9

Highway Route 20.0 80.0 100.0 13.0

HWFET 16.5 77.7 96.4 12.8

Two routes were chosen along the Whitemud Freeway at the south of Edmonton to 

simulate the aggressive driving behaviors represented by the EPA US06 driving cycle. 

The diving distance was about 10 km with an average vehicle speed of 80 km/h, 

designed maximum vehicle speed of 130 km/h, maximum acceleration of 3.0 m/s2 and 

a duration of 11 minutes driving time. However, not every experimental test had that 

high maximum vehicle speed due to the limitation of the real-world traffic conditions.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Two routes were chosen along Highway 2 between Edmonton and Leduc to simulate 

the Highway Fuel Economy test cycle. The driving distance is about 20 km with an 

average vehicle speed of 80 km/h, maximum speed of 100 km/h and a duration of 13 

minutes. Table 3-3 summarizes the comparison of the designed driving routes with the 

corresponding certified driving cycles.

3.5 RESULTS ANALYSIS

This section displays analysis of a typical start-stop driving profile to illustrate the 

capabilities of the in-use measurement system. Figure 3-2 shows instantaneous vehicle 

speed, tractive power, fuel consumption rate and mass emission traces between two full 

stops extracted from an urban test. The vehicle experienced two rapid accelerations and 

one slow acceleration with vehicle speeds varying from zero to 80 km/h. From the 

bottom graph in Figure 3-2, it could be stated that vehicle tractive power not only 

varied with vehicle speed, but also with vehicle acceleration since each peak power 

happened at the end of the acceleration regardless of whether the vehicle speed was 

high or low. On the other hand, the instantaneous fuel consumption and mass emissions 

rates acted in compliance with the vehicle tractive power as shown clearly in the 

graphs. The vehicle produced 8 , 30, 10 and 9 times increase for HC, CO, NOx and 

mass fuel flow rate respectively with vehicle tractive power increasing from zero to 55 

kW for the first acceleration period. CO emission appeared only sensitive to the higher 

peak power for this test vehicle since the CO emission mostly remained quite low when 

the vehicle power was lower than 25 kW.

Another way to evaluate the influences on the emissions from the vehicle tractive 

power and acceleration can be illustrated by bubble plots in Figure 3-3. All 

instantaneous mass emissions data of HC, CO and NOx during the 140 seconds driving 

period were plotted in a single graph mainly considering the basic vehicle emissions 

behaviors with the vehicle operational parameters. The emissions were at the clean 

region with low values when the vehicle experienced low acceleration, low tractive
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power and all deceleration situations. With increasing vehicle power as well as 

acceleration, the mass emission rates started jumping out of the low emission value 

region to the high emission region. From this typical experimental test, it should be 

stated that vehicle tractive power has more direct influences on the fuel consumption 

and emissions rates than vehicle speed, which indicates the vehicle power based fuel 

consumption and emission factors will give more fuel consumption and emissions 

details during the transient driving pattern than vehicle speed/distance based factors.

The whole experimental test data file can be truncated in accordance with vehicle speed 

and tractive power to give the average value in each speed bin and tractive power bin. 

In this thesis, the average speed and tractive power especially used in fuel consumption 

and emissions functions development are defined as bin average speed and bin average 

tractive power respectively. For example, all data within 4 km/h and 6  km/h go with 5 

km/h speed bin, and those within 7 kW and 9 kW go with 8  kW tractive power bin. 

Figure 3-4 shows the histogram fraction of different vehicle speed bin as well as 

individual distance-based fuel consumption values and average fuel consumption 

values located in their related road speed bins. The vehicle spent 21% of its time at idle 

conditions and run most of time at low vehicle speed implying the stop-start congested 

urban driving pattern. The individual fuel consumption data scatter a lot along the 

whole vehicle instantaneous speed range, but the distance-based fuel consumption 

trend with road speed is clearly expressed by the bin average values in the bottom 

graph of Figure 3-4. The similar method is also used for the bin average tractive power 

development shown in Figure 3-5. Again, the typical urban driving pattern is 

demonstrated by the tractive power histogram plot with 50 % of the driving time at less 

than 1 kW. In the tractive power interval of zero to 50 kW, the trend of instantaneous 

mass fuel flow rates increasing with vehicle tractive power is demonstrated very well 

by the bin average values in the bottom graph of the same figure. However, the trend 

becomes unclear due to the less data were collected at the high tractive power region, 

and the average values were biased by some individual data. Therefore, in order to 

reduce overall measurement uncertainty and bias, the data averaging strategy is widely 

used in the vehicle fuel consumption and emissions behaviors analysis in the follow
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chapters. The theory of increasing and averaging the collected data to reduce overall 

uncertainty is detailed in the next section.

3.6 MEASUREMENT UNCERTAINTY ANALYSIS

As mentioned in the previous sections, this in-use fuel consumption and emission 

measurement system is made up of a chain of instruments, each of which is subject to 

individual inaccuracy as summarized in Table 3-1. The overall uncertainty of the 

calculated values (i.e. specific emission rate g/gFuel, g/km, g/kW.h) can be computed 

from the individual errors of several different equipments using the Root-Sum-Square 

uncertainty analysis methods as detailed in Appendix A and Appendix B. The nature 

of the in-use measurement system is to represent real-world driving conditions which is 

the major advantage over the standard chassis dynamometer. However, the 

repeatability of in-use measurement is low because the vehicle experiences a variety of 

traffic conditions, road conditions, driving behaviors, etc. The combined system 

uncertainty of individual measurements is dominated by the larger error from the 

repeatability since the instrument accuracies are satisfied by the periodic calibrations. 

However, the data averaging inherent in calculating specific emission rates from many 

individual measurements can reduce the uncertainty as indicated in Equation 1 I101!11!, 

since the final emission rate is inherently an average of a large sample size N.

s -* = 7 m  [1]

Sj  : Standard deviation of sample mean values 

s : Standard deviation of population about X

N  : Sample size

Figure 3-6 shows the individual specific NOx emission rate (g/gFuel) from one trip 

using the Audi Quattro. The data are scattered along the vehicle speed axis (i.e. 

independent of speed) and have an average value of X =  0.00279 and standard
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deviation s = 0.00259 for the 2,374 individual measurements. Calculated with Equation 

1, the standard deviation of mean values is s -  = 0.0000532. Assuming a Gaussian

distribution[11], the 95% confidence range is X ±  1.96 x s -  = 0.00279 ± 3.7%.

Table 3-4 Difference Average Value and Uncertainty From Different Trips

Vehicle Trip Average NOx 
(g/gFuel)

95% Confidence 
Uncertainty

o 1 0.00279 3.7%

Au
di

Q
ua

ttr
t

2 0.00201 9.6%
3 0.00293 5.2%
4 0.00198 9.1%

Audi Average 0:00243 6.9%

Table 3-4 shows the average values and corresponding uncertainties from four trips 

using the same vehicle. The resulting average NOx value of 0.00243 g/gFuel with 6.9% 

uncertainty is accurate enough to characterize this vehicle.

Table 3-5 Average NOx (g/gFuel) Value From All Tested Vehicles

Vehicle Average NOx (g/gFuel)
Audi Quattro 000243
Pontiac Vibe 0.00052
Chevrolet Cavalier 0.00140
Chevrolet Silverado 0.00408
©i^pSavana 0.00355
5 Vehicle Average Value 0.00240
95% Confidence Uncertainty 60.1%

Table 3-5 shows the range of NOx emission rates developed for all 5 tested vehicles. 

Considering the range of vehicle values, the average specific NOx emission value of 

0.0024 g/gFuel could be used to represent the whole light duty gasoline vehicle 

population, but with a statistical uncertainty of ±60.1% at 95% confidence. This large 

statistical uncertainty is not surprising when considering the huge range of fleet models
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and ages on the road. The uncertainty of X  is reduced as sample size N  increases, 

therefore at least 580 vehicles in different categories should be tested in order to 

represent the total light duty gasoline vehicle population with 5% uncertainty.

Similar statistical analysis of data can also be used in other fuel consumption factors 

and emission factors calculations.

3.7 CONCLUSION

While the environmental impact of the automobile has long been regarded as a relevant 

and important research topic, increasingly strict environmental regulations and ever- 

expanding automobile use are increasing the impetus of developing a portable real-time 

emission measurement method. Having introduced the experimental apparatus and 

illustrated the details of the experimental design and test procedures, this chapter 

described an on-board & in-use fuel consumption and emission measurement system 

rebuilt and adapted for multiple light-duty gasoline vehicles. The capability of this in- 

use measurement system to examine the real-world instantaneous mass flow rates of 

fuel and emissions as well as other operational parameters was demonstrated by 

analyzing a typical start-stop driving test. The experimental results clearly showed how 

the operational parameters (such as vehicle tractive power) affected vehicle pollutant 

emissions and fuel consumption rates. Statistical analysis clearly showed that system 

overall uncertainty was reduced greatly through averaging individual data and 

increasing sample number.
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Figure 3-4

Vehicle Instantaneous Speed [km/h]
0 20 40 60 80 100

Q)

O) Q.

^  600

T T T
© - - ^ )  Histogram of Bin Value -
+ + +  Individual Fuel Consumption -
☆ ☆ ☆ Fuel Consumption Bin Value -

o e-e e

400
to jo

*y+
r  a %*+•-.+ + + + + + *+++++ T++ ■»?+ ■*>■ + + %++ + + * + +

c  ,—,

■ f l  300 
E a
1 S 200
o  to
o >
a3 £  100
13 GO

0

☆

☆ ☆
■fr.

' * * * * * *  *

1 r 
20

1 I 1 I 1 
60 800 20 40 60 80 100

Vehicle Bin Average Speed [km/h]

Vehicle Bin Average Speed Development (Using Chevrolet Silverado)

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3-5
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CHAPTER 4

Experimental Measurement of On-Road CO2 Emission And 
Fuel Consumption Functions

Motorized transport has become an essential part o f our world economic system with 
an ever-increasing number o f vehicles on the road. However, considering the 
depletion o f  energy resources and the aggravation o f greenhouse gas issues, it is 
critical to improve vehicle fuel consumption. These demands are moving us toward 
advanced engine and powertrain technologies. However, understanding our progress 
also requires improvements in the way we measure and certify vehicle emissions and 
fuel economy performance.

This chapter describes the use o f an on-board fuel consumption and emissions 
measurement system to develop on-road fuel consumption functions that can be used to 
quantify the fuel economy impact o f vehicle, road and traffic control changes. The 
system uses an ECM OBD-II scanner, a Mass Air Flow meter and an emissions 
analyzer to monitor fuel and exhaust CO2 mass flow  rate (in g/s) as well as vehicle 
speed and other parameters. All measurements are coordinated and recorded using a 
laptop computer. Vehicle tractive power is calculated from speed measurements using 
vehicle dynamic models, allowing calculation o f actual fuel efficiency. In the results, 
the measured CO2 emission values correlate well with those predicted by a carbon 
balance from measured fuel consumption, confirming the validity o f a range o f  
measurements.

Chapter 4 reports on fuel consumption behaviors fo r  five typical vehicles over seventy 
repeated tests in urban, highway and aggressive driving situations. Although it is well 
known that vehicle energy demand goes up with increasing steady speed, the results 
show the strong importance o f fuel efficiency, vehicle accelerations and idle periods on 
actual on-road fuel consumption. Fuel efficiency is essentially zero at idle but rises to 
a high level fo r  vehicle tractive power over 30% o f  the rated power. This trend 
indicates the potential fo r  reduced fuel consumption through engine down-sizing and 
powertrain controls. For vehicles running in normal traffic situations, the fuel 
consumption tends to be best in the 60 km/h to 100 km/h average speed range due to 
the reduced severity o f accelerations and lack o f idling. Those results emphasize the 
potential fo r  fuel savings through improvements o f road structure and traffic control to 
reduce congestion. The test results are used to generate a fuel consumption model 
based on a vehicle dynamic model data and speed trace. This model can be used to 
quantify the fuel consumption and greenhouse gas CO2 emission effect for changes in 
vehicle structure and on-road operating conditions.

This chapter is based on a technical paper submitted fo r  publication to SAE World 
Congress & Exhibition 2007.
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4.0 INTRODUCTION

Automotive tailpipe emissions are the major source of air pollution in most urban areas. 

[1] Besides controlling criteria emissions, (CO, HC, NOx), reducing CO2 as a green 

house gas is a critical world target with some countries planning to implement 

regulatory measures. CO2 cannot be eliminated by practical exhaust after-treatment 

systems so the only practical approach to reducing CO2 is to lower fuel consumption.[2] 

Fuel consumption ranks with car performance as a highly valued feature in the eyes of 

prospective car buyers. However, there is significant uncertainty in actual in-use fuel 

consumption with significant differences in actual consumption between same-model 

vehicles on the road and significant differences from the certification tests. Making 

progress on the critical demands to reduce vehicle fuel consumption and tailpipe CO2 

emissions not only requires advanced engine technology, but also requires 

improvements in the way we measure and certify vehicle emissions and fuel economy 

performance.

On-board fuel consumption and emissions measurement is widely recognized as a 

desirable approach for quantifying emissions from vehicles since data is collected 

under real-world conditions at any location traveled by the vehicle. [4] Currently, 

various portable emission measurement equipment and OBDII port scanners have been 

developed and provide the capability to measure and record multiple vehicle operating 

parameters simultaneously with e m iss io n s .T h is  chapter describes the use of an on­

board & in-use measurement system capable of measuring the vehicle mass emission 

rates and fuel consumption rate as well as vehicle speed, mass air flow rate and other 

operating parameters. To better understand actual fuel consumption and CO2 emission, 

seventy repeated tests were conducted using five typical vehicle types. The objective 

was to generate a basic model to be capable of evaluating the fuel consumption and 

CO2 emission of typical gasoline vehicles as a function of vehicle power demand while 

operating in typical traffic situations.
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4.1 EXPERIMENTAL CONFIGURATION

Figure 4-1 provides a schematic of the emission analyzers, sensors and data acquisition 

system used as an on-board & in-use measurement system. Vehicle speed, operating 

parameters and mass flow rate (g/s) of fuel and exhaust emissions (NOx, CO, CO2, HC, 

O2) were all measured using an ECM OBD-II scanner (Autotap), a Mass Air Flow 

sensor (Siemens), and two emissions analyzers (Horiba and Vetronix) with the rated 

resolution and accuracy values shown in Table 4-1. All measurements were 

coordinated and recorded using a Dell laptop computer. The raw experimental data 

files were processed by a dedicated MATLAB program to calculate the vehicle power, 

mass emission rate, fuel consumption rate and other parameters of interest, as 

illustrated in more detail by Appendix A and Appendix B. Hereinafter, the equipment 

details will be expounded.

VETRONIX FIVE-GAS ANALYZER: The PXA-1100, a self-contained device

which operates from vehicle electrical power (12v), is a portable, light weight (13 lbs) 

diagnostic exhaust gas analyzer. It is equipped with quick connect hoses, which 

include one sampling line, two exhaust lines and one drainage line with a check valve. 

A flexible probe assembly at the end of the sampling hose is designed to insert into the 

vehicle tailpipe and secured by a chain during road tests. The emission samples are 

pumped into the Five-Gas Analyzer by a built-in vacuum pump. The mole fraction of 

Hydrocarbon (as hexane, HC), Carbon Monoxide (CO), Carbon Dioxide (C 0 2), 

Oxygen (O2) and Oxides of Nitrogen (NOx) are measured and displayed on screen as 

well as being transmitted to the computer via a RS-232 serial link. These emission 

gases are analyzed by two different methods: non-dispersive infrared (NDIR) for HC, 

CO and C 0 2 composition and two electro-chemical detectors for 0 2and NOx 

detection. The gas analyzer takes approximately 15 minutes from the time it is 

powered up for the internal, infrared gas detectors and sample chamber to complete the 

warm-up cycle. One of the start-up steps is a ‘Zero Gas Data’ step where the gas 

analyzer adjusts its readings to zero using a sample of ambient air. Therefore, it is
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critical to locate the analyzer in a place with a supply of ventilated fresh air. To ensure 

measurement accuracy, the PXA-1100 was calibrated every two weeks using a 

premixed blend.

Table 4-1 Instrument Specification
Value Range Resolution Sensitivity Accuracy (Rated)

5 Gas HC 0-20,000 ppm 1 ppm N/A 5% of reading
5 Gas CO 0-10% 0.01% N/A 5% of reading
5 Gas CO2 0-20% 0.10% N/A 5% of reading
5 Gas O2 0-25% 0.01% N/A 5% of reading

5 Gas NOx 0-4000 ppm 1 ppm N/A
32 ppm at 0-1000 ppm 

60 ppm at 1001-2000 ppm 
120 ppm at 2001-4000 ppm

Horiba NOx 0-3000 ppm 1 ppm N/A
30 ppm at 0-1000 ppm 
3% at 1001-2000 ppm 
5% at 2001-3000 ppm

Horiba A/F 3.99-500 0.01 A/F N/A

0.35 A/F at 9.5-Stoich 
0.15 A/F at Stoich 

0.40 A/F at Stoich-20.00 A/F 
0.90 A/F at 20.01-30.00 A/F
1.70 A/F at 30.01-40.00 A/F 
2.60 A/F at 40.01-50.00 A/F
3.70 A/F at 50.01-60.00 A/F 
0.5 vol% 0 2 at >=60.01 A/F

Siemens
HFM62B 2-153 g/s 27.72 mg/s 22.72 (g/s)/V 1.0 g/s

AD 590 -55 -  150 °C 0.12 °C 1000 °C /V 0.5 °C

HORIBA MEXA-720 NOx ANALYZER: The Mexa-720 NOx analyzer is a light

weight (1 kg), compact (130x75x200 mm), multi-function portable Oxides of 

Nitrogen (NOx) emissions analyzer with zirconia-ceramic sensor. The single unit 

provides fast-response measurements of both Oxides of Nitrogen (NOx) and Oxygen 

(O 2) as well as giving Air/Fuel Ratio (AFR) and Excess Air Ratio ( X ). The sensor 

was directly inserted into the vehicle exhaust flow using an exhaust gas oxygen sensor 

fitting added downstream of the catalytic converter. This location minimizes 

measurement time delays due to dead-volume sampling. The Mexa-720 NOx analyzer 

operated on vehicle electrical power ( 1 2 v) and needed approximately three minutes 

warm-up time. The NOx concentration and AFR were read and recorded directly by
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the data acquisition system. A monthly four-point calibration, (Zero, Middle, Span, 

High NOx) was conducted.

ECM OBD-II PORT SCANNER: An Auto Tap OBD-II Diagnostic Scanner was

used to read the ECM sensor data, (which is available in real-time from all 1996 and 

later vehicles complying with OBD-II requirements). Operating parameters such as 

vehicle speed, engine speed, coolant temperature, intake air temperature, etc could be 

displayed in table, graph, meter or gauge visual displays as well as being transmitted 

via USB connection to the Dell laptop computer for recording.

MASS AIR FLOW METER: Vehicle intake air consumption was measured by a

Siemens HFM 62B MAF meter manually mounted in the vehicle air system of each 

vehicle. This MAF meter is a compact, light weight (160g) device operating on the 

vehicle electrical power (12v). The MAF was allowed to warm up for 15 minutes prior 

to road testing and covered a 2 g/s to 153 g/s range with an analog voltage output. To 

ensure accuracy and stability, the MAF was calibrated every three months. The 

calibration was accomplished by measuring the flow drawn through an ASME standard 

nozzle as described in SAE standard J244.

TEMPERATURE SENSOR: Ambient temperature was measured with an AD590

integrated-circuit temperature transducer fastened to the vehicle radio antenna. The 

AD590 was powered by the vehicle electrical power (12v) and produces a linear 

current output (1 [ lAIK)  over the range -55°Cto 150°C. The calibration curve was 

developed with a three-point calibration conducted every three months. The voltage- 

to-°C calculation was achieved by the data acquisition program.

DATA ACQUISITION SYSTEM: The data acquisition system included a Dell

Inspiron-1100 laptop computer, a National Instruments AL-16E-4 PCMCIA data 

acquisition card and two Labview 6 i programs. The DAQ Card is capable of 

monitoring eight differential channels of analog input with twelve bit resolution and 

selectable gains of 1, 2, 5, 10, 20, 50 and 100. The data acquisition card collected data 

from HFM 62B MAF meter, AD590 ambient temperature sensor and Horiba Mexa-720
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NOx. Labview 6 i program codes are written to process the analog inputs from the data 

acquisition card as well as to communicate with PXA-1100 gas analyzer via RS-232 

interface cable. The data acquisition system is able to read and record all instantaneous 

data from the measurement equipment into the Dell laptop computer. 151 All 

experimental data are recorded after the user manually composes the recorded files 

names for each program and triggers the record buttons. After conducting the 

experiments, the user needs to record the weather conditions, test routes number and 

start time as references for the later research analysis.

The whole system weighing 17 kg (38 lbs) is installed in a designed steel case to be 

quite convenient for the operator to carry from vehicle to vehicle. This on-board & in- 

use emission measurement system is capable of being installed easily on a wide variety 

of vehicles, being used during the regular everyday duty of the vehicle. Since the light­

weight system can be belted on the passenger seat and the emission sampling hose is 

secured along the vehicle body, the measurement system does not pose a real or 

perceived danger to the vehicle drivers, passengers or the general public.[7]

Table 4-2 Vehicle Features
Vehicle Type LDGV LDGV LDGV LDGT2 LDGT3

Vehicle Model AudiQuattro Pontiac Vibe Chevrolet
Cavalier

Chevrolet
Silverado GMC Savana

Vehicle Symbol LDGVA LDGW LDGVC LDGTSP LDGTSV
Model Year 1999 2004 1997 1999 2001

Odometer Reading 101,000 km 22,700 km 129,600 km 122,000 km 442,300 km
Engine & ECM Maker Audi, Germany Toyota, Japan Chevrolet, USA Chevrolet, USA GMC, USA

Engine Type / Size 1.8 L L4 AWD 1.8 L L4 FWD 2.2 L L4 FWD 5.4 L V8 4WD 5.7 L V8 RWD
Supply OBDirPortttata; Yes Yes Yes Yes Yes
Real Weight During Test 1557 kg 1407 kg 1357 kg 2360 kg 2690 kg

4.2 TEST VEHICLES

Five typical mid-life vehicles of model year 1997 to 2004 were used for these tests. As 

listed in Table 4-2, these vehicles included three passenger cars, one light duty pickup 

truck and one cargo van. Engine displacement varied from 1.8 L to 5.7 L with four 

automatic transmissions and one manual transmission. Vehicle odometer reading varied
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from 22,000 to 442,000 km. All vehicles were in “normal” operating conditions with 

no diagnostic trouble codes or obvious faults. The vehicle classes represented by these 

vehicles represent a significant fraction of the on-road fleet.

In order to minimize the extra engine load from the accessories, the radio/CD player 

and air conditioner were turned off, but the ventilation fan was set at the lowest level 

during experimental tests on every vehicle.

4.3 DRIVING ROUTES

Six urban routes were selected in Edmonton city, each of which is similar to FTP 75 

urban driving cycle consisting of one fraction of the congested stop-start urban roads 

including one way, one lane each way, two lanes each way, and two fractions of 

relatively high-speed suburban roads. Those routes have an average distance of 16 km 

with an average vehicle speed of 30 km/h, maximum vehicle speed of around 80 km/h 

and a duration of 27 minutes. An example of vehicle speed trace and the four driving 

modals distribution for the experimental test is shown in Figure 4-2. The graph shows 

that there are 23 stops and frequent accelerations. 65% of the driving time is used on 

acceleration and deceleration, and idle time occupies almost one quarter of the total 

driving time. The definitions of idle, acceleration, deceleration and cruise modals are 

listed in Table 4-3.

Two routes were chosen along the Whitemud Freeway at the south of Edmonton city to 

simulate the aggressive driving behaviors represented by the EPA US06 driving cycle. 

The diving distance was about 10 km with an average vehicle speed of 80 km/h, 

designed maximum vehicle speed of 130 km/h, maximum acceleration of 3.0 m/s2 and 

a duration of 11 minutes driving time. However, not every experimental test had that 

high maximum vehicle speed due to the limitation of the real-world traffic conditions. 

Figure 4-3 shows one typical experimental test conducted on the designed route. It is 

notable detect that about 70% of the driving time was spent on the accelerations and 

decelerations.
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Table 4-3 Definitions of The Four Modal Analysis Variables

Modal Name Definition

1 Idle V<=3 km/h and [a|<=0.1 m/s2

2 Acceleration a>0.1 m/s2

3 Deceleration a<-0.1 m/s2

4 Cruise V>3 km/h and |a|<=0.1 m/s2

Two routes were chosen along the Highway 2 between Edmonton city and Leduc city 

to simulate the Highway Fuel Economy test cycle. The driving distance is about 20 km 

with an average vehicle speed of 80 km/h, maximum speed of 1 0 0  km/h and a duration 

of 13 minutes. The vehicle speed trace and the driving modals distribution of an 

experimental test are shown in Figure 4-4. In contrast to the urban route tests and the 

high-acceleration, high-speed aggressive driving tests, the vehicle spent more than 50% 

of the total time on cruise.

4.4 RESULTS AND DISCUSSIONS

The basic direct measurement test results consist of time traces of exhaust 

concentration (NOx, CO, CO2, HC, O2), vehicle speed, intake mass air flow rate, air 

fuel ratio and ambient temperature. The basic calculated test results include the time 

traces of vehicle acceleration, tractive power calculated using a vehicle dynamic model, 

[8] mass flow rates for tailpipe emissions, and fuel consumption rate calculated by MAF 

and AFR (APPENDIX B).

4.4.1 FUEL EFFICIENCY ANALYSIS

The vehicle fuel efficiency is measured as vehicle tractive work divided by fuel energy 

consumed (LHV basis) expressed by Equation 1. The lower heating value of Iso- 

Octane (CgHig) obtained from reference[9] is used for the efficiency calculation.
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Efficiency =
Vehicle Work(kJ)

x 100%
Energy Released From Fuel Consumed (kJ) 

Vehicle Power (kW )
x 100%

Fuel Consumption Rate ( g / s ) x  LHV  (kJ  / g) [1]

Figure 4-5 shows the relationship between vehicle fuel efficiency and tractive power. 

Fuel efficiency is inherently zero at idle but increases rapidly to reach a plateau value 

when tractive power is above 20-30% of the rated vehicle peak power. The plateau 

efficiency value varied: about 33% for the Chevrolet Silverado and the newest

automatic transmission car, 32% for the AWD manual transmission car, 30% for the 

oldest FWD car and only 25% for the very high mileage GMC Savana van. 

Considering ideal Otto cycle efficiency and the fact that these are post-drivetrain 

efficiency values, the in-use efficiency values are quite impressive. However, as also 

shown in Figure 4-5, it was notable that, for typical driving conditions as represented 

by these tests, the vehicles spent 60% of their time at less than 1 0 % of rated power and 

82% at less than 20% of rated power. Hence, average in-use fuel efficiency was 

typically much lower than the maximum plateau values.

By further examining the vehicle fuel efficiency data, it can be found that the fuel 

efficiency starts dropping slightly when the vehicle power is over 50% of the rated 

power. Normally, the higher vehicle tractive power is associated with higher engine 

speed. Theoretically, the rich mixture combustion increases the specific fuel 

consumption and decreases the fuel efficiency. Since there is a limitation of the real- 

world driving conditions, the further fuel efficiency trend cannot be interpreted clearly 

only using the present experimental data.

Another way of looking at vehicle fuel consumption is to consider the relationship 

between tractive energy demand, fuel consumption and average vehicle speed as shown 

for these test vehicles in Figures 4-6 to 4-10. The graphs show that the average vehicle 

energy demand is typically high (due to accelerations) at low road speed and rises again 

(due to aerodynamic drag) at high test road speed. The minimum energy demand is
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generally in the 60 to 80 km/hr average speed range. Reflecting the energy demand, 

vehicles moving at low road speed typically have high fuel consumption because they 

are using high power to accelerate and /or they are running at low power and low 

efficiency. Vehicles moving at very high speed have high fuel consumption due to 

higher aerodynamic drag. The optimum speed for low fuel consumption generally falls 

in the 60 to 100 km/h vehicle average speed range. This presents an interesting 

challenge for traffic management since it is difficult to maintain such high average 

speeds without using massive traffic infrastructure (freeways). However, vehicle fuel 

consumption is typically about three times higher when average vehicle speed is 

reduced to typical traffic speeds on the order of 20 km/h show in Figure 4-6 to 4-10.

4.4.2 FUEL ECONOMY COMPARISON AMONG THE DIFFERENT TESTING 

PATTERNS

A significant share of customers will take the vehicle fuel economy (L/100km or MPG) 

into account for their next automobile purchase. With the increasing competition in the 

automotive industry, the fuel economy is becoming one of the most import sale points 

for the vehicle manufacturers. However, the rated fuel economy by the manufacturer is 

developed from the dynamometer test through the designed driving cycles (Urban 

Cycle & Highway Cycle) under the standard conditions (such as 20 °C ). Fuel economy 

will change with the different ambient temperature, air humidity, traffic conditions and 

the different driving behaviors. Figure 4-11 shows the in-use tested fuel economies of 

all vehicles driving at three different patterns. Vehicles driving on the highway have 

good fuel economy, because the vehicle average speed is between 80 km/h and 1 0 0  

km/h which is located in the low fuel consumption range indicated in Figure 4-6 to 4- 

10, and there is no idle time during the trip. The vehicles have worse fuel economy 

while driving on the US06 simulation routes with over 120 km/h maximum speed and 

more than 2.5 m/s2 acceleration described in Figure 4-3. However, the fuel economy is 

still better than the urban tests fuel economy due to high average vehicle speed and the 

quite small fraction of the idle time (less than 5%). With about one quarter of the total 

driving time at idle and the low average speed, the vehicles have the worst fuel
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economy while driving on the urban routes. The value of the fuel economy is 

proportional to the vehicle engine displacement shown in Figure 4-11, and the reason 

could be that the vehicle with bigger engine size usually has the higher weight and 

higher rated power, which tends to be compensated by consuming more fuel.

4.4.3 RELATIONSHIP BETWEEN C 0 2 EMISSION AND FUEL CONSUMPTION

Carbon dioxide (C 02) and water vapor are the major products of hydrocarbon 

combustion. These two gases are normal atmospheric constituents and are considered 

non-toxic, but C 0 2 is one of the basic greenhouse gases which have significant 

influence upon warming the earth climate. In addition to the criteria emissions (CO, 

HC, NOx), the significant contribution of C 0 2 from the internal combustion engine is 

drawing great attention all over the world. Because C 0 2 cannot be reduced by an 

exhaust after-treatment system, reduction of fuel consumption from cars is an effective 

method for C 0 2 emission abatement. [10] This section focuses on analyzing the 

relationship between C 0 2 emission rate and the fuel consumption rate and creating a 

general relationship function for all light duty gasoline vehicles.

Based on the experimental test results, it is not hard to find that the C 0 2 emission and 

fuel consumption are strongly correlated in different driving patterns which indicates 

that there is a great potential to calculate the C 0 2 emission from the fuel consumption 

value. Figure 4-12 illustrates three typical tests of Urban, Highway and US06 

simulation cycle respectively. Three linear fit lines almost overlap together, but there is 

a slight difference. From the different slopes of the straight lines, it can be stated that 

the vehicle produces the C 0 2 emission at most from the Highway tests and at least 

from the US06 tests when the vehicle has the same fuel consumption rate. While 

driving on the highway, the vehicle’s ECM tends to let the engine run at a slightly fuel 

lean mixture (the AFR is larger than the Stoichiometric AFR) to increase the fuel 

efficiency due to less acceleration and deceleration period. The extra air helps the 

engine to produce more final combustion products (C 0 2 & H20 ) and less intermediate 

products (HC, CO). In contrast, the vehicle engine runs at a fuel rich mixture (the AFR
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is less than the Stoichiometric AFR) at a great large fraction of time during the 

aggressive driving tests. Therefore, the vehicle produces less CO2 and more HC/CO as 

expected. When operating on the urban routes, the engine runs at fuel rich, 

stoichiometric, fuel lean mixtures alternatively, so the CO2 emission from the urban 

routes test is between those of the Highway test and the US06 test.

It is more realistic that the vehicle is driven under the mixed driving patterns during a 

longer period time, not only driven on the highway or on the urban roads. Therefore, it 

is necessary to average all driving patterns’ data and produce one function for the 

vehicle to get the relationship between the CO2 emission rate and fuel consumption rate 

shown in Figure 4-12. Using the same method, the other four vehicles are examined 

and similar CO2 emission rate functions are developed as illustrated in Figure 4-13. 

With further averaging, these five functions are then summarized into one general CO2 

emission function for the whole light duty gasoline vehicles. Because the CO2 emission 

and the fuel consumption are measured or calculated at the same time trace, the general 

function in Figure 4-13 can be integrated to produce the cumulative CO2 emission 

function expressed by the following equation:

Theoretically, the full combustion process can be expressed as Equation 3 if all carbon 

of gasoline is assumed to transfer into CO2 . Therefore, the ratio of CO2 emission 

against fuel consumption can be calculated as follow:

CC02 = 3.07 CFC
CC02 : Cumulative C 02 Emission [g]
CFC : Cumulative Fuel Consumption [g]

[2]

CxH y + (x + y  / 4) 0 2 —► x C 0 2 + y  / 2 H 20 [3]

C02 (mass) _ 44x _ 44
CxH y (mass) 12 x + y  12 + y / x
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From the experimental results analysis, the average hydrogen-to-carbon ratio (y/x) of 

fuel consumed by the vehicles is 1.96, which can be determined by balancing the 

typical gasoline combustion equation illustrated in Appendix B. The mass emission of 

CO2 is then 3.15 times of fuel consumed under the theoretical assumption. However, 

the real experimental result of 3.07 is 2.5% less than the ideal value. This may be 

caused by the small fraction of CO and HC in any tailpipe exhaust emissions. Hence, 

Equation 2 is reasonably accurate to link the greenhouse gas CO2 with fuel 

consumption for the light duty gasoline vehicles.

4.4.4 FUEL CONSUMPTION FUNCTION DEVELOPMENT

Having analyzed the influences on the fuel efficiency and the fuel economy from the 

vehicle speeds and the driving patterns, it only supplies the general knowledge of 

lowering the fuel consumption strategies, but does not provide enough information 

about how to link the instantaneous fuel consumption rate with the vehicle performance 

(such as vehicle power) at the same time. This section explores a method to calculate 

and predict the fuel consumption as well as mass emission of CO2 from the other 

known or estimated parameters instead of using MAF and AFR.

The top graph in Figure 4-14 shows the instantaneous fuel consumption rate (g/s) and 

vehicle speed time traces. When the vehicle speed increases from zero to 50 km/h 

(point A) rapidly, the fuel flow rate increases from 0.5 g/s to 3.8 g/s in the same time 

interval. However, when the vehicle speed increases from 17 km/h to 75 km/h (point 

B), the fuel flow rate only increases from 0.6 g/s to 2 g/s because the slope of the speed 

time trace of this section is noticeably lower than that of the previous acceleration 

section. Another typical acceleration section in the same truncated test plot shows that 

the fuel flow rate only increases 0.5 g/s when the vehicle is slowly accelerated from 45 

km/h to 65 km/h (point C). After calculating the acceleration and the vehicle power, the 

bottom graph in the same figure can be developed, which clearly indicates that fuel 

flow rate is proportional to the acceleration and the vehicle power rather than the 

vehicle speed.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The fuel consumption and tractive power traces can be integrated to give cumulative 

fuel consumption and cumulative vehicle work. The vehicle power-based fuel 

consumption factor (g/kW.h) is then the slope of a plot of fuel consumption against 

vehicle tractive work as shown in Figure 4-15. The intercept value between the solid 

line and the Y-axis can be determined by the initial idle fuel consumptions rate (g/s) 

multiplied by initial idle time (s). All five vehicles’ idle fuel flow rates (both cold-start 

and warmed-up) were measured and the average values were calculated. Figure 4-16 

shows that the idle fuel flow rates in both cases could be correlated well with engine 

displacement. The cold-start idle fuel flow rates of the vehicle with 5.4 L engine 

displacement are three times higher than that of the vehicle with 1.8 L engine 

displacement. However, the difference of the idle fuel flow rates between these two 

cases is much lower after the engine warmed-up.

The vehicle power-based fuel consumption factor (g/kW.h) of each vehicle could also 

be compared with vehicle positive tractive power as shown in Figure 4-17. All 

vehicles shared a similar trend of specific fuel consumption falling from an infinite 

level for zero tractive power towards a realistic value (around 400 g/kW.h) at some low 

tractive power level. The high-mileage GMC Savana clearly stood out as having 

higher relative fuel consumption than the rest of the vehicles which clustered 

reasonably close together. This confirmed that some feature of the van, (probably the 

transmission) was significantly hurting its tractive efficiency. This GMC Savana van 

does not represent the other vehicles in the same class, but does exist in the real world. 

For the other four vehicles, the fuel consumption trend curved over towards a stable, 

lower value once tractive power exceeded approximately 20 kW. In this presentation, 

it is clear the AWD car (Audi Quattro) had a slightly higher fuel consumption function 

than the average while the newest FWD car (Pontiac Vibe) had the lowest specific fuel 

consumption function. The best values of measured fuel consumption factors 

approached 200 g/kW.h which is an impressive level for spark ignition engines 

considering that this is an at-the-wheel value.
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Further attempts need to be made to combine the fuel consumption results for the four 

light duty spark ignition vehicles since the high-mileage GMC Savana should not 

contribute much on the average specific fuel consumption. Twenty-five evenly spaced 

points between 0 and 50 kW vehicle power were taken from the power fits shown in 

Figure 4-17 for Audi Quattro, Pontiac Vibe, Chevrolet Cavalier and Chevrolet 

Silverado respectively. An unbiased average trend function can be developed by power 

fitting the total one hundred sampled points for all four vehicles illustrated in Figure 4- 

18. The difference between the vehicle original fuel consumption factor value and the 

average trend value is shown in Figure 4-19. Just for the comparison purpose, the high- 

mileage GMC Savana fuel consumption rates are also summarized, and the real value is 

67% higher than the average value with a highest Standard Deviation of 16%. 

However, the real fuel consumption factor for Chevrolet Cavalier and Chevrolet 

Silverado is very close to the average trend with no more than 3% of the difference. 

Operating the fuel rich mixture condition at most of time, Audi Quattro produces 

higher vehicle power based specific fuel consumption rates than the average values 

after the vehicle power is over 10 kW. The average difference between the real values 

of Audi Quattro and the average values is +11%. On the other hand, the newest Pontiac 

Vibe produces lower specific fuel consumption rates than the average trend after the 

vehicle power is over 5 kW, and the average difference is about -10%. By considering 

the complex traffic conditions and the weather conditions in the real world, the 

Equation 4 is fairly accurate to represent the four tested vehicles as well as a significant 

fraction of the on road fleet.

FCF = 150 + exp(-0.857 ln(P) + 7.356) [4 ]
FCF : Fuel Consumption Factor [g / kW.h]
P  : Vehicle Power [kW ]

From the idle fuel flow functions, the general fuel consumption factor against vehicle 

power function (Equation 4) and CO2 emission function (Equation 2), a basic model 

can be established for these four vehicles by supplying or estimating a few vehicle 

operation parameters, such as the driving time, vehicle speed trace, etc. The major
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benefit for this basic model is to make it possible to predict the cumulative fuel 

consumption (g) and the greenhouse gas CO2 emission (g) for the vehicles similar to 

those tested without using the complicated fuel consumption and tailpipe emission 

measurement system.

4.5 MODELING RESULTS VALIDATION

For comparative purposes, Table 4-4 lists the experimental results and modeling results 

of four cases for three light duty passenger cars and one light duty gasoline pickup 

truck. It clearly indicates that the modeling fuel consumption and CO2 emission are 

lower than those of the experimental results for Audi Quattro and Chevrolet Silverado. 

In contrast, for the Pontiac Vibe, the modeling values of the fuel consumption and CO2 

emission are over predicted comparing with the experimental results. With less mile 

age (22,700 km), newer transmission/transaxle system and newer TPS, EGR, IMP 

sensors, it is reasonable for the Pontiac Vibe to produce less CO2 emission than the 

smoothed out modeling results. The modeling fuel consumption value for Chevrolet 

Cavalier is impressively accurate comparing with the experimental data with only 1.4% 

error. Every modeling value listed in Table 4-4 is fully compliant with the way to 

develop the general fuel consumption function demonstrated previously.

Table 4-4 Comparison Between the Experiment Results and Modeling Results

Vehicle
Type

Sample
Case

Driving
Distance

Experimental
Fuel

Consumption

Modeling
Fuel

Consumption

Fuel
Consumption

Error
Experimental

C02
Modeling

C02 C02 Error

LDGVA Case 1 12.75 km 999 g 902g *9.7% 3024 g 2769 g -8.4%
LDGW Case 2 13.24 km 880 g 931 g 5.8% 2760 g 2858 g 3.6%
LDGVC Case 3 11.89 km 811 g 823 g 1.4% 2383 g 2527 g 6.0%

LDGTSP Case 4 20.84 km 2005 g 1881 g -6.2% 6066 g 5775 g -4.8%

The average errors between the modeling results and the experimental values for the 

four typical vehicles are less than 1 0 %, which indicates the established fuel 

consumption and CO2 emission model has sufficient accuracy to examine the tested
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vehicles’ fuel consumption and CO2 emission. There is also a great potential to 

evaluate the cumulative fuel consumption and CO2 emission for other vehicles within 

the same classes using this basic model.

4.6 CONCLUSION

This chapter has examined the capability of an on-board & in-use measurement system 

to measure the fuel consumption and CO2 emission for five vehicles while in real 

service. The test results show that the vehicles have high fuel efficiency when operating 

in the 60 km/h to 1 0 0  km/h average speed range or when the vehicle tractive power is 

over 30% of rated peak power. The distance-based fuel consumption (in g/km) 

increases most significantly when operating at an average vehicle speed below 40 km/h 

because of increased idling and acceleration-related fuel consumption. Vehicles 

generally have low vehicle energy demand and low fuel consumption rate when 

operating around 80 km/h average speed. Those experimental results emphasize the 

potential for fuel savings and the green house gas emission reductions through 

improvements of road structure and traffic control to reduce congestion.

A basic cumulative fuel consumption and greenhouse gas CO2 mass emission 

prediction model was established by developing a general vehicle power-based fuel 

consumption function, two idle fuel flow rate functions and one CO2 emission function 

from seventy repeated experimental tests using five typical vehicles conducted under 

three different driving patterns. Comparison with the experimental data shows that the 

model is sufficiently accurate for examining real-world fuel consumption of vehicles 

similar to those tested and for use as a reference for general behavior of light duty 

gasoline vehicles.
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4.7 FUTURE WORK

Beyond fuel consumption, this portable in-use measurement system is capable of 

quantifying tailpipe criteria pollutant emissions (HC, CO and NOx) in real service. 

Development of comprehensive real-world toxic emission factors and modeling 

analysis is an on-going and future task.
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CHAPTER 5

Emission Factors Analysis For Multiple Vehicles Using an On-Board 
And In-Use Emissions Measurement System

Despite more stringent emission regulations implemented in recent years, vehicle 
tailpipe emissions are still the major source o f air pollution problems in most urban 
areas. To control and reduce the toxic emissions (HC, CO and NOx), it is critical to 
understand in-use emissions as well as to implement further emission standards. At 
present, the emission factors are mainly studied and determined by traditional chassis 
dynamometer methods. However concerns have been raised about the extent to which 
emissions produced by on-road vehicles can be predicted using emission factors 
developed from the standard test procedures.

This Chapter demonstrates the m e o f  an on-board, in-use vehicle emissions 
measurement system capable o f measuring tailpipe emission rates while the vehicle is 
in real service experiencing complex traffic conditions, driver behavior and weather 
conditions. The instantaneous mass flow rate (g/s) o f fuel and five typical emission 
gases (NOx, HC, CO, CO2, O2) in addition to vehicle operation parameters (mass air 
flow rate, vehicle speed, engine speed, ambient temperature, coolant temperature, etc) 
are measured using an ECM OBD-II scanner, a Mass Air Flow meter and two 
emissions analyzers. All measurements are coordinated and recorded using a laptop 
computer. At only 38 lbs in weight, the measurement system is adapted fo r  easy 
transition from vehicle to vehicle while providing minimal impact on vehicle operation.

Chapter 5 presents an analysis o f vehicle emission factors based on multiple on-road 
tests with five typical mid-life vehicles in urban, highway and aggressive driving 
situations. Emission factors for HC, CO and NOx developed from sixty repeated tests 
are expressed in terms o f g/kW.h, g/km and g/kgFuel. The tailpipe emission factors 
expressed as g/kW.h and g/km are strongly correlated with vehicle tractive power and 
vehicle speed respectively. However, emission factors expressed in terms o f  g/kgFuel 
are relatively independent o f vehicle power and speed. Based on these emission 
functions and the vehicle idle emission rate measurements, an in-use emission model 
can be established fo r  use in estimating tailpipe cumulative emissions fo r  vehicles 
experiencing real-world driving conditions with significant differences from the 
standard test sequences.

This chapter is based on a technical paper submitted fo r  publication to SAE World 
Congress & Exhibition 2007.
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5.0 INTRODUCTION

Carbon monoxide, hydrocarbons and oxides of nitrogen are common toxic gases 

released from most on-road vehicles, and vehicles are known to be the major source of 

urban air pollution, contributing significantly to urban environmental and public health 

problems. To understand and control the air pollution problems, accurate

emission measurement should be developed and accurate emission inventories are 

needed.[4][5]

Currently, vehicle emission factors are mainly determined from traditional chassis 

dynamometer tests carried out in the lab under strictly controlled, repeatable 

conditions, complying with the legislated driving cycles.[6] The standard driving cycles 

such as EPA FTP75, EPA HWFET, European NEDC cycle and Japanese 10-15 cycle 

were designed and utilized to simulate the stop-start urban driving conditions and 

sustained vehicle speed highway driving conditions. [7][8] MOBILE6 , a popular 

emission inventory prediction program developed by U.S. EPA, estimates emissions of 

hydrocarbons, carbon monoxide, and oxides of nitrogen for cities or regions using a 

travel-based emission factor expressing emissions in grams per kilometer (g/km). With 

emission factors developed for 28 different vehicle classes, the total emission inventory 

is calculated as the number of cars of different classes multiplied by the appropriate 

vehicle driving distances. However, concerns have been raised about whether 

emission factors developed from the standard test procedures truly represent emissions 

associated with real-world driving.[10]

Since 1990, high-quality portable vehicle emission measurement equipment have 

become available which significantly contributes to development of in-use vehicle 

emission measurement systems capable of measuring the mass emissions from the on­

road vehicles experiencing various weather conditions, wide range of vehicle power 

demands and complex traffic influences. [3'6][10‘22] This chapter introduces an on-board 

emission measurement system that can be easily and quickly installed on multiple light
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duty gasoline vehicles while in the regular everyday duty, and illustrates a 

comprehensive analysis for three in-use emission factors expressed in term of g/kW.h, 

g/km and g/kgFuel for HC, CO and NOx developed from sixty repeated tests using five 

typical mid-life vehicles in urban, highway and aggressive driving situations. The goal 

is not only to demonstrate the capability of this on-board & in-use emissions 

measurement system to measure the real time instantaneous emissions, but also 

introduce the method to build a basic in-use emissions estimation model using the 

vehicle power based emission functions which can be referenced to examine further 

more vehicles.

Table 5-1 Instrument Specification
Value Range Resolution Sensitivity Accuracy (Rated)

5 Gas HC 0-20,000 ppm 1 ppm N/A 5% of reading
5 Gas CO 0-10% 0.01% N/A 5% of reading
5 Gas CO2 0-20% 0.10% N/A 5% of reading
5 Gas02 0-25% 0.01% N/A 5% of reading

5 Gas NOx 0-4000 ppm 1 ppm N/A
32 ppm at 0-1000 ppm 

60 ppm at 1001-2000 ppm 
120 ppm at 2001-4000 ppm

Horiba NOx 0-3000 ppm 1 ppm N/A
30 ppm at 0-1000 ppm 
3% at 1001-2000 ppm 
5% at 2001-3000 ppm

Horiba A/F 3.99-500 0.01 A/F N/A

0.35 A/F at 9.5-Stoich 
0.15 A/F at Stoich 

0.40 A/F at Stoich-20.00 A/F 
0.90 A/F at 20.01-30.00 A/F
1.70 A/F at 30.01-40.00 A/F 
2.60 A/F at 40.01-50.00 A/F
3.70 A/F at 50.01-60.00 A/F 
0.5 vol% 0 2 at >=60.01 A/F

Siemens
HFM62B 2-153 g/s 27.72 mg/s 22.72 (g/s)/V 1.0 g/s

AD 590 -55 - 150 °C 0.12 °C 1000 °C / V 0.5 °C

5.1 EXPERIMENTAL CONFIGURATION

Figure 5-1 provides a schematic of the emission analyzers, sensors and data acquisition 

system used as an on-board & in-use measurement system. Vehicle speed, operating
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parameters and mass flow rate (g/s) of fuel and exhaust emissions (NOx, CO, CO2, HC, 

O2) were all measured using an ECM OBD-II scanner (Autotap), a Mass Air Flow 

sensor (Siemens), and two emissions analyzers (Horiba and Vetronix) with the rated 

resolution and accuracy values shown in Table 5-1. All measurements were 

coordinated and recorded using a Dell laptop computer. The raw experimental data 

files were processed by a dedicated MATLAB program to calculate the vehicle power, 

mass emission rate, fuel consumption rate and other parameters of interest, as 

illustrated in more detail by Appendix A and Appendix B. Hereinafter, the equipment 

details will be expounded.

VETRONIX FIVE-GAS ANALYZER: The PXA-1100, a self-contained device

which operates from vehicle electrical power (12v), is a portable, light weight (13 lbs) 

diagnostic exhaust gas analyzer. It is equipped with quick connect hoses, which 

include one sampling line, two exhaust lines and one drainage line with a check valve. 

A flexible probe assembly at the end of the sampling hose is designed to insert into the 

vehicle tailpipe and secured by a chain during road tests. The emission samples are 

pumped into the Five-Gas Analyzer by a built-in vacuum pump. The mole fraction of 

Hydrocarbon (as hexane, HC), Carbon Monoxide (CO), Carbon Dioxide (C 0 2), 

Oxygen (O2) and Oxides of Nitrogen (NOx) are measured and displayed on screen as 

well as being transmitted to the computer via a RS-232 serial link. These emission 

gases are analyzed by two different methods: non-dispersive infrared (NDIR) for HC, 

CO and C 0 2 composition and two electro-chemical detectors for 0 2and NOx 

detection. The gas analyzer takes approximately 15 minutes from the time it is 

powered up for the internal, infrared gas detectors and sample chamber to complete the 

warm-up cycle. One of the start-up steps is a ‘Zero Gas Data’ step where the gas 

analyzer adjusts its readings to zero using a sample of ambient air. Therefore, it is 

critical to locate the analyzer in a place with a supply of ventilated fresh air. To ensure 

measurement accuracy, the PXA-1100 was calibrated every two weeks using a 

premixed blend.
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HORIBA MEXA-720 NOx ANALYZER: The Mexa-720 NOx analyzer is a light

weight (1 kg), compact (130x75x200 mm), multi-function portable Oxides of 

Nitrogen (NOx) emissions analyzer with zirconia-ceramic sensor. The single unit 

provides fast-response measurements of both Oxides of Nitrogen (NOx) and Oxygen 

( 0 2) as well as giving Air/Fuel Ratio (AFR) and Excess Air Ratio ( Z ). The sensor 

was directly inserted into the vehicle exhaust flow using an exhaust gas oxygen sensor 

fitting added downstream of the catalytic converter. This location minimizes 

measurement time delays due to dead-volume sampling. The Mexa-720 NOx analyzer 

operated on vehicle electrical power ( 1 2 v) and needed approximately three minutes 

warm-up time. The NOx concentration and AFR were read and recorded directly by 

the data acquisition system. A monthly four-point calibration, (Zero, Middle, Span, 

High NOx) was conducted.

ECM OBD-II PORT SCANNER: An Auto Tap OBD-II Diagnostic Scanner was

used to read the ECM sensor data, (which is available in real-time from all 1996 and 

later vehicles complying with OBD-II requirements). Operating parameters such as 

vehicle speed, engine speed, coolant temperature, intake air temperature, etc could be 

displayed in table, graph, meter or gauge visual displays as well as being transmitted 

via USB connection to the Dell laptop computer for recording.

MASS AIR FLOW METER: Vehicle intake air consumption was measured by

a Siemens HFM 62B MAF meter manually mounted in the vehicle air system of each 

vehicle. This MAF meter is a compact, light weight (160g) device operating on the 

vehicle electrical power (12v). The MAF was allowed to warm up for 15 minutes prior 

to road testing and covered a 2 g/s to 153 g/s range with an analog voltage output. To 

ensure accuracy and stability, the MAF was calibrated every three months. The 

calibration was accomplished by measuring the flow drawn through an ASME standard 

nozzle as described in SAE standard J244.
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TEMPERATURE SENSOR: Ambient temperature was measured with an

AD590 integrated-circuit temperature transducer fastened to the vehicle radio antenna. 

The AD590 was powered by the vehicle electrical power (12v) and produces a linear 

current output (1 /jA I K ) over the range -55 °C to 150°C. The calibration curve was 

developed with a three-point calibration conducted every three months. The voltage- 

to-°C calculation was achieved by the data acquisition program.

DATA ACQUISITION SYSTEM: The data acquisition system included a

Dell Inspiron-1100 laptop computer, a National Instruments AL-16E-4 PCMCIA data 

acquisition card and two Labview 6 i programs. The DAQ Card is capable of 

monitoring eight differential channels of analog input with twelve bit resolution and 

selectable gains of 1, 2, 5, 10, 20, 50 and 100. The data acquisition card collected data 

from HFM 62B MAF meter, AD590 ambient temperature sensor and Horiba Mexa-720 

NOx. Labview 6 i program codes are written to process the analog inputs from the data 

acquisition card as well as to communicate with PXA-1100 gas analyzer via RS-232 

interface cable. The data acquisition system is able to read and record all instantaneous 

data from the measurement equipment into the Dell laptop computer [5]. All 

experimental data are recorded after the user manually composes the recorded files 

names for each program and triggers the record buttons. After conducting the 

experiments, the user needs to record the weather conditions, test routes number and 

start time as references for the later research analysis.

The whole system weighing 17 kg (38 lbs) is installed in a designed steel case to be 

quite convenient for the operator to carry from vehicle to vehicle. This on-board & in- 

use emission measurement system is capable of being installed easily on a wide variety 

of vehicles, being used during the regular everyday duty of the vehicle. Since the light 

weight system can be belted on the passenger seat and the emission sampling hose is 

secured along the vehicle body, the measurement system does not pose a real or 

perceived danger to the vehicle drivers, passengers or the general public.[22]
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5.2 TEST VEHICLES

Five typical mid-life vehicles of model year 1997 to 2004 were used for these tests. As 

listed in Table 5-2, these vehicles included three passenger cars, one light duty pickup 

truck and one cargo van. Engine displacement varied from 1.8 L to 5.7 L with four 

automatic transmissions and one manual transmission. Vehicle odometer reading 

varied from 22,000 to 442,000 km. All vehicles were in “normal” operating conditions 

with no diagnostic trouble codes or obvious faults. The vehicle classes represented by 

these vehicles represent a significant fraction of the on-road fleet.

In order to minimize the extra engine load from the accessories, the radio/CD player 

and air conditioner were turned off, but the ventilation fan was set at the lowest level 

during experimental tests on every vehicle.

Table 5-2 Vehicle Features
Vehicle Type LDGV LDGV LDGV LDGT2 LDGT3

Vehicle Model Audi Quattro . Pontiac Vibe Chevrolet
Cavalier

Chevrolet
Silverado GMC Savana

Vehicle Symbol LDGVA LDGW LDGVC LDGTSP LDGTSV
Model Year 1999 2004 1997 1999 2001

Odometer Reading 101,000 km 22,700 km 129,600 km 122,000 km 442,300 km
EngineSrECMMaker Audi, Germany Toyota, Japan Chevrolet, USA Chevrolet, USA GMC, USA

Engine Type / Size 1.8 L L4 AWD 1.8 L L4 FWD 2.2 L L4 FWD 5.4 L V8 4WD 5.7 L V8 RWD
Supply O hbirPbrtttata Yes Yds Yes Yes Yes
Real Weight During Test 1557 kg 1407 kg 1357 kg 2360 kg 2690 kg

5.3 DRIVING ROUTES

Six urban routes were selected in Edmonton city, each of which is similar to FTP 75 

urban driving cycle consisting of one fraction of the congested stop-start urban roads 

including one way, one lane each way, two lanes each way, and two fractions of 

relatively high-speed suburban roads. Those routes have an average distance of 16 km 

with an average vehicle speed of 30 km/h, maximum vehicle speed of around 80 km/h 

and a duration of 27 minutes. An example of vehicle speed trace and the four driving
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modals distribution of experimental test is shown in Figure 5-2. The graph shows that 

there are 23 stops and frequent accelerations. 65% of the driving time is used on 

acceleration and deceleration, and idle time occupies almost one quarter of the total 

driving time. The definitions of idle, acceleration, deceleration and cruise modals are 

listed in Table 5-3.

Table 5-3 Definitions of The Four Modal Analysis Variables

Modal Name Definition
1 Idle V<=3 km/h and |a|<=0.1 m/s2
2 Acceleration a>0.1 m/s2
3 Deceleration a<-0.1 m/s2
4 Cruise V>3 km/h and |a|<=0.1 m/s2

Two routes were chosen along the Whitemud Freeway at the south of Edmonton city to 

simulate the aggressive driving behaviors represented by the EPA US06 driving cycle. 

The diving distance was about 10 km with an average vehicle speed of 80 km/h, 

designed maximum vehicle speed of 130 km/h, maximum acceleration of 3.0 m/s and 

a duration of 11 minutes driving time. However, not every experimental test had that 

high maximum vehicle speed due to the limitation of the real-world traffic conditions. 

Figure 5-3 shows one typical experimental test conducted on the designed route. It is 

quite easy to detect that about 70% of the driving time was spent on the accelerations 

and decelerations.

Two routes were chosen along the Highway 2 between Edmonton city and Leduc city 

to simulate the Highway Fuel Economy test cycle. The driving distance is about 20 km 

with an average vehicle speed of 80 km/h, maximum speed of 1 0 0  km/h and a duration 

of 13 minutes. The vehicle speed trace and the driving modals distribution of an 

experimental test are shown in Figure 5-4. In contrast to the urban route tests and the 

high-acceleration, high-speed aggressive driving tests, the vehicle spent more than 50% 

of the total time on cruise.
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5.4 RESULTS AND ANALYSIS

The basic direct measurement test results consist of time traces of exhaust molar 

concentration (NOx, CO, CO2, HC, O2), vehicle speed, intake mass air flow rate, air 

fuel ratio and ambient temperature. The basic calculated test results include the time 

traces of vehicle acceleration, tractive power calculated using a vehicle dynamic model 

(Appendix A), mass flow rates for tailpipe emissions (Appendix B), and fuel 

consumption rate calculated by MAF and AFR.

5.4.1 INSTANTANEOUS EMISSION TRACES

One typical experimental test is chosen to demonstrate the instantaneous mass emission 

rates of HC, CO, CO2, O2 and NOx shown in Figure 5-5. The test lasted about 30 

minutes with a cold start and the driving distance was 22 km. The emission trace shows 

a significant rise in CO emission rate between Os and 200s which indicates the loss of 

emission control before the catalyst light-off. Over this period, the average CO mass 

emission rate is 0.153 g/s and the peak value is 1.6 g/s. From 200s to the end of the 

test, the CO emission rate drops sharply and stabilizes at quite low value with 0.00906 

g/s average rate. The CO average emission rate of the pre-catalyst light-off is seventeen 

times higher than that of the post-catalyst light-off. The same scenario can be found in 

HC and NOx mass emission rate traces. HC emission rate averages 0.0041 g/s and 

reaches 0.012 g/s peak value at the pre-catalyst light-off region and averages 0.00023 

g/s at post-catalyst light-off region. It is surprising to detect that the HC emission rate is 

near zero at most time after 700s drive which indicates the catalyst is very efficient to 

reduce the HC emission. On the other hand, the vehicle runs at the lean mixture after 

the engine totally warmed-up because relatively higher O2 emission from the tailpipe 

can be observed in Figure 5-5. NOx emission rate averages 0.0049 g/s and reaches

0.040 g/s at the pre-catalyst light-off region and averages 0.00092 g/s at post-catalyst 

light-off region. By further study the NOx emission at post-catalyst light-off region, it 

is easy to tell that the NOx emission is not stable and there are still a lot of peak values 

of 0.020 g/s. As mentioned previously, the vehicle runs at the lean mixture condition
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and tends to produce more NOx, another reason probably is that the catalyst is less 

efficient to minimize the NOx emission. In contrast to the distinctive emission rates of 

HC, CO, NOx at two situations, closer examination of O2 and CO2 mass emission rate 

traces shows that there is no obvious difference between the pre-catalyst light-off and 

the post-catalyst light-off regions. From this case, it should be stated that this on-board 

& in-use emission measurement system has ability to capture the vehicle emissions on 

a second by second basis.

5.4.2 CUMULATIVE EMISSIONS

Basically, the toxic emissions from the vehicle tailpipe drawing the most air pollution 

concerns in the urban city are CO, HC and NOx varying a lot with different vehicle 

power demand or the efficiency of exhaust after treatment system. This chapter will 

focus on the comprehensive CO, HC and NOx emission factors development.

The instantaneous emissions of HC, CO and NOx can be integrated to give the 

cumulate emissions. Figure 5-6 shows the cumulative emissions of HC, CO and NOx 

against the total driving distance respectively. All of the curves show a similar pattern 

where cold starts have a higher slope during the engine open loop operation followed 

by a short transition period. The curves then stabilize at a lower slope after full catalyst 

light-off. The slope of these three cumulative mass emission curves represent the 

emission factors in unit of g/km. The intercept values on each curve measure the mass 

of pollutant emitted from the tailpipe during the cold start and the initial idle period. 

The initial value of HC, CO and NOx are 0.33 g, 14.6 g and 0.041 g respectively. To 

clarify the pre-catalyst light-off region and the post-catalyst light-off region, an 

example of HC emission trend is highlighted in the bottom graph of the Figure 5-6. The 

steep initial slope of the cold start occurred before 0.7 km driving distance and the 

fairly flat stabilized slope was achieved after 2.5 km. A transition region with a 

progressively decreasing slope is visible between 0.7 km and 2.5 km and the change 

over point can be determined within this region.
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The similar emission pattern can be demonstrated by plotting the cumulative emissions 

against vehicle work or cumulative fuel consumption shown in Figure 5-7. The vehicle 

work and the cumulative fuel consumption can be achieved by integrating the 

instantaneous vehicle tractive power and mass fuel flow rate. The slopes of the 

cumulative emission trend curves in term of g/kW.h, g/km, g/kgFuel called emission 

factors in this chapter can link the cumulative emissions with the vehicle work, driving 

distance and cumulative fuel consumed. In order to predict the total emissions of one 

trip from the estimated vehicle work, driving distance and total fuel consumption, it is 

critical to determine the value of the emission factors if they are constant or to develop 

the emission functions if the emission factors vary with other driving parameters.

Figure 5-8 and 5-9 illustrate two examples of driving patterns which are truncated from 

the same experimental test data file. As displayed in the congested segment of the test 

(the bottom graph in Figure 5-8), an average vehicle speed of 26 km/h was obtained 

whereas the average vehicle tractive power was 4 kW. In contrast, the free-flow profile 

displayed by the bottom graph in Figure 5-9 had an average vehicle speed of 48 km/h 

and an average vehicle tractive power of 6 kW. In order to illustrate the general 

influence from the different driving patterns, the test vehicle’s engine had reached the 

operating temperature before the start of the congested segment and the free-flow 

segment. In addition, since these two segments were part of single experimental test, 

the influences from ambient temperature and pressure are neglected. The cumulative 

emission profiles (as functions of vehicle work, fuel consumption and distance 

traveled) are demonstrated for the congested driving pattern in the Figure 5-8. Each of 

three kinds of emission factors (g/kW.h, g/kgFuel, g/km) based on the slope of the 

cumulative emission profiles are developed for the HC, CO and NOx emissions 

respectively. A similar diagram, with respect to the free-flow traffic scenario, is shown 

in Figure 5-9. By comparing with the emission factors from the previous traffic 

congested driving pattern, it has shown a significant decrease in emission factor 

(especially for g/kW.h and g/km) with a 50% increase in average vehicle tractive power 

or 85% increase in average vehicle speed.
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The above emission factors analysis of the typical stop-start and free-flow driving 

patterns has found:

1. The same real-world experiment includes the different driving profiles.

2. The different emission factors are found for different driving profiles.

3. All emission factors with the unit of g/kW.h, g/kgFuel and g/km vary with the 
vehicle tractive power and vehicle speed to some extent.

5.4.3 INFLUENCES FROM THREE TYPICAL DRIVING PATTERNS ON 

EMISSION FACTORS

To further clarify the influence on the emission factors (g/kW.h, g/km and g/kgFuel) 

from different driving patterns, the average values of those factors were calculated 

from the typical urban tests, highway tests and aggressive driving tests for each vehicle 

illustrated in Figures 5-10 to 5-12. For the reasonable comparison with the highway and 

aggressive driving tests, the warmed-up start urban tests were chosen to eliminate the 

cold start influence on the emissions. It clearly indicates from the graphs that HC, CO 

and NOx average emission factors of urban tests have the highest values and those of 

highway tests have the lowest values for Audi Quattro, Pontiac Vibe and Chevrolet 

Silverado. HC emission factors for Chevrolet Cavalier and GMC Savana also have the 

similar trend as the other vehicles, but the CO and NOx average emission factors of the 

aggressive driving tests for Cavalier and Savana have the highest values instead of 

those from the urban tests. As a general rule proved by the above results, a vehicle 

produces the most emissions in terms of the same vehicle work, driving distance and 

fuel consumption while driving on the stop-start traffic conditions because there are 

more idle time, lower vehicle speed/vehicle power, and more frequent acceleration and 

deceleration. In contrast, a vehicle produces the least pollutants while driving on the 

highway since there are negligible idle time, higher vehicle speed, less acceleration and 

medium vehicle power and load. However, some vehicles such as Chevrolet Cavalier 

and GMC Savana are quite sensitive to acceleration since they produce the most CO 

and NOx through the fast acceleration and higher vehicle load.
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By comparing the emissions factors among those five vehicles, 2004 Pontiac Vibe 

produced the least emissions in all category, which is not surprise that the very low 

emission rate vehicle can be achieved after so many years with more stringent emission 

regulations compliment. Audi Quattro stands out from the peers by producing the 

highest HC and CO in all driving patterns with about six times higher than the 

Chevrolet Silverado which is not common for 1.8 L engine displacement vehicle, but 

emits reasonably lower NOx than the Chevrolet Silverado or GMC Savana. These 

experimental data indicates that the air/fuel ratio experienced a rich excursion for Audi 

Quattro under all driving patterns. This is a special case which does not represent the 

other on-road fleet in the same class, but does exist in the real world. The emission 

trends from these three driving situations indicate increasing emission factors of NOx 

pollutant from the other four tested vehicles with engine displacement increasing from 

1.8 L to 5.7 L. However, the HC and CO emission factors have no any clear trends 

among the same four vehicles.

5.4.4 COMPREHENSIVE EMISSIONS FUNCTIONS DEVELOPMENT

In order to determine the correlation between the vehicle emission factors and the 

vehicle power/average speed, sixty experimental tests using five typical vehicles were 

conducted. Since the dedicated Matlab program is capable of calculating the 

instantaneous mass emission rates, vehicle power and fuel consumption rate based on 

the same time trace of the vehicle speed, the emission factors of g/kW.h, g/km and 

g/kgFuel are easily derived from the above parameters and saved into the same data 

file. To avoid the occasional uncertainty influences during the experiments, the average 

value of emission factors are calculated and used for the following analysis.

5.4.4.1 Post-Catalyst-Light-Off Emission Factors Analysis

Since the catalyst pre-light off stage only occupies a small fraction of the whole driving 

distance, it is necessary to start analyzing the emission factors from the warmed-up
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stable emission experiments which more represent the real driving profiles. Figures 5- 

13 to 5-15 illustrate NOx, CO and HC emission factors of Chevrolet Cavalier as 

functions of vehicle power and average vehicle speed. The emission factors are 

determined by examining the experimental tests with a fully operating catalyst and a 

stabilized engine temperature.

The top graph of Figure 5-13 shows a power correlation for the NOx emission factor 

(g/kW.h) with the vehicle tractive power. As presented in the figure, the specific NOx 

emission has the maximum value of about 1.7 g/kW.h when vehicle power is less than 

5 kW. A logical result of decreasing of NOx emission factor is found with increasing 

average vehicle power, and the relatively stable and low values are achieved after the 

vehicle power is over 20 kW. A four times difference can be notified for the NOx 

emission factor over the average power range of 5 to 35 kW. With low average vehicle 

power, the vehicle is usually driven with a lower average velocity experiencing 

frequent accelerations and decelerations expressed by the congested traffic driving 

pattern in Figure 5-8. The higher NOx emission can be achieved from the faster 

acceleration and thus higher emission factor. The correlations between the other two 

NOx emission factors (g/kgFuel, g/km) and vehicle power are shown in the middle and 

bottom graphs of Figure 5-13. In contrast to factor g/kW.h, the HC emission factors of 

g/kgFuel and g/km have no clear correlations with the vehicle power because of the 

widely scattered data set along the whole range of the vehicle tractive power.

Besides the vehicle tractive power, vehicle speed is another important vehicle 

performance parameter. The relationship between three NOx emission factors (g/kW.h, 

g/kgFuel, g/km) and average vehicle speed shown in the same figure. The factor g/km 

is strongly correlated with vehicle speed similar to the relationship between g/kW.h and 

vehicle power as analyzed above. The emission factor has the higher value of more 

than 0.45 g/km when the average vehicle speed is less than 5 km/h. The value of the 

emission factor decreases rapidly when the vehicle speed increases from 5 km/h to 35 

km/h, and reaches the lowest specific NOx emission with the wide vehicle speed range 

of 35 km/h to 85 km/h. In term of the overall test, the NOx emission value is reduced
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surprisingly 10 times when the vehicle speed is raised from 5 km/h to 85 km/h. NOx 

emission factors of g/kW.h and g/kgFuel shows a different scenario that it is hard to 

find the reasonable trends with the whole vehicle speed range.

Three CO emission factors against vehicle tractrive power and average speed are 

presented in Figure 5-14. Similar to the NOx emission factor, a power fit describes the 

CO emission factor g/kW.h over the average vehicle power range. The specific CO 

emission can be as high as 9 g/kW.h when the vehicle power is less 5 kW with frequent 

acceleration and low vehicle speed. The fuel enrichment strategies accepted in the 

acceleration modal result in higher instantaneous CO emission rates and thus higher 

emission factors. The specific CO emission decreases and stabilizes at 3 g/kW.h value 

with increasing the vehicle power. A three times difference is found for the CO 

emission factors over an average power range of 5 to 35 kW. Similarly, the other two 

CO emission factors (g/kgFuel, g/km) have no clear correlation with the average 

vehicle power. For the CO emission factors with respect to vehicle speed, it is quite 

easy to find the correlation function in spite of the more scattered data set than that of 

NOx emission. Again, there is no clear correlation between CO emission factors of 

g/kW.h or g/kgFuel and the vehicle speed.

Figure 5-15 illustrates the HC emission factors as functions of average vehicle tractive 

power and average speed. In the data set of g/kW.h with respect to vehicle power 

shown in the top graph of the figure, the specific HC emission value decreases with 

increasing the vehicle power for the same reasons as presented above. Overall, a five 

times emission difference is found over 5 to 35 kW average vehicle power range. By 

comparing with HC and CO emission factor, NOx data set with the unit of g/kW.h has 

weak relationship with vehicle tractive power. However, the factor of g/km is strongly 

correlated with the vehicle speed decreasing 20 times over 5 km/h to 85 km/h speed 

range. No any obvious trend between the factor of g/kgFuel with the vehicle tractive 

power or average speed can be found from Cavalier experimental results.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The above analysis of Cavalier emission factors of g/kW.h, g/kgFuel and g/km with 

respect to vehicle tractive power and average vehicle speed has shown:

1. The emission factors of HC, CO and NOx are affected by the vehicle driving 
performances mainly represented by vehicle tractive power and average speed.

2. The emission factor of g/kW.h is correlated with the average vehicle power for 
HC, CO and NOx sharing the similar trend of the specific emission falling 
from an infinite level for zero tractive power towards a realistic value at some 
low tractive power level, then stabilizes at a low value with further vehicle 
power increasing. The associated emission factor functions can be easily 
derived from the power fit curves.

3. The emission factor of g/km is strongly correlated with the average vehicle 
speed (km/h) for HC, CO and NOx, but there is no obvious correlation with 
vehicle tractive power. Similar to trend of the emission factor g/kW.h with 
respect to vehicle power, the value of g/km is found to decrease with increases 
of the average vehicle speed.

4. The emission factor of g/kgFuel is relatively independent of vehicle power and 
speed.

The emission factors of other vehicles were also examined by the same methodology 

considering one driver was used as well as the same test routes. For simplicity, the 

correlations of the emission factors of g/kW.h and g/km with the vehicle tractive power 

and average speed respectively will be presented in the chapter because the similar 

conclusion can be drawn that the factor of g/kgFuel for HC, CO and NOx is less 

dependent on either vehicle power or vehicle speed.

Figures 5-16 to 5-19 show the experimentally determined emission factors of HC, CO 

and NOx with the unit of g/kW.h against vehicle tractive power for Audi Quattro, 

Pontiac Vibe, Chevrolet Silverado and GMC Savana respectively. Each figure presents 

measured data points and fitted curves for the tested vehicle specific emissions of HC, 

CO and NOx. Similar to Chevrolet Cavalier emission factors, the value of HC and CO 

emission factors for the other four vehicles decrease dramatically when the vehicle 

tractive power increases from 2 to 15 kW, and reach the lower stabilized emission rate 

after the vehicle power is over 15 kW. By studying the graphs of HC and CO emission
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factor closely, it is not a surprise to find that Pontiac Vibe produces the lowest HC and 

CO emission rate due to its lowest mileages and newest catalyst converter. However, 

Audi Quattro produces the most HC and CO emission rate among the five tested 

vehicles. From the experimental data set of Audi Quattro shown in Figure 5-16, the 

specific HC emission values vary from 0.5 to 3 g/kW.h, and the specific CO emission 

values vary from 15 to 80 g/kW.h with the different vehicle tractive power. On the 

other hand, the Pontiac Vibe produces 0.008 to 0.06 g/kW.h HC and 3 to 10 g/kW.h 

CO, the Chevrolet Cavalier produces 0.011 to 0.04 g/kW.h HC and 4 to 10 g/kW.h CO, 

the Chevrolet Silverado produces 0.02 to 0.25 g/kW.h HC and 4 to 25 g/kW.h CO, the 

GMC Savana produces 0.035 to 0.14 g/kW.h HC and 4 to 18 g/kW.h CO respectively. 

Those listed data verify the conclusion summarized above that the specific emissions 

increase with the increasing engine displacement, but there is some exemptions existing 

in the real-world fleet.

For NOx emission factor, Audi Quattro, Pontiac Vibe, Chevrolet Cavalier and 

Chevrolet Silverado share the similar emission trend with the higher emission rate at 

the lower vehicle power and lower stabilized emission rate at the higher vehicle power. 

However, GMC Savana’s NOx emission factor of g/kW.h produces a different scenario 

shown in Figure 5-19. The relatively high NOx emission values are found when the 

vehicle power is either less than 15 kW or over 45 kW, and the lowest NOx emission 

value of about 0.5 g/kW.h is located somewhere in the middle segment of the vehicle 

power. The possible reason could be that the 2001 Cargo Van has high mile age of 

442,000 km and NOx emission reduction ability of the catalyst was limited after 5 

years intensive operation time.

Figures 5-20 to 5-23 show the experimentally determined emission factors of HC, CO 

and NOx with the unit of g/km against vehicle average speed for Audi Quattro, Pontiac 

Vibe, Chevrolet Silverado and GMC Savana respectively. All vehicles share the similar 

emission trend for HC, CO and NOx that the emission factor of g/km decreases with 

the increase of the vehicle speed. Especially, it is worth to mention is that the NOx 

emission factor of g/km for GMC Savana has a reasonable correlation with the vehicle
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average speed although the correlation of its factor of g/kW.h with the vehicle power 

was taken as a special case as illustrated above. Comparing with other vehicles, the 

Pontiac Vibe again produces the least specific emission rates of HC, CO and NOx, the 

Audi Quattro produces the most HC and CO emission rates.

5.4.4.2 Pre-Catalyst-Light-Off Emission Factors Analysis

The pre-catalyst light-off emission factors are determined from examining emissions 

data of the first small region of driving distance. The data from the experimental tests 

show that the catalytic converter starts to oxidize HC, CO and reduces NOx at the 

specific point and the emissions rates are stabilized at the lower values from the much 

higher untreated emissions values. The change-over points of HC, CO and NOx are 

identical for Audi Quattro, Pontiac Vibe or GMC Savana, but the NOx change-over 

points are slightly different from those of HC and CO for Chevrolet Cavalier and 

Silverado as shown in Table 5-4. All emissions change-over points are not more than

1.2 km, but vary a lot with different vehicle type. Pontiac Vibe has the fastest reaction 

time because of its lower mile age; On the other hand, the GMC Savana has the longest 

pre-light-off distance probably due to the worse catalyst conditions after quite long 

driving distances in the past. It is worth to indicate that those catalyst light-off change­

over points are determined based on about 60 seconds initial idle. In addition, there are 

no heavy traffic congestions within the pre-light-off region and there are no aggressive 

driving behaviors (i.e. the vehicle speed is less than 80 km/h and the acceleration is less 

than 1.5 m /s2).

Table 5-4 Vehicle Catalyst Light-Off Change-Over Point

Vehicle Audi Quattro Pontiac Vibe Chevrolet
Cavalier

Chevrolet
Silverado

GMC
Savana

HC 1.1 km 0.5 km 1.0 km 0.61cm 1.2 km
CO 1.1 km 0.5 km 1.0 km 0.6 km 1.2 km
NOx 1.1 km 0.5 km 0.9 km 0.7 km 1.2 km

1 0 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figures 5-24 to 5-28 illustrate the HC, CO and NOx emission factors with the unit of 

g/kW.h as functions of each vehicle average tractive power for the pre-light-off region. 

Figures 5-29 to 5-33 show those emission factors with the unit of g/km as functions of 

each vehicle average speed for the pre-light-off region. The correlations of the 

emissions factors for HC, CO and NOx with the vehicle power or average speed have 

the similar trends as those of the post-light-off region analyzed above. However the 

differing scales in each figure range from high scales for the pre-light-off period to 

lower scales for the post-light-off period. The difference in scale shows the importance 

of the cold-start, pre-light-off emission rates relative to stabilized, post-light-off 

emission rates.

5.4.5 DESCRIPTION OF THE EMISSION MODEL ESTABLISHMENT

The emission profiles of the tested vehicle for cold and warmed-up start application can 

be described by the emission model based on the above emission functions. Figure 5-34 

shows the vehicle emission calculations in two different cases, one for cold start (at 

least 1 0  hours soak period before start) and one for warmed-up start applications 

(coolant temperature is over 80 °C ). The vehicle cumulative emissions of one cold-start 

trip can be achieved by calculating the mass emissions from cold start initial idle 

period, pre-catalyst light-off region and post-catalyst light-off region. The initial cold 

start emission rates and warmed-up start emission rates are summarized in Table 5-5 

and the emissions during the whole initial idle period can be easily calculated by 

multiplying the initial idle emission rates (g/s) with the last time (s). The pre-light-off 

region emissions and post-light-off region emissions can be calculated by the emission 

factor either in term of g/kW.h or g/km developed previously. Similarly, but there are 

less steps for the emission calculation of the warmed-up start trips. The cumulative 

emissions can be achieved by calculating the mass emissions from warmed-up start 

initial idle period and the post-catalyst light-off region. The intermediate warmed-up 

start vehicle emissions inventory (i.e. the coolant temperature is between the ambient 

temperature and 80 °C) cannot be predicted by the model shown in Figure 5-34 due to

1 0 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lack of the intermediate warmed-up start idle mass emission rates and the vehicle 

catalyst light-off change over point.

Instantaneous Emission factor of g/km is calculated from the instantaneous mass 

emission rate (g/s) divided by vehicle speed (km/h) which is less dependent on the 

vehicle acceleration and power demand. Therefore, the emission factor of g/km faces 

the major shortcoming that it only represents the overall emissions profiles, but hard to 

represent the details of high power demand and fast acceleration at low speed situations 

during the trip. In contrast, the power-based emission factor of g/kW.h is calculated 

from the instantaneous mass emission rate (g/s) divided by vehicle tractive power (kW) 

which is dependent on the vehicle speed, acceleration, vehicle mass illustrated in 

Appendix A. Having priority over g/km, emission factor of g/kW.h with ability to link 

the emissions with the whole on-road driving profiles will be utilized in the in-use 

emission model calculations.

Table 5-5 Idle Emission Rates For Five Vehicles

Vehicle Type Audi Quattro Pontiac Vibe Chevrolet
Cavalier

Chevrolet
Silverado GMC Savana

HC at idle 
[g/s]

Cold Start 0.006313 0.001633 0.003618 0.023340 0.012091
Warmed-up 0.000270 0.000003 0.000038 0.000263 0.000146

CO at idle 
[g/s]

Gold Start &1744IH) 0.161829 0.370955 0.221206
Warmed-up 0.007004 0.002019 0.000876 0.002735 0.002958

NOx at idle 
[g/s]

Cold Start 0.000385 0:000165 0.000452 0.000493 0.000648
Warmed-up 0.000158 0.000065 0.000087 0.000286 0.000077

5.4.6 COMPARISON WITH AVALABLE MODEL

MOBILE6  developed by U.S. EPA is a standard vehicle emission inventory prediction 

model consisting of a running emission (slope in g/km or g/mile) and a start emission 

(intercept in grams). [9] It can evaluate the vehicle HC, CO and NOx emissions under 

the urban driving cycle with 60 seconds cold start initial idle time. MOBILE6  is 

capable of estimating emission factors for any calendar year between 1952 and 2050 

for 28 individual vehicle types, however those emission factors were developed by the
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traditional chassis dynamometer method in the lab which draws a lot of concerns of 

reflecting the real-world driving profiles. According to MOBILE6  vehicle 

classifications, the Pontiac Vibe and Chevrolet Cavalier belong to LDGV (Light-Duty 

Gasoline Vehicle/Passenger Cars), the Chevrolet Silverado belongs to LDGT1 (Light- 

Duty Gasoline Trucks 1) and the GMC Savana belongs to LDGT2 (Light-Duty 

Gasoline Trucks 2).

For the comparison purpose, typical cold-start urban tests using four vehicles were 

carried out. The emissions output from the basic in-use model described above in this 

chapter, the emissions from the direct experimental measurement, and the emissions of 

the same class of vehicle predicted by MOBILE6  model are summarized in Figure 5- 

35. The bar chart can show that the power-based in-use model and MOBILE6  model 

approaches are able to produce estimates of on-road emissions inventories though the 

results from both models have disagreement with the experimental data somewhat. 

However, a closer study of the data listed in the table in the same figure can find out 

the calculation results from in-use model have good compliance with the experimental 

data with 11% average absolute error for HC, CO, NOx cumulative emissions from 

four tested vehicles. Although higher error can be observed in some case occasionally, 

it is not a surprise considering the fact that emission functions are derived from the 

average data summarized from several similar tests for each vehicle. On the other hand, 

there is less agreement between the results from MOBILE6  model and the experimental 

data with 70% average absolute error. Especially for the very low emission vehicle 

Pontiac Vibe, the HC emission is overestimated by 209%. The in-use model results are 

much closer to the experimental data than those from MOBILE6  model for the random 

selected cold-start urban tests using four tested vehicles. The reason could be that the 

emission factors MOBILE6  model is using were developed from the standard test 

procedures raising concerns about the representative of emissions produced by specific 

on-road vehicle.

In contrast to travel or power-based emission factors, the fuel-based emission factor has 

less dependence on the vehicle power and average speed as illustrated previously.
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Hence the regional fuel-based emission inventory estimation can be achieved by 

multiplying the weighted vehicle fuel-based emission factors with the total fuel 

consumption obtained from sales tax data at the state level. However, this methodology 

also faces the great challenges that uncertainty in the fuel-based inventory results from 

uncertainty in the emission factors measured for each vehicle model year and from the 

weighting factors used to combine the emission factor data. [1] The trip cumulative 

emissions from Pontiac Vibe, Chevrolet Cavalier, Chevrolet Silverado and GMC 

Savana are also shown in Figure 5-35 calculated from the average fuel-based emission 

factors summarized in Table 5-6. With 37% average absolute error for HC, CO and 

NOx from all tested vehicles, the fuel-based emission calculation is less accurate than 

the results from vehicle in-use power/work-based model because the smoothed out 

non-constant fuel-based emission factor raises some uncertainty to what extent 

emission rates increase with the fuel flow rate and how well the driving modes from 

which emission factors were measured represent the specific tests under study.

Table 5-6 Vehicle Fuel-Based Emission Factor From Urban Tests

Emission Audi Pontiac Chevrolet Chevrolet GMC
Factor Qudttro Vibe Cavalier Silverado Savana

HC g/kgFuel 6.58 0.15 0.20 1.50 0.87
CO g/kgFuel 98.44 11.88 12.24 27.71 12.37
NOx g/kgFuel 2.43 0.52 1.40 4.08 3.55

5.5 CONCLUSION

A portable on-board, in-use emission measurement system has been used to measure 

emissions from five typical vehicles operating on repeated tests covering a range from 

urban to highway to aggressive driving behavior. The results have been analyzed to 

develop mass emission functions and factors in terms of g/kW.h, g/km and g/kgFuel.

The specific energy-based emission factors for HC, CO and NOx, (ie. factors in terms 

of g/kW.h), rise rapidly to peak values determined by idle emission rates when vehicle 

tractive power is less than 5 kW. Similarly, the distance-based emission factors, (in
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terms of g/km), rise rapidly for low average vehicle speeds. A logical result of 

decreasing of the emission factors is found with increasing vehicle power and average 

speed. These features emphasize the importance of vehicle idle and low-speed 

operation in determining overall emission levels. However, the specific fuel 

consumption-based emission factors, (in terms of g/kgFuel) are relatively independent 

on both vehicle power and speed, since the fuel consumption rate and emission rate 

both vary with vehicle power and average speed.

The influences of driving pattern on emissions were analyzed by comparing the vehicle 

emissions from the three typical driving patterns, (urban, highway and aggressive). 

Generally speaking, the specific emission rates from the urban tests were the highest 

for all three criteria pollutants (HC, CO and NOx), and the specific emission rates from 

the highway tests were the lowest. However, there were exceptions depending on the 

state of the vehicle and its control system calibration. This raises a significant 

challenge for any emission inventory prediction model since real urban emissions 

depend on the behavior of millions of vehicles accounting for thousands of model / age 

combinations.

Based on the emission functions developed in this chapter, a basic in-use model has 

been established to calculate the cumulative HC, CO and NOx mass emissions for 

vehicles similar to those tested. The calculations from in-use model have been 

compared with the experimental values by using the same speed trace as well as the 

results from MOBILE6 . Though the results from the different approaches are not in 

perfect agreement, they show that the model based on in-use data is able to produce 

emissions inventories that are more sensitive to actual real-world driving conditions 

than a MOBILE6  estimate. The simplest emission estimate based on fuel consumption 

(g/kgFuel) is less accurate than the more complex, power-based model but still 

provides a reasonable method of estimating emissions where fuel consumption is 

measured.
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5.6 FUTURE WORK

The basic in-use model can examine the on-road emission inventories for a few vehicle 

types, which is not sufficient to confidently estimate regional on-road emission 

inventories. Future work should extend this basic model by testing more light-duty 

vehicle types using the same methodology illustrated in this chapter.
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.03

c 2 5 ~I o
'« o<0 2  —
£
LU
x  1 . 5 -

<DH—>

0 . 5 -

U 0 - 1 

S  5 0 - 1

40 -

30 -

® 1 0  -

0  - 1
Pre-Catalyst Light-Off Region  
1 Post-C atalyst Light-Off RegionS  1 . 2 —1

E 0 .8 -

■o 0 . 4 -

0 10 2 0 255 15
Driving Distance [km]

Trends Of Cumulative Emissions With Driving Distance 

(Using Chevrolet Cavalier)

1 1 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89



Cumulative Fuel Consumption [kg] 
0.5 13

2  2.5

2 -

3  0.5 —

a  5 0 - 1

40 -

30 -

U 2 0 -
Cumulative E m issions Trend 
With Vehicle Work 
Cumulative Em issions Trend 
With Fuel Consum ption

JES 10 —

0  - 1

3  1.2 —I

p 0.8-

-d  0 . 4 -

0 1 2 3
Vehicle Work [kW.h]

Figure 5-7 Trends Of Cumulative Emissions With Work/Fuel Consumption

(Using Chevrolet Cavalier)

1 1 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I 1 I
HC EF » 3.66 g/kW.h 
CO EF ■ 45.4 g/kW.h 

NOx EF » 1.77 g/kW.h

00 05

CD W

I ' I ' I ' I
0.2  0.4  0.6  0.8

Vehicle Work [kW.h]
I ' I

HC EF * 10 g/kgFuel 
CO EF ■ 126 g/kgFuel 

NOx EF * 5 g/kgFuel

00 05

<0 <0

I 1 I ' I ' I
0.1 0.2 0.3 0.4

Fuel Consumption [kg]

00 u>
O C/3 HC EF * 0.82 g/km

CO EF « 9.98 g/km _  r
NOx EF ■ 0.40 g/km f *  — — CO m

1 ' I
2 4 

Driving Distance [km]
I 1 I '

Average Speed * 25.6 km/h 
Average Power ■ 3.97 kW

T
200 400 600

Elapsed Time [s]
800

Figure 5-8 Emission Factors of Congested Driving Pattern From Truncated Data
(Using Chevrolet Cavalier)

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-9
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Figure 5-31
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Figure 5-33

E
O)

oCO
co
■<0<0
E

LU
XO
z

20

16

12

8

4

0

Equation ln(Y) = -1.23949 * ln(X) + 3.34298 
Coef of determination, R-squared = 0.37780

•g- 1 2 0 0

O
o
(0

Li.
CO*0)
E

LU
oO

3 800 -

400 -

0  —1

0 o O NOx Specific Emission

0 0 ^  CO Specific Emission
• •  •

+ + HC Specific Emission

Equation ln(Y) = -1.35841 * ln(X) + 6.73946 
Coef of determination, R-squared = 0.53557

E 4 0 '

Sco
LL
c
o

'co
cn
'E
LU
oX

30-

2 0 -

1 0 -

0 -

Equation ln(Y) = -1.17720 * ln(X) + 3.49860 
Coef of determination, R-squared = 0.65131

A
M if  fulf il i)i|

20 40 60
Vehicle Speed [km/h]

80

Correlation Of GMC Savana Pre-Catalyst Light-Off Emission Factors 
With Bin Average Vehicle Speed

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Path 1 Cold Start Path 2 Warmed-up Start

Emissions During 
Initial Idle Period

Emissions During 
Initial Idle Period-  1 -

U  8 \

Emissions During 
Pre-Light-Off Region

Emissions During 
Post-Light-Off Region

Emissions During 
Post-Light-Off Region

Cumulative
Emissions

Figure 5-34 Basic Power-Based In-Use Emissions Prediction Model
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CHAPTER 6 

Conclusions

Chapter 6 states the general conclusions summarized from the research, and reiterates 
the work achievements.
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This M.Sc. thesis is a study on quantifying a portable on-board & in-use emissions and 

fuel consumption measurement system adapted to multiple vehicles and examining the 

fuel consumption factors and emissions factors from series of repeated experimental 

tests using five typical mid-life vehicles with engine displacement varying from 1.8 L 

to 5.7 L representing a significant fraction of the on-road fleet.

The first achievement of the research was to rebuild a portable on-board & in-use 

measurement system adapted to multiple vehicles, which would allow real-time vehicle 

tailpipe instantaneous mass emissions and fuel consumption measurement to be made. 

The whole system was put into a steel box and could be belted onto the passenger seat 

while testing on the roads. The system weighs 17 kg (38 lb) and is quite easy to 

transport from vehicle to vehicle. Chapter 3 illustrates the ability of the system to 

accurately capture and record the vehicle emissions and fuel consumption as well as 

vehicle performance traces.

The second achievement of the research was to develop a general correlation function 

relating the fuel consumption factor (g/kW.h) with the vehicle tractive power (kW). A 

fuel consumption model for the light duty gasoline vehicles was established to be able 

to predict the fuel consumptions by any given vehicle speed trace and the initial vehicle 

idle time. From the fuel efficiency analysis of Chapter 4, it is not hard to find the trend 

that vehicles have low energy demand (in kJ/km) and low distance-based fuel 

consumption (in g/km) at 60 km/h to 1 0 0  km/h average vehicle speed range, and the 

values of g/km increase sharply when the average vehicle speed is lower than 40 km/h. 

The fuel efficiency can reach the maximum value (about 30%) when the small 

passenger vehicle produces 30% of its peak power and the light duty truck produces 

25% of its peak power respectively.

The third achievement of the research was to finish an analysis of vehicle emission 

factors based on multiple on-road tests in urban, highway and aggressive driving 

situations. The tailpipe emission factors expressed as g/kW.h and g/km are strongly 

correlated with vehicle tractive power and average vehicle speed respectively. The
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results analysis proved that these emission factors decreased rapidly from the infinite 

level for zero tractive power and vehicle speed and stabilized at a low value with 

increasing vehicle power and average speed respectively. Therefore, the associated 

correlation functions relating these emission factors to either vehicle power or average 

speed can be developed in both pre-catalyst light-off region and post-catalyst light-off 

region for five test vehicles. However, emission factor expressed in terms of g/kgFuel 

are relatively less dependent of travel based parameters such as vehicle power and 

average speed. Hence the practical fuel-based emission inventories prediction can be 

achieved simply by multiplying the average emission factor (g/kgFuel) with the total 

vehicle fuel consumption although there are some uncertainty to what extent emission 

rates increase with the fuel flow rate and how well the driving modes from which 

emission factors were measured represent the specific tests under study. Based on the 

measurement of idle mass emission rates both at cold-start and warmed-up start 

situations as well as the emission functions developed in Chapter 5, a basic in-use work 

/travel-based model can be established not only to estimate the cumulative mass 

emissions of HC, CO and NOx from vehicles similar to those tested with reasonable 

accuracy, but also provide valuable references for the general behavior and the 

emissions inventory estimation for the other light-duty gasoline vehicles.

Based on knowledge of the present on-board & in-use measurement system and the 

dedicated experimental results analysis, future work could be recommended as follows:

1. More research is required to test a wide range of vehicles using the same on­

board & in-use measurement system to develop in-use general emission 

functions weighted by the vehicle type and vehicle age factors helping to 

increase the capability of estimating the mass emissions from the wide variety 

of the on-road light duty gasoline vehicles by the emission inventories 

prediction model.

2. One of the advantages of the diesel engine is to produce less HC, CO and CO2, 

however it usually emits more NOx and PM. With the population of diesel
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vehicle increasing on the road, it is necessary to modify the present on-board & 

in-use measurement system by adding equipment capable of measuring PM. 

Hence, the important pollutants from both the on-road gasoline fueled vehicles 

and diesel fueled vehicles can be examined by this new generation of real-time 

measurement system.
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APPENDIX A 

Vehicle Dynamic Model And Uncertainty Analysis

Tractive power demand is one o f the most important parameters while the vehicle is in 
real service experiencing the wide range o f road speed, acceleration and road 
conditions. By building the relationship function among the forces and the resistances 
experienced by any on-road vehicle, the vehicle dynamic model allows the vehicle 
power, Cd (Coefficient o f drag), Cr (Coefficient o f Rolling) to be calculated, which is 
the fundamental concept and tool to determine the fuel consumption factor and 
emission factor in term o f g/kW.h. This appendix describes the equations and the 
methodology to determine the Cd and Cr fo r  any given vehicle. Root Sum Square error 
formula is used fo r  overall instrument accuracy calculations through combining 
component errors.
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Coast down testing is typically used to determine a vehicle’s drag coefficient and 

rolling coefficient. The usual procedure of coast down testing involves finding a flat 

and level road of about 2 km length on which to conduct the tests. In the Edmonton 

area, coast down testing is easily conducted because the Highway 2 allows sufficient 

space and time to complete the tests. The detailed experimental method is that a vehicle 

is accelerated up to a speed of 1 1 0  km/h, then the transmission is shifted to neutral and 

the vehicle is allowed to coast along the road to end up a stop. During the experiment, 

the vehicle speed vs. time and ambient temperature and pressure are recorded.

The simplified vehicle dynamic model is illustrated in Figure A-0. There are four 

forces exerting on the vehicle, which are Aerodynamic Resistance ( Faer0), Vehicle

Rolling Resistance (Frolljng), Inertial Resistance ( Finertial), Vehicle Climbing Force

). Usually, is positive at acceleration and negative at

deceleration, Faero and Frolling are negative, and Fclimb is negative when the vehicle

climbs, positive when the vehicle declines.

Inertial Force/Resistance 
■< ► 

Aerodynamic Resistance

Rolling Resistance Climbing Force/Resistance 

Figure A-0 Schematic Of Dynamic Vehicle Resistances

The Vehicle Tractive Force:

F  =  F  + F + F  + F  a  itractive inertial aero rolling cYimb 1

From Newton’s 2nd law, ^ F  = m a , the Vehicle Inertial Resistance is:
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Finer,iai(t) = mxa(i)  A2

a(i) : Vehicle Acceleration [m/s2]

The error of inertial force is:

£ -  f  x [(£n.\2 + (h_\1'\V2
Finertial 1 inertial A Lt )  )  Jm a

After getting the data file of vehicle speed vs. time, the vehicle acceleration or 

deceleration can be calculated by the following equation:

V  - V
“ ( 0  = A 3

* i+1 A*-1

V : Vehicle Velocity [m/s]
T  : Time [s]

Assuming there is no error in the time stamp value and the error in VM is the same as 

V(_x, the error of acceleration is:

4 l  x a , x s v
£„ =

V - V  r  1+1 r  1-1

The Aerodynamic Resistance is defined as Equation A4:

«) = \  X Cd x A x (!-(/) + VM  (O) 2 A4

p air : Air Density [kg/m3]
Cd : Coefficient of Drag
A : Front Area of The Vehicle [m3]
V(t) : Vehicle Velocity [m/s]
K i n A O  : Wind Velocity [m/s]

Yates and Mkwanazi[1] illustrate that wind velocity plays a factor in the aerodynamic 

drag on the vehicle. But instantaneous wind speeds were not considered in these 

calculations. Therefore the error of vehicle aerodynamic resistance is
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^F a ero aero
V \2 -il/2

Frontal area of the vehicle can be approximately determined from the published overall 

width and overall height data for the vehicle. The height of the vehicle is based on the 

vehicle’s maximum road height and the width is the distance from mirror to mirror. 

Therefore the actual frontal area is smaller than the multiplication between the vehicle 

height and width. The current accepted method in determining the frontal area is to take 

80% of the road height and width product as the following equation:

A = 0 . 8  x W x H  A5

W : The Width of Vehicle [m]
H  : The Height of Vehicle [m]

The error of vehicle frontal area is

The Air Density can be calculated by the recorded ambient temperature and ambient 

pressure:

PV  = mRT = mx — -— x T

Rearrange above equation, we can get the Air Density:

P  x MWair
A6

The error of Air Density is
Pamb \2

The Vehicle Rolling Resistance can be expressed as:

F roUing  = m X g x C r A7
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c r
g

m : Vehicle Mass 
: Coefficient of Rolling 
: Gravity Acceleration

[kg] 

9.8 [m/s2]

The error of Vehicle Rolling Resistance is

Ftractivels driving force, which is related to the engine torque Te as

= 2 x T e x Vl 4 x l egxa
tractivetractive A8

rjt : Transmission efficiency
I eg : The equivalent moment of inertia of the rotating parts
Dw : Wheel Diameter
N t : Overall Transmission Ratio

By rearranging and regrouping the Equation A l, A2, A4, A7 and A8 , Tecan be 

expressed as:

The inertia of the rotating components of the engine and gearbox are generally 

considered to be negligibly small in the higher gears (i.e. 3rd, 4th, 5th). Moreover, if the 

vehicle drag is measured by means of a coast down test, the moment of inertia of the 

wheels is inescapably included in the drag characterization. Hence the model is not 

seriously compromised if I  is ignored. Since the Te = 0 under the coast down test,

and the effects of wind can be dealt with by conducting the test runs in both directions 

and averaging the results, the force equation can be simplified to
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Equation A10 represents the standard form of a straight-line relationship y - a x  + b, 

and the values of ACd and Cr can be determined from the slope and intercept using a 

simple regression analysis.

A dedicated Matlab program was composed to process the raw data saved during the 

coast down tests. The values of Cd and Crare summarized in the Table A-l for five 

tested vehicles. From the calculated results, it can be stated that there is less difference 

for Cr among the small passenger cars and the light duty trucks. The dominant factor 

seems to be the vehicle age since the oldest Chevrolet Cavalier has the highest Cr and 

the newest Pontiac Vibe has the lowest Cr . However, Cd is proportional to the vehicle 

size and the frontal area which can be verified that Chevy Silverado Pickup with the 

open bed stands out from the tested vehicles with the highest Cd value.

Table A-l The Coefficients of Drag and Rolling For Five Tested Vehicles

Vehicle Coefficient Testl Test2 Test3 Test4 Test5 Test6 Average STDEV

Audi c< 0:507 0.423 Q3®4 0.557 0:404 0.476 0.465 0.059
Cr 0.013 0.018 0.015 0.013 0.016 0.010 0.014 0.003

Vibe cd 0.372 0.495 05283 0.364 0.320 NIP 0.367 0.080
Cr 0.012 0.014 0.015 0.011 0.008 N/P 0.012 0.003

Cavalier cd 0.494 0.302 0.419 0.523 0.215 0.408 0.394 0.117
Cr 0.012 0.022 0.015 0.014 0.014 0.016 0.016 0.003

Silverado cd 0.618 0.659 05736 0.740 0.524 0.522 0.633 0.097
Cr 0.013 0.018 0.016 0.011 0.013 0.013 0.014 0.003

Savana cd 0.544 0.428 05433 0.653 0.586 0.590 0.539 0.092
Cr 0.016 0.017 0.017 0.012 0.014 0.013 0.015 0.002

Once the Cd and Cr were known, the multiple resistance values could be determined

using the equations illustrated previously. If the driving route is sufficient flat, the 

vehicle tractive power is equal to the multiplication between vehicle tractive force and 

the vehicle speed expressed as the following equation:
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p  = V  X (F inertial +  F aero +  F rolling) 

1000
A l l

p : Power of the Vehicle [kW]
V : Vehicle Velocity [m/s]
Finertial : Inertial Resistance / Force [N]
Faero : Aerodynamic Resistance [N]
Frolling : Rolling Resistance [N]

Error in Vehicle Power Calculation:

£p = P x
x V  j

+ + ‘ rolling

n n  { ' L f

Yi

The overall instrument uncertainties in vehicle tractive power calculated from one 

congested urban experimental test using Chevrolet Silverado are shown in Figure A-l. 

The tractive power uncertainty is inherently zero at idle where the vehicle tractive 

power is zero, and increases rapidly as increasing the tractive power. The uncertainty 

data points are also increasingly scattered when vehicle tractive power increases from 

zero to 30 kW because of the bad repeatability. However there is not obvious trend 

after tractive power is over 30 kW due to lack of the data points of high acceleration 

and high vehicle speed in a typical urban test.

Figure A-2 shows the relative size of the overall instrument uncertainty against vehicle 

tractive power. It is noticeable that this error ratio decreases with increasing vehicle 

tractive power and stabilizes at a low value around 4% under high power conditions 

(i.e. greater than 30 kW). The average relative error is about 6 % under typical low 

power conditions (i.e. less than 30 kW).

The bin values with vehicle tractive power greater than 18 kW and less than 22 kW are 

also plotted in Figure A-3. The average vehicle tractive power is 20 kW with 0.92 kW 

average instrument uncertainty indicated by the star mark in the graph. The individual 

value uncertainty is as high as 25% because of the low repeatability of actual operation.
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Comparing with the low uncertainty from instruments in tractive power calculation, 

poor driving pattern repeatability dominates the overall uncertainty and causes the data 

scatter.

CONCLUSION

By estimating the inertial, aerodynamic and rolling resistance, vehicle dynamic model 

is used to determine vehicle tractive power for any given test vehicle. The real world 

Cd and Cr for five typical vehicles were examined by a series of experimental coast 

down tests carried out on the same selected road by the same driver. From the 

experimental results, it is not difficult to find out that Cr is correlated with the vehicle 

age and Cd is correlated with the vehicle size and frontal area. The overall error of the

calculated vehicle tractive power is dominated by the uncertainty from bad 

repeatability because the cumulative instrument error is relatively small.
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Figure A-3
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APPENDIX B

Mass Emissions and Fuel Consumption Calculations 
And Uncertainty Analysis

This appendix describes the equations and procedures utilized to determine the 
instantaneous mass flow rates o f fuel and emissions, which can be integrated to give 
cumulative fuel consumption and emissions fo r  the whole trip. Root Sum Square error 
formula is used fo r  overall instruments accuracy calculations through combining 
component errors.
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All calculations were based on the following chemical equation:

CxHy+A(02+3 .76N2)^ B C 6H i4+CN0+DC0+EC02+F02+GH20+HN2 B 1

Where:

B = HC Concentration [ppm]/1000000 B2

C = NOx Concentration [ppm]/1000000 B3

D = CO Concentration [%]/100 B4

E = C 0 2 Concentration [%]/100 B5

F = 0 2 Concentration [%]/100 B6

H = 1-B-C-D-E-F B7

A = (C+2H)/2x3.76 B8

G = 2A-C-D-2E-2F B9

X = 6 B+D+E B10

Y = 14B+2G B ll

The exhaust molar mass:

MWexh= 86.12B+30.02C+ 28.01D+44.01E+32.00F+18.02G+28.01H B12

Error in exhaust molar mass :

£ MWexh

(MWhc x £ b ) 2 + (MWno XSC)2 + (MWco X £ D ) 2 + (MWco2 X SE ) 2 

+ {MW02 x s F)2 + (MWH20 x s G ) 2 + (MWN2 x s H f

1 / 2

The mass based Air to Fuel Ratio can be calculated by the following equation: 

A/F = 4.76x28.97xA/(12.00X+1.01Y) B13

Error in A/F:
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_ 4.76 x 28.97
Sa,f ~ {xx  1 2 .0 1 ) +(yx  1.0 l ) X £a

The hydrogen to carbon ration of the fuel is then determined from: 

H/C = Y/X = (14B+2G)/(6B+D+E)

Fuel Flow Rate:

FF = MAF/(A/F)

Error in fuel flow rate:

£ f f  ~
cFF

cMAF
x e MAF +

(  SFF 
.d A I F

x e A /F

1/2

= F F x MAF

MAF
° A /F

A / F

1 / 2

B14

B15

Emissions in unit of g/s could be calculated from: 

Emission (g/s) = Q xMWqx(MAF +FF)/MWexh 

Where:

B16

Q
MWq

= B, C, D, E or F depending on the associated pollutant 
= the molecular weight of the associated pollutant

Error in instantaneous emission rate:

£  Emission =  E m i s s i o n *

( \  
£  MWexh

2 2
( 8  ̂MAF

2

+
( 8 > 6  FF

2
1/2

l M W ^ j le, \M AF + FF j {MAF + FF

The following equation can be used to calculate the emission factor in unit of g/kW.h: 

Emission Factor (g/kW.h) = Emission (g/s) x3600 / Power B17

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Where:
Emission (g/s) = the associate pollutant mass emission rate 
Power = instantaneous vehicle tractive power

Error in emission factor (g/kW.h):

SEFPow er = \ E F P o W e r \ X
Emission

Emission

\ 2
Power

Power

1 / 2

The following equation can be used to calculate the emission factor in unit of g/km: 

Emission Factor (g/km) = Emission (g/s) x3600 / V B 18

Where:
Emission (g/s) = the associate pollutant mass emission rate 
V = instantaneous vehicle speed

Error in emission factor (g/km):

£ EFDist =  \EFDist\ X Emission

Emission
r e ' 2
y V

1/ 2

The following equation can be used to calculate the emission factor in unit of g/kgFuel: 

Emission Factor (g/kgFuel) = Emission (g/s) x 1000 / FF B19

Where:
Emission (g/s) = the associate pollutant mass emission rate 
FF = instantaneous fuel flow rate

Error in emission factor (g/kgFuel):

ZE FF uel = \EFFuel\ X Emission

Emission J

\2 re \ 2
FF+

\F F  j

1/2

The fuel consumption factor in unit of g/kW.h can be calculated from:

Fuel Consumption Factor (g/kW.h) = FF (g/s) x3600 / Power B20
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Where:
FF = instantaneous fuel flow rate
Power = instantaneous vehicle tractive power

Error in fuel consumption factor (g/kW.h):

= \FPower\ X
\ 2

\ F F j
+ ° Power

Power

1/ 2
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APPENDIX C

Sensor Calibrations

To provide accurate fuel consumption and emissions measurement results, a number o f  
sensors need calibrations after a specific time interval required by Equipment Manu. 
Appendix C details the calibration procedures and results obtained fo r  each sensor.
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C.l Vetronix PXA-1100 5-Gas Analyzer

A gas calibration is a procedure that ensures the accuracy of the PXA-1100 emissions 

readings, which is recommended that a gas calibration be performed at least every four 

weeks. Single Point calibration is the most commonly used procedure because HC, CO, 

CO2 and NOx are calibrated at the same time by one blend of calibration gas.

C. 1.1 Choose Calibration Gases

It is important to use the proper calibration gas when calibrating the PXA-1100. Two 

things should be considered when selecting a calibration gas: Gas Blend and Gas 

Concentrations. The Gas Blend indicates the gases contained in the calibration gas and 

Gas Concentration determines the range of accuracy to which the analyzer is calibrated.

When choosing a calibration gas, the blend of gas should be selected for accurate 

calibration of a 5-gas analyzer. A Quad-Blend calibration gas is needed to calibrate 5- 

gas analyzer internal NOx transducer along with the infrared bench.

The gas concentration, also referred to as Gas Bottle Values, defines the amount of gas 

in percent and parts-per-million of each gas contained in the calibration gas blend. 

Typical gas concentrations are available for specific calibration needs. The calibration 

gas bottle comes with an external label that lists the concentrations of the calibration 

gas.

C .l.2 Calibration Setup

This section describes the preparation for calibrating the PXA-1100. Proper preparation 

and setup will ensure that the analyzer is calibrated accurately.

1. Locate a well ventilated area to perform the calibration because calibration 
procedure contains Carbon Monoxide, a deadly gas.

2. Supply power to the gas analyzer.

3. Wait for the analyzer to finish its warm-up cycle.
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Before starting the calibration procedure, the leak checking is the necessary procedure 

at the connection among gas pressure regulator, hose assembly and calibration gas 

bottle. Once the analyzer is ready for calibration, refer to the following sections to 

perform a Single Point calibration.

C. 1.3 Performing a Single Point Calibration

The PXA-1100 screens will guide the user through the complete Single Point 

calibration. Once started, simply follow the instructions on the screen. If the user 

encounters any problems or error messages during the procedure, complete the 

calibration and then repeat the procedure.

To initiate a Single Point calibration, press 7 to select calibration from the PXA-1100 

main menu. Use the following steps to perform a Single Point calibration.

1. Press 1 to select Single Point Calibration from the Calibration menu.

2. Verify the gas bottle values listed on the screen. Press YES if the values match 
the calibration bottle label. Press NO if the values do not match and enter the 
correct values. If the user pressed NO to change the concentrations (bottle 
values), this screen allows the user to enter the correct concentrations. Use the 
UP ARROW and DOWN ARROW to move the highlight cursor to a field. Use 
0-9 to change the numbers. Use the LEFT ARROW to erase the whole field. 
The RIGHT ARROW erases the last digit entered. Press ENTER button when 
the correct concentrations are entered. The gas analyzer will automatically 
purge and zero after the correct bottle values are accepted or entered.

3. Connect the pressure regulator hose to the CAL GAS input port on the front 
panel of the analyzer. Open the valve on the calibration gas bottle.

4. Adjust the pressure regulator valve on the gas bottle so that the pressure bar 
gauge on the screen is located in the good range. “Pressure OK” will be 
displayed when the gas pressure is adjusted properly. If the pressure is either 
high or low, a pressure control message at the bottom of the screen will be 
highlighted indicating whether to increase or decrease the pressure to the 
analyzer. Turn the regulator valve in small 1/8 turn increments and wait 2 
seconds for the gauge to read before incrementing again.
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5. Let the calibration gas flow for 60 seconds. The analyzer will begin to calibrate 
the bench and transducers while the gas is flowing.

6 . When calibration is complete, close the valve on the calibration gas bottle and 
disconnect the regulator hose from the CAL GAS port on the analyzer.

7. Press ENTER to return to the Calibration menu.

C.2 Fast Response Horiba MEXA-720 NOx Sensor

The sensor calibration should be carried out every four weeks only in environmental 

temperatures between 5°C and 45 °C and non-condensing relative humidity below 

80% with effective ventilation fan on. The gas tank number and pressure are needed to 

check according to the manufacture’s specification.

C.2.1 Calibration of NOx Concentration Output

C.2.1.1 Setting the calibration points of NOx

1. Connect to the power and wait the equipment to warm up for around three 
minutes.

2. Press and hold the CAL/SET key for approximately 3 seconds. The mode of the 
analyzer switches to the setting mode, and a channel number (e.g. chOOO) 
appears on the display.

3. Press the UP or DOWN keys to display “chOOO”.

4. Press the ENT key to set the channel number.

5. Press the UP or DOWN keys to display the calibration point of NOx gas, 
choose the Four Point Calibration, because the NOx emission in the actual 
vehicle is over 2 0 0 0  ppm sometimes.

6 . Press the ENT key to set the calibration point.

7. Press the M key and return to the measurement mode.

C.2.1.2 Setting the concentration of NOx
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1. Press and hold the CAL/SET key for approximately 3 seconds. The mode of the 
analyzer switches to the setting mode, and a channel number (e.g. chOOO) 
appears on the display.

2. Press the UP or DOWN keys to display the chOO 1: Zero Gas.

3. Press the ENT key to set the channel.

4. Press the UP, DOWN or RIGHT keys to display the concentration of calibration 
gas according to the Excel Spreadsheet.

5. Press the ENT key to set the concentration of calibration gas.

6 . Repeat the steps 2 through 5 to setup ch002: Middle Gas
ch003: Span Gas
ch004: High Concentration NO gas

7. Press the M key and return to the measurement mode.

C.2.1.3 Operation of DASIBI flow control meter

1. Turn on the power of DASIBI. It is a flow meter, which can control the 
different compressed gas flow rate according to the demand. From the 
combination of different gas at different flow rate, the desired NOx 
concentration can be produced.

2. Open the valves of the four tanks with the compressed gas.

3. Press BACKUP key on the control panel, choose CONTROL, press ENTER, 
choose MANUAL CONTROL, press ENTER, choose FLOW, press ENTER.

4. Look at the Excel Spreadsheet, choose Gas Tank number on the DASIBI, input 
the flow rate of that kind of gas.

5. Repeat step 3 and 4 to get different gas concentration.

C.2.1.4 Calibration of NOx concentration output

1. Fill the bubbler of the calibration unit with water.

2. Connect gas lines to the gas inlet and the exhaust outlet of the calibration unit.

3. Press the M key until the ppm NOx LED is lit.

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4. Refer to the last section, let DASIBI supply the zero gas to the calibration unit. 
Hint: the zero gas is pure N2 at 2 LPM flow rate and NOx flow rate is zero.

5. After the indicated value is stabilized, press CAL/SET key. ZERO LED will be 
lit and the previous setup concentration of the zero gas will be displayed.

6 . Confirm that the displayed concentration is proper, and then press the ENT key 
to perform calibration of the zero point.

7. Repeat the steps 4 through 6  for span gas (press CAL/SET 2 times), the middle 
gas (press CAL/SET 3 times) and the high concentration NO gas (press 
CAL/SET 4 times) in this order.

C.2.2 Calibration of O2, A/F and X output

C.2.2.1 Condition Setting

1. Press and hold the CAL/SET key for approximately 3 seconds. The mode of the 
analyzer switches to the setting mode, and channel number (e.g. chOOO) appears 
on the display.

2. Press the UP or DOWN keys to display the channel number “chOlO”.

3. Press the ENT key to set the channel number.

4. Press the UP or DOWN keys to display the Three Point Calibration of A/F and 
X. Three Point indicates Zero (stoichiometric) Point, Lean Point and Rich Point.

5. Press the ENT key to set the calibration point.

6 . Press the M key to return to the measurement mode.

C.2.2.2 Calibration of O2, A/F and X output

1. Press M key until the % O2 LED is lit.

2. Operate the DASIBI and lead N2 gas into the calibration unit.
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3. After the indicated value is stabilized, press the CAL/SET key once. ZERO 
LED will be lit and the standard value for calibration (concentration of 
calibration gas) will be displayed.

4. Check the Excel Spreadsheet. If indicated value is not proper, modify the value 
with the UP, DOWN and RIGHT key, then press the ENT key. If indicated 
value is proper, skip to the next step.

5. Press ENT key to calibrate the ZERO point.

6 . Repeat the steps 2 through 5 for O2 span gas (lean point). In this case, however, 
press the CAL/SET key twice to turn on the SPAN LED.

7. Shut down the Horiba MEXA-720 NOx and DASIBI, disconnect the gas inlet 
line from DASIBI, connect with the rich compressed O2 tank situated in a 
portable cart, open the valve of the tank. Turn on MEXA-720 NOx again.

8 . For 3-point calibration, press M key to turn on the X LED, and then repeat the 
steps 2 through 5. For rich point calibration, press the CAL/SET key three times 
to turn on the RICH LED.

9. Shut down MEXA-720 NOx, close the valve of the rich O2 tank. Disconnect the 
calibration unit with inlet and exhaust lines. Double check the valves of all gas 
tanks for safety consideration.

C.3 Mass Air Flow Sensor

The mass air flow meter used in these experiments was a couple of Siemens HFM 62B 

automotive mass air flow sensor. The calibration setup of HFM 62B is schematically 

shown in Figure C-l. This experiment is setup to measure the air pressure differential 

across the nozzle as well as the output voltage of the sensor. The vacuum or the air 

pressure differential AP can be read from the Manometer, then we can derive the Mass 

Air Flow Rate ma from air pressure differential AP. The detail mathematical theory is 

as follow:

The flow velocity through a nozzle when the initial velocity is very small is calculated 

from Bernoulli as
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V = J —  [m/s] Cl

Where:
AP pressure differential across nozzle [Pa]

p density of the flowing fluid [kg/m3]

Mass Flow Rate through the nozzle is:

™a = CdAVpa -  CdA p p aAP [kg/s] C2

Where:
Ca coefficient of discharge ( ~ 1  for conditions used)
A flow area of the nozzle (minimum opening area) [m2]
pa density of air calculated from local temperature and pressure 

(ideal gas law) [kg/m3]

Volumetric Flow Rate through the nozzle is:

m „

Q = ^  [m3/s] C3
P

Where:
ma mass flow rate of air [kg/s]

In order to get the accurate air density, the ambient temperature and pressure should be 

recorded during the experiments. The flow area of nozzle A can be calculated by 

measuring the nozzle diameter.

The data acquisition system is used to connect the MAF meter to the laptop computer. 

The output voltage of the MAF meter can be read from Laptop computer through the 

Labview program. Two calibration curves are illustrated in Figure C-2 and Figure C-3 

respectively.

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C.4 Ambient Temperature Sensor Calibration

An AD590 temperature sensor is chosen to measure the ambient temperature during the 

on-board & real-time emissions measurement because of its accuracy, linearity of 

output, and wide measurable range of temperature. The temperature sensor calibration 

is normally conducted shortly after the MAF calibration due to the data acquisition 

system and laptop computer are also used to read the output voltage of the temperature 

sensor. The sensor is immersed in three different conditions: an ice barrel, ambient air, 

and the boiling water. The exact temperatures of these three conditions are measured by 

one thermometer. The result of the ambient temperature calibration is shown in Figure 

C-4.
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Figure C -l Mass Air Flow Meter Calibration Experimental Setup
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172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o>

(0
O '

S
o

M(0

45

40
y = 2.375x3 - 8.8758X2 + 14.543x - 0.2943

35

30

25

20

15

10

5

0

1.5 2.5 3

V o lta g e  [V]

3.5

♦  MAF
Poly. (MAF)

Figure C-3 Mass Air Flow Meter 2 Calibration Curve

2
5m
a
E

0
JQ
E<

100
90
80
70
60
50
40
30
20
10

0

y = 991.49x-273.11

Linear
(Ambient
Temperature)

0.40.3 0.350.25
V o lta g e  [V]

Figure C-4 Ambient Temperature Sensor Calibration Curve

173

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX D

Matlab Processing Program

The third generation o f Matlab Processing Program was composed to read all raw 
experimental data, calculate the instantaneous mass flow rates offuel and emissions as 
well as vehicle tractive power and other desired parameters, create a wide variety o f  
graphs helping user to quantify the data gathered from on-road tests, then output the 
selected parameters matrix to spread sheet fo r  the later analysis and reference. Special 
acknowledgement should be mentioned that the previous two generation o f  data 
processing program composed by Hawirko and Manchur provided the fundamental 
outline fo r  this efficient program to be extended to new areas o f  investigation fo r  all 
tested vehicles. Appendix D outlines the hierarchy o f the program routines and sub­
routines and gives short descriptions to clarify their functions in the whole processing 
procedures.
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D.l Program Hierarchical Format

Emission3.m —The MAIN Emissions Processing / Analysis Software 

BasicSetup.m 

VehicleSetup.m 

GrossData.m 

NetData.m 

FilterData.m 

FirstCombine.m 

SecondCombine.m 

TimeAlignment.m

Calculation.m
Statistics.m

DataError.m

CompareData.m

Graph.m
Truncate.m

DataError.m 
Statistic.m 
Export.m

AveFactors.m

SaveData.m

CoastDown.m -Calculates the Cd and Cr constants for a Vehicle based
a Coast Down Test

CoastDownFilter.m

BasicSetup.m

VehicleSetup.m
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D.2 PROGRAM DESCRIPTION 

Emission3.m

LEVEL 1, Written by: YutongGao - May 20,2005 to Current

Purpose: To supply every calculation and procedure required to analyze on-road
emissions and fuel consumption as the main program

Used in: (nothing, top level m file)

Uses: BasicSetup.m, VehicleSetup.m, GrossData.m, NetData.m, FilterData.m,
FirstCombine.m, SecondCombine.m, TimeAlignment.m, Calculation.m, 
DataError.m, CompareData.m, Graph.m, AveFactors.m, SaveData.m

BasicSetup.m

LEVEL 2, Written by: Yutong Gao - May 20,2005 to Current

Purpose: To setup the column numbers for all parameters based on where they
are stored in the original data matrix and to set the emission data time 
delay constants

Used in: Emissions3.m, CoastDown.m

Uses: (nothing)

VehicleSetup.m

LEVEL 2, Written by: Yutong Gao - May 22,2005 to Current

Purpose: To setup the specifications of all vehicles required to calculate tractive
power, etc.

Used in: Emissions3.m, CoastDown.m

Uses: (nothing)
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GrossData.m

LEVEL 2, Written by: Yutong Gao - May 24, 2005 to Current

Purpose: To store all the data from the raw .csv data files and converts them to
matrices oMgasHoriba,oMgasVetronix and oMecm

Used in: Emissions3.m

Uses: (nothing)

NetData.m

LEVEL 2, Written by: Yutong Gao - May 25,2005 to Current

Purpose: To eliminate initial non-running time for three original data matrices

Used in: Emissions3.m

Uses: (nothing)

FilterData.m

LEVEL 2, Written by: Yutong Gao - May 25, 2005 to Current

Purpose: To filter out erroneous data readings ("spikes" and "dips") and smooth out
the data values collected.

Used in: Emissions3.m

Uses: (nothing)

FirstCombine.m

LEVEL 2, Written by: Yutong Gao - May 30,2005 to Current

Purpose: To combine filtered ECM data matrices and Vetronix Analyzer matrices
into one matrix using Analyzer Time as the Base Time

Used in: Emissions3.m
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Uses: (nothing)

SecondCombine.m

LEVEL 2, Written by: Yutong Gao - June 20, 2005 to Current

Purpose: To combine filtered Horiba matrices with first combined matrices into one
matrix using Vetronix Analyzer Time as the Base Time

Used in: Emissions3.m

Uses: (nothing)

TimeAlignment.m

LEVEL 2, Written by: Yutong Gao - June 20,2005 to Current

Purpose: To shift the emissions data gathered by the gas analyzer to line up with
the vehicle data due to transport time from the engine through the exhaust 
pipe and the sample hose to the analyzer

Used in: Emissions3.m

Uses: (nothing)

Calculation.m

LEVEL 2, Written by: Yutong Gao - June 21, 2005 to Current

Purpose: To calculate instantaneous mass fuel consumption rate, emissions rates,
vehicle power, driving distance, acceleration, emission factors and other 
interested values from the gathered data

Used in: Emissions3.m

Uses: Statistics.m
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Statistics.m

LEVEL 3, Written by: Yutong Gao - June 22, 2005 to Current

Purpose: To produce various statistics tables showing the values of interested
parameters within the specific duration of speed and power, etc

Used in: Calculation.m

Uses: (nothing)

DataError.m

LEVEL 2 and 4, Written by: Yutong Gao - June 25, 2005 to Current

Purpose: To list equipment measurement accuracy/error, then calculate the
quantitative error at each time stamp

Used in: Emissions3.m

Uses: (nothing)

CompareData.m

LEVEL 2, Written by: Yutong Gao - June 24,2005 to Current

Purpose: To compare the difference in readings for MAF, NOx, AFR, etc

Used in: Emissions3.m

Uses: (nothing)

Graph.m

LEVEL 2, Written by: Yutong Gao - June 26,2005 to Current

Purpose: To produce Graphs/Charts/Trends/Summary Tables/Export Options among
any parameters chosen by user

Used in: Emissions3.m
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Uses: Truncate.m, Statistics.m, Export.m

Truncate.m

LEVEL 3, Written by: Yutong Gao - June 1, 2005 to Current

Purpose: To allow user to select an analysis range of interest (Truncate Data) and
subsequently view the graphical results in Graph.m

Used in: Graph.m

Uses: DataError.m

Export.m

LEVEL 3, Written by: Yutong Gao - June 26, 2005 to Current

Purpose: To allow the user to export the data summary to a text file

Used in: Graph.m

Uses: (nothing)

AveFactors.m

LEVEL 2, Written by: Yutong Gao - Jan10,2005 to Current

Purpose: To average the instantaneous emissions and fuel consumption factors
(g/km, g/kgfuel, g/kW.h) along with vehicle speed or tractive power

Used in: Emissions3.m

Uses: (nothing)

SaveData.m

LEVEL 2, Written by: Yutong Gao - Sept20, 2005 to Current

Purpose: To save the calculated matrices selected by user into excel programs for
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later use in graphing/plotting 

Used in: Emissions3.m

Uses: (nothing)

CoastDown.m

LEVEL 1, Written by: Yutong Gao - June28,2005 to Current

Purpose: To calculate the vehicle specific drag and rolling coefficients as well as
the vehicle tractive power through calculations from Coast Down Test 
data illustrated in Appendix A

Used in: (nothing)

Uses: CoastDownFilter.m, VehicleSetup.m, BasicSetup.m

CoastDownFilter.m

LEVEL 2, Written by: Yutong Gao - June29,2005 to Current

Purpose: To filter out erroneous data readings and smooth out the data values
collected.

Used in: CoastDown.m

Uses: (nothing)
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