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Abstract: In metropolitan areas in Japan, air pollution has been exacerbated due to nitrogen oxides (NOx) and particulate matter (PM) in particular. This study analyzes emissions caused by automobiles, estimating NOx and PM emissions with changes in driving speed, acceleration, road grade, and gross vehicle weight as explanatory variables. Data were collected with two different types of measuring equipments, “in-vehicle” and “remote sensing,” were adopted and compared with one other. The proposed emission factors here can be applied to practical use near future, estimating environmental effects by mitigation measures such as TDM or ITS.
1. Introduction

In metropolitan areas, air pollution due to nitrogen oxides (NOx) has caused serious situations. Recently, in combination with pollution resulting from particulate matter (PM), the situation has been getting more serious. On the corridors with a number of factories and high traffic volume of freight cars in particular, roadside environmental measures have become urgent issues, because of the pollution lawsuit history in some areas, including Amagasaki City and Kawasaki City, southern part of Nagoya City, and Tokyo.

Based on such a background, the National Government is promoting the revision of the Automobile NOx Law as well as the enforcement of the Automobile Exhaust Gas Emission Regulation. In addition, from a traffic policy point of view, the utilization of the Traffic Demand Management (TDM) and Intelligent Transport Systems (ITS) is focused as roadside environmental measures in order to facilitate traffic flow.

In case of evaluation of TDM, ITS, or environmental improvement effects such as traffic congestion mitigation measures, the evaluation is conducted, comparing emission levels with or without a policy. These emissions are generally estimated by multiplying the emission factor（average vehicle speed model）which is expressed as a function of traffic volume by vehicle type and average vehicle speed. However, this method with average vehicle speed model may not take into account of the acceleration and deceleration of vehicles, resulting in another issue of not yielding sufficient evaluation of traffic facilitation measure effects or effectiveness, particularly at intersections（HOTSPOT）by the TDM or ITS policies.
In order to improve the above situations at locations with limited space or HOTSPOT, roadside environment measures are being developed. Particularly, we attempt to develop more accurate estimation with smaller time interval at HOTSPOT since vehicles tend to show large speed differences there. The United States Environmental Protection Agency (EPA) is developing “MOVES,” a modeling system capable of estimating macro- to micro-scale (e.g. HOTSPOTs) (2002). The Research Council On-Road Vehicle Emissions Workshop (2007) has estimated and analyzed real-world vehicle emissions in numerous cities in the U.S. In addition, various studies have been conducted in Japan as well, such as Oneyama et al. (2001), Hirashima et al. (2001), Furuya et al. (2002), and JCAP (2003). However, those past studies have not established an emission estimation model for wide use yet.

Consequently, this study analyzes the influences of changes in speed or acceleration, grade, or gross vehicle weight on NOx and PM emissions, and estimates the emission factor for estimation of environmental improvement effects of TDM, ITS, or traffic congestion mitigation measures.

2. Emission gas measurement study in consideration of vehicle behavior
(1) Outline of study

Two different measurement methods, “in-vehicle type” and “remote sensing,” were adopted. Features of each method are listed, based on the necessary items for understanding the emission property and from a measurability point of view (Table. 1).

The measurement using the in-vehicle type limits the vehicle type which is subject to study, but enables driving in various traffic conditions, allowing the emissions data to be obtained under a diverse range of speed, acceleration, and grade. On the other hand, the measurement using the remote sensing system allows the emission density data on a number of vehicle types to be obtained by referring the vehicle identification number, measured simultaneously with emission gas density to the data stored in the District Transport Bureau. Consequently, speed or acceleration, grade, or NOx with explanatory variable of gross vehicle weight, and PM emission factors by vehicle type can be obtained with the detailed emission factor of one vehicle type with the results from the in-vehicle measurement equipment, as well as by developing it to other vehicle types using the measuring results from the remote sensing.

(2) Estimation by in-vehicle measurement equipment

From the end of September to the middle of October 2002, actual driving survey totaling six hours were conducted three times a day (once during the daytime, and twice at peaks in the morning and evening). The driving route was composed of expressways and general roads in order to obtain data with various speed ranges. Also, roads with ups and downs were added to the route in order to obtain data on the grade. 
A 4-ton sprinkler truck, based on the Isuzu FORWARD in accordance with the 1994 regulation, was used for the estimation. The load was adjusted by changing the quantity of water loaded on the truck. Measurements were conducted under three different loading conditions - full, half-full, and empty. Items measured were indexes such as NOx density, opacity as proxy indicator of PM, and inlet flow necessary to measure emissions from the density. The time interval at the time of measurement was set to 0.1 second which was the smallest value currently available. In addition, the measurement of speed and acceleration was conducted in order to analyze the relationship between vehicle behavior and emission gas volume.

PM emissions were calculated from the opacity (K value) estimated by conducting simultaneous estimation of the ”in-vehicle type” measurement equipment and chassis-dynamometer test, and the relational equation on PM emissions (Equation 1)
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(3) Estimation using remote sensing
From October 2 to 4, 2002, the measurement of vehicle emission gas using remote sensing system was conducted at Lane 2 of the Entrance of the Tomei Expressway Yokohama Aoba IC. RSD 4000 by ESP was used to measure emission gas components from individual vehicles. At the same time, the measurement of speed and acceleration was conducted in order to analyze the relationship between vehicle behavior and emission gas. In addition, a CCD camera was installed on the roadside to collect number plate information of vehicles, checking vehicle types and exhaust gas regulatory classification from the vehicle identification information. Furthermore, gross vehicle weight was obtained by axle load scale.

3. Analysis of the Relationship between Vehicle Behavior/Driving Conditions and Emission Gas Volume

(1) NOx and PM emissions by speed and acceleration
NOx and PM emissions measured on the Tokyo Route (loading condition: empty) are arranged by speed and acceleration in Figures 2 and 3, respectively. From an acceleration range point of view, these figures show the trend that emissions simply increase with the increase in speed.

In general, emission factor, or emissions in case of driving the distance of 1-km by one vehicle can be expressed in Equation 2, as the function of average vehicle speed. Therefore, at the time of examination of estimated equation of emission factor, the speed should be added as a variable first. However, Figures 2 and 3 indicate consideration of speed is also necessary for instantaneous NOx and PM emission factor with high time resolution.


[image: image2.wmf])

2

(

/

3

2

2

1

0

L

V

a

V

a

V

a

a

EF

+

×

+

×

+

=


[image: image32.wmf]758

.

0

:

sq

R

-


In view of the relationship between acceleration and emissions by speed range, emissions tend to increase with the increase in acceleration, even in the same speed range. Thus, the relationship between acceleration and emissions could be observed.

Figures 4 and 5 are obtained by formulating the relationship between speed and NOx emissions, and speed and PM emissions using Equation 3.


[image: image3.wmf])

3

(

3

2

2

1

3

0

L

a

V

a

V

a

V

a

EF

+

×

+

×

+

×

=


[image: image33.wmf]254

.

0

192

.

0

10

71

.

3

10

526

.

3

2

3

3

5

+

×

+

×

-

×

=

-

-

V

V

V

EF


Parameter estimation result from Equation 3 is satisfactory, with R-sq values of 0.758 for NOx and 0.8 for PM, respectively. However, what needs to be focused on is that the data unclassified by acceleration range yields low R-sq, resulting in difficulties in formulation. That is to say, the relationship between speed and emissions became clear by classifying according to acceleration. This indicates that the acceleration should be considered anyway when estimating emission factor.

(2) NOx and PM emissions by loading and grade conditions

(a) Emissions by loading condition
NOx emissions by loading condition were arranged in Figures 6 and 7. In Figure 6, the horizontal axis indicates the speed by loading condition, mapping data covering the acceleration range of 1 to 5 km/h/s. On the other hand, in Figure 7, the vertical axis indicates the acceleration by loading conditions, and data of the speed range of 20 to 30 km/h were plotted. Solid lines drawn on each figure are the regression lines of speed and acceleration, and emissions, to see the trend by loading conditions. At this point, the relationship between loading conditions and emissions was examined as well as speed and acceleration because the loading conditions and emissions needed to be isolated to see their correlations.

In view of the data distributions in Figures 6 and 7 by speed and acceleration, data indicates the increase in the direction of upper right, in the order of empty, half-full, and full loading, showing the trend of increased emissions as the load increases.  The comparison of regression lines among loading conditions indicates the trend of more spread in emissions of empty, half-full, and full loading conditions with the increases in speed and acceleration. 
(b) Emissions by grade condition
PM emissions were mapped by grade conditions in Figures 8 and 9. The horizontal axis indicates the speed in Figure 8 and the acceleration in Figure 9, while the vertical axis indicates emissions, mapping the grade conditions. Solid lines drawn on each figure are the regression lines of speed and acceleration, and emissions, to see the trend by grade conditions.

In view of the data distributions in Figures 8 and 9 by speed and acceleration, data with high grade is plotted higher in the graph, showing the trend of increased emissions on steep roads. The comparison of regression lines among grade conditions indicates the trend to widen differences in emissions among grade conditions with the increases in speed and acceleration.

4. Estimation of NOx and PM Emission Factors

(１）Estimation of parameters

From the analysis of Section 3, when the equation of NOx and PM emission factors, speed or acceleration, loading, and grade conditions should be considered. For the estimated equation of emission factor, Lee et al. (2001) proposed Equation 4 as an emission factor of CO2.
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However, Equation 4 includes only the speed and acceleration as explanatory variables, excluding loading or grade conditions as variables. Consequently, based on the emission factor (Equation 5), proposed by Oneyama et al. (2001), formulated from the relationship between engine output and emissions, four equations with speed and acceleration, gross vehicle weight, and grade as explanatory variables were established to estimate parameters. The estimation result of parameter is shown in Tables 2 and 3. In addition, the estimation result is based on the data integrated in a unit of one second. The estimated equations use both speed and acceleration of positive numbers.

In the equation with explanatory variables of only speed and acceleration, passable estimation results were obtained, indicating R-sq value of 0.754 for NOx and 0.6836 for PM, respectively. In the equation with explanatory variable of gross vehicle weight, in addition to the speed and acceleration, the improvement of estimation accuracy was observed, showing R-sq value of 0.761 for NOx, slightly higher than 0.6841 for SPM. On the other hand, in the equation with the grade added as the explanatory variable, R-sq values were 0.756 for NOx and 0.6840 for SPM, respectively. This slight difference indicates that the emission factor did not reflect so much influence of the grade. Investigation into the cause of this introduction should be an issue in the future; however, one of the causes is believed to be a high correlation between grade and speed, and grade and acceleration.
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(2) Verification of emission factor

(a) Comparison of the observed value and the predicted value
Comparisons of the observed value of emissions and the predicted value of emissions calculated using the estimated equation with explanatory variables of speed, acceleration, grade, and gross vehicle weight which were estimated in (1) are shown in Figure 10 for NOx and 11 for PM, respectively. The observed values of NOx were superimposed in the speed and acceleration charts. Slight vertical fluctuations in chart of emissions are influenced by acceleration; while, gradual and larger vertical fluctuations are affected by speed. As a result, the observed value of NOx tends to be influenced further by speed than acceleration. The predicted value had ambiguous responses to rapid change in acceleration so that changes were minor compared with the observed values. The maximum observed value cannot be reproduced at the highest engine rotation just before changing gears. However, in other areas, for instance, where the change in acceleration at the top speed (60 km/h) is small and emissions hovers at high point, good results were generally obtained. In contrast, the observed value of PM is influenced by speed and acceleration as well as NOx. However, NOx is influenced further by acceleration than speed. The predicted value matches comparatively in the area with extreme influences by speed, while greater errors than NOx are produced in the areas with rapid fluctuation of acceleration. Like NOx, the difference between observed and predicted values is getting larger at the highest engine rotation particularly just before changing gears.

(b) Distribution of residual errors
The relationships among the error（residual error）between observed value and predicted value, speed, acceleration, grade, and gross vehicle weight were examined. The residual error of NOx is not quite influenced by acceleration or grade, but rather by speed or gross vehicle weight. The residual error increases in the negative direction as the speed increases. In addition, the more the gross vehicle weight increases from empty loading to full loading, the more fluctuating projection occurs in both positive and negative directions, particularly horn-shaped in positive direction (Figures 14 and 15). On the other hand, the residual error of PM shows generally the similar trend as that of NOx, but is influenced by acceleration, different from NOx (Figures 16 and 17). The error increases in the positive direction when the acceleration is in the vicinity of 0 km/h/s; while, values shift further to negative direction when the acceleration is in the range of 1 to 4 km/h/s.

The reason why the residual error in both NOx and PM moves further in the negative direction as the speed increases is the errors appeared horn-shaped when loaded full. As estimations of parameters were run with all the data, influences of these data will be large at the time of calculation of the least squares. In comparison of Figures 14 with 15, this horn-shaped error can be seen at three locations at the time of full loading. This implies the high rotations just before changing the gear to 3rd, 4th, and 5th; furthermore, it shows that the more the loading, the higher the engine rotations.

(c) Comparison with existing emission factor
Results of comparison with emission factors of Tokyo Metropolitan Government (Institute of Behavioral Sciences, 2001) and Ministry of the Environment (Public Works Research Institute 1998) are shown in Tables 4 and 5. The Tokyo Metropolitan Government selected the 1994 diesel truck direct-injection 2.5-ton or over, and the Ministry of the Environment adopted the 1989 diesel truck direct-injection 5-ton or over for comparison. The gross vehicle weight was set to 5.78-ton, and the acceleration required for substitution into emission factor estimated equation was set to 0.5 km/h/s.

As to NOx, at the results were higher for the speed of 10 km/h and lower, and 70km/h or more; however, the results were relatively close at the speed from 20 to 60 km/h. As to PM, generally high value is estimated, showing excessive trend at the speed of 10 km/h and lower and 70 km/h or more, in particular. This is because of the different characteristics of vehicles measured. The emissions study conducted by the Public Works Research Institute 4) employed the identical vehicle as this study. However, the PM emissions of this vehicle indicated the trend of higher emissions, compared with heavy trucks in the same class. Therefore, it is appropriate to state that the emission factor of this study becomes higher, compared with the emission factors of Tokyo Metropolitan Government or Ministry of the Environment, the average of emissions in the same class of vehicles.
From the above analysis, the equation of the emission factor estimated in (1) has a good reproducibility. In addition, similar values are obtained in a number of speed ranges even compared with other emission factors, so practical emission factor could be successfully obtained with this equation.

However, the reproducibility tends to decrease in the areas of rapid change in acceleration or higher engine revolutions. In addition, higher values are yielded in the areas of low and high velocities, compared with other emission factors, so room for improvement still remains. As an issue in the future, the emission factor estimated equation with high reproducibility should be studied through the selection of explanatory terms so that the influence of acceleration or engine revolutions is strongly reflected.

5. Development of emission energy intensity to other vehicle types
The aforementioned emission factor estimated equation was based on the data of only one vehicle type. For practical use of emissions estimation, the estimated equation of other vehicle types needs to be obtained. However, a great amount of time and cost are required in order to conduct identical detailed studies, so other measures are necessary for now. For this reason, in this paper, the examination was conducted on the development method to other vehicle types utilizing remote sensing data.

(１）Relationship between emissions by vehicle type and speed
In this paragraph and the next, accuracy of remote sensing will be described prior to the discussion of other vehicle types.

Relationship between NO emissions and speed of diesel-powered truck, estimated from the measuring result of remote sensing, are organized in Figure 18. Two broken lines in the figure were obtained from the emission factor based on the average vehicle speed model of the Tokyo Metropolitan Government 3) or the Ministry of the Environment4). Since the most data are in the speed range between 20 and 30 km/h, a clear relationship like other emission factors cannot be observed between speed and emissions. However, many observations lie between emission factors of the Tokyo Metropolitan Government and the Ministry of the Environment, so emissions obtained from the remote sensing measuring are found to be measured in the same order as these emission factors. Furthermore, in view of the relationship between PM emissions and the first registration year (the year of emission gas regulation) (Figure 19), when the first registration year is older, emissions tend to increase, with larger deviation. The result seems to accord with the general idea that the emissions differ significantly in reflection of the difference in degree of maintenance and traveled distance as time advances.

However, Figure 18 shows that emissions still vary in identical vehicle type and speed, in spite of the same order. It is difficult to determine only from this data whether this range is the difference of the actual emissions or that of the accuracy of the measurement equipment. Therefore, the accuracy of remote sensing was verified by simultaneous measuring the remote sensing equipment and the in-vehicle measurement equipment.

(2) Accuracy verification by simultaneous measurement with in-vehicle equipment
In order to confirm the measurement accuracy of the remote sensing equipment at a variety of velocities and accelerations, emissions were compared with in-vehicle measurement equipment passing in front of the remote sensing equipment. Adjustment of speed or acceleration using rubber for adjusting the driving start point and accelerator opening degree, setting eight different velocities between 5 and 80 km/h as well as five different acceleration levels. In addition, the number of NO molecules (mol) is measured with the combustion equation in remote sensing equipment, which does not take into account of existence of excess air. On the other hand, the measurement of emission diluted with excess air is conducted by the in-vehicle measurement equipment. Therefore, the emission obtained from the in-vehicle measurement equipment is converted to the “density with excess air eliminated” using air-fuel ratio when comparing these measurements.

Figure 20 shows the comparison of both measurements with all data. Many data lie around the solid line which passes the origin with the slope 1. The slope of the regression line is 0.75 and R-sq is 0.6, showing the correlation between both measurements. When the comparison was made by acceleration, correlation was found low in case of large accelerator opening degree (large acceleration), while high correlation was confirmed with a high R-sq value of 0.85 in case of small accelerator opening degree (small acceleration) (Figure 21). Therefore, the measurement accuracy of remote sensing was confirmed generally good though the result remains uncertain in a large acceleration situation.
6. Conclusion

In this paper, different from previous emission factors, we proposed the estimated equation of NOx and PM emission factors in consideration of detailed driving conditions. In terms of one vehicle type of diesel-powered truck, we believe, in spite of the remaining issues, the proposed emission factor can be used practically. On the other hand, in regards to other vehicle types, a simplified estimation could be developed with the use of remote sensing.  A number of issues remain as described previously, so further study will be necessary in the future. With respect to the development toward other vehicle types, we are currently in pursuit of a development method using data on 41 vehicles of seven types measured in the chassis dynamometer test. Future study should be expected.

Prediction of environmental improvement effects with TDM or ITS, and traffic congestion mitigation measures will be highly desired in the future. Detailed driving will be estimated by the analysis with the Traffic Microsimulator near future. There are no emission factors corresponding to this estimation, so it is difficult to make an accurate estimation of environmental improvement effects. As a result, in order to cope with this issue, we believe that it is necessary to advance the study in a two-step framework of simple estimation of emission factors on many vehicle types first, and then, detailed measurement and analysis of sophisticated emission factors. 
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Table 1 Measurability of Necessary Items to Recognize the Emission Property
	
	In-Vehicle
	Remote sensing

	Speed/
Acceleration
	○
Able to obtain detailed data
	△
Able to obtain data, but not as accurate as in-vehicle type

	Grade
	○
Able to obtain various grades on the driving route
	☓
Able to obtain grade only at the measuring site

	Gross Vehicle Weight
	○
Able to obtain because it controls vehicle weight
	△
Able to obtain only in heavy-weight vehicles with axle load scale

	Vehicle Type Variation
	☓
Limited vehicle type, needs to replace equipments
	○
Able to obtain large data of various vehicle types with registration numbers
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	Figure 1 Actual PM emission and PM emission estimation obtained from Opacity


Picture 1 Measuring with Remote Sensing
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	Figure 2 Average NOx emission by speed/acceleration
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	Figure 3 Average PM emission by speed/acceleration
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	Figure 4 Correlation between speed and NOx emissions

(Running conditions: ordinary road, loading: empty, acceleration: 2-3km/h/s)
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	Figure 5 Correlation between speed and PM emissions

(Running conditions: ordinary road, loading: empty, acceleration: 2-3km/h/s)
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	Figure 6 Correlation between speed by load and NOx emissions
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	Figure 7 Correlation between acceleration by load and PM emissions
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	Figure 8 Correlation between speed by grade and PM emissions
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	Figure 9 Correlation between acceleration by grade and PM emissions


Table 2 Equation for NOx emission factor
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Table 3 Equation for PM emission factor
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	Figure 10 Comparing actual and estimated emission factor (NOx)
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	Figure 11 Comparing actual and estimated emission factor (PM)
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	Figure 12 Speed fluctuation in actual driving
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	Figure 13 Acceleration fluctuation in actual driving
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	Figure 14 Relationship between errors in NOx estimation and speed (empty load)
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	Figure 15 Relationship between errors in NOx estimation and speed (full load)
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	Figure 16 Relationship between errors in PM estimation and speed (half load)
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	Figure 17 Relationship between errors in PM estimation and speed (half load)


Table 4 Comparing NOx emission factors
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Table 5 Comparing PM emission factors
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	Figure 18 Relationship between NO emissions and speed
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	Figure 19 Relationship between PM emissions and first-time registration
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	Figure 20 Comparing measurements with remote sensing and in-vehicle equipments (whole sample)
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	Figure 21 Comparing measurements with remote sensing and in-vehicle equipments (Acceleration 0)
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