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List of Abbreviations and Acronyms

AC:

Air conditioning

CARB:
California Air Resources Board

CATI:

Clean Air Technologies International, Inc.

CHP:

California Highway Patrol

CO:

Carbon monoxide

CO2: 

Carbon dioxide

ECU:

Engine control unit

g/h:

Grams per hour 

g/s:

Grams per second

I/M:

Inspection and maintenance

km/h:

Kilometers per hour

mg/s:

Milligrams per second

NTE Zone:
Not-to-exceed Zone 

NOx: 

Oxides of nitrogen

PEMS:

Portable emissions monitoring system

PM:

Particulate matter


SAE:

Society of Automotive Engineers

rpm:

“revolutions per minute”; engine speed
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1. Study Overview

Emissions were measured on 40 class 8 diesel trucks in parallel with roadside smoke opacity testing administered by the California Air Resources Board (CARB) at a rest area on State Route 99 south of Tulare, California.  Portable emissions measurement systems (PEMS) were provided and operated by a field team from Clean Air Technologies, International, Inc. (CATI).  Installation of emissions equipment and testing of trucks was performed jointly by CARB field inspectors and CATI technicians.  Second by second mass emissions for Oxides of Nitrogen (NOx), carbon monoxide (CO), carbon dioxide (CO2), particulate matter (PM) and fuel consumption were measured during stationary idling and smoke opacity snap tests.  Mass emissions were measured under various idling speeds and under various air conditioning (AC) settings, and under different environmental conditions on all vehicles.  The PEMS equipment was installed on a subset of trucks for on-road testing.  Twenty-two trucks were taken on the road for a test that included a brief idling period, an  acceleration, a length of highway cruise and deceleration. 

Below are the major features of the project and the data obtained:

· 40 trucks were tested in less than 15 hours, 22 on the road.

· Mass emissions data were collected parallel to (SAE J1667) opacity measurements

· NOx measurements were made under both extended idling and loaded on-road conditions

Experimental 

Second-by-second mass emissions were measured on diesel trucks using a PEMS in parallel with CARB roadside smoke opacity testing in California.  CARB has teams of inspectors that perform smoke opacity testing throughout the state using the Society of Automotive Engineers (SAE) J1667 procedure
.  During the week of April 22, 2002, teams from both the northern and southern sections of the Mobile Source Enforcement Branch of CARB met in Tulare, CA for opacity inspections.  This inspection event provided the test bed for the CATI / CARB experimental project for testing trucks on the road using PEMS.  Six CARB teams were divided between the north and southbound rest areas.  The CATI / CARB testing took place in the southbound area only.  

1.1 Lane Set-Up

The roadside inspections for the CATI/CARB project took place at the rest area, southbound on highway 99 south of Tulare, CA (Exit 80).  The parking lanes for tractor-trailer trucks are angled at approximately 45° from the entrance and exit lanes, as depicted in Figure 1.  Approximately 10 lanes were set aside for the SAE J1667 testing and each team occupied two truck parking lanes in the rest area.  Three lanes were made available for the CARB / CATI project.  
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Figure 1.  Schematic of testing lanes at Tulare, CA Southbound Rest Area, Highway 99.

The California Highway Patrol (CHP) was responsible for coordinating the routing of truck traffic from the highway and into the rest area.  Trucks flowed through the rest area and individual inspection teams directed trucks into their lanes for testing, as shown in Figure 2.  Trucks that were not directed into any lane were directed out of the rest area and were not tested. CARB inspectors directed truck traffic into the test lanes, communicated with drivers, and operated the smoke opacity equipment.  CATI staff installed and ran the PEMS with the assistance of CARB staff.  
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Figure 2. Trucks traveled through the rest area and the inspectors directed trucks into individual lanes for testing. 

For the CARB/CATI lane, two vehicles were stationed in a single lane and contained the test equipment for the smoke testing and portable mass emissions measurement, as shown in Figure 3.  Trucks were tested in the two adjacent lanes (Figure 3).  Idling emissions and smoke opacity tests were performed using one smoke meter based in a CARB van, and two PEMS placed inside CATI’s vehicle, each unit dedicated to one lane.  A third PEMS was available for installation on trucks for on-road tests. 
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Figure 3. Two vehicles containing the PEMS and opacity equipment were stationed between two truck testing lanes.

1.2 Instrumentation

Emissions were measured using a PEMS manufactured and operated by CATI.  Three production OEM-2100 “Montana” Systems were used for this study, as shown in Figure 4.  This system provides real-time mass exhaust emissions of CO, CO2, NOx and PM for diesel engines. The system monitors critical engine operating parameters via the engine control unit (ECU) diagnostic link, and calculates intake air mass flow.  It also measures the concentrations of hydrocarbons (HC), CO, CO2 (using non-dispersive infra-red), NO and O2 (using electrochemical cells) and PM (using laser light scattering).  Based on the pollutant concentrations and on engine operating data, second-by-second exhaust flow and mass exhaust emissions are determined. The system has been described in detail elsewhere
.  
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Figure 4. OEM-2100 “Montana” Systems used for the study. 

Smoke opacity measurements were made by CARB staff using a Telonic Berkeley Model 300 Portable Opacity Meter, with an open head sensor mounted on an extendable pole.  The meter was calibrated in accordance with Society of Automotive Engineers (SAE) procedure J1667.

Test Plan

The test plan for the roadside study involved both stationary idle testing and on-road testing.  This plan was designed to achieve two separate objectives simultaneously.  The first objective was to obtain significant stationary idling data from trucks to contribute to an inventory of emissions data for idling diesel trucks.  The second objective was to collect emission data from vehicles driving down the road and use those data and experience from this project to evaluate the feasibility of a roadside inspection and maintenance (I/M) program for controlling NOx.  Therefore, the baseline test, performed on all trucks, involved an SAE J1667 opacity test and idling tests at various levels of engine rpm and AC usage.  Trucks selected for testing were conventional cab vehicles with electronic controls.

Idling tests consisted of various states of rpm and AC usage.  The matrix of stationary tests is given in Table 1.  

Table 1. Stationary test matrix. 

Test
RPM
AC
Duration

Default Idle / AC
Curb
Off
0-5 minutes

SAE J1667 Tests
Curb
Off
~ 2 minutes

High Idle / High AC
1000 rpm
Max Cool / Max Fan
5 minutes

High Idle / No AC
1000 rpm
Off
1 munute

Curb Idle
Curb
Off
4 minutes

Following the idling and opacity tests, drivers were asked to volunteer for the experimental on-road tests.  On-road tests consisted of an approximately 3 mile trip between the southbound Tulare rest area (Proposed Exit # 80 on Highway 99) and the first exit to the south, the Tipton Exit (Exit # 77).  Drivers were instructed to exit the rest area at a normal pace, accelerate to a cruising speed of 55 mph (local speed limit) on the highway, and decelerate at a safe distance for the exit ramp.  Drivers were instructed to make a left turn at the end of the exit ramp and pull over in an area that was offset by orange cones.  CARB staff members removed the equipment from the trucks and returned the units to the rest area for testing on further vehicles.

Installation

There were two types of installation procedures followed for this study. The first was for stationary idle and opacity testing only, and the second was for on-road testing.  The primary points of installation for the PEMS for both the stationary and on-road testing included the sample probes inserted into the exhaust stack, and a connection to the vehicles’ ECU diagnostic port (typically located beneath the dashboard to the left of the driver).  For stationary tests, as shown in Figure 5, the PEMS units were placed in a test vehicle in the lane adjacent to the truck, and powered by that vehicle.  The opacity sensor was installed for stationary tests only.  For on-road testing, the PEMS were placed in the passenger seat of the truck, as shown in Figure 6, and powered by the truck’s 12V cigarette lighter.  Installation time for on-road tests ranged from approximately 5 to 15 minutes. 
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Top left, clockwise: 

· Inspector collects engine data as the technician sets up the opacity test,

· PEMS sample lines and probes mounted on an exhaust stack along with the opacity sensor during stationary testing,

· Truck tested in lane adjacent to the vehicles where the equipment was stationed,

· PEMS unit placed in vehicle for stationary testing.
Figure 5. Stationary Testing Set-up.
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Figure 6. Installation for an on-road test.

2. Results

Forty trucks were tested over a period of 2 ½ days during smoke opacity and stationary idling tests.  Twenty-two trucks participated in the voluntary on-road test.  The rate of trucks tested increased each day of testing, from approximately 2 trucks per hour on the first day to approximately 2 trucks per ½ hour on the third day.  The number of trucks tested each day are summarized in Table 2. The information for the vehicles tested is given in Table 3. 

Table 2. Number of trucks tested during stationary and on road testing the week of April 22, 2002 in Tulare, CA.

Date
Trucks Tested
On Road Tests
Hours of Testing

Tuesday,

April 23rd
13
6
5

Wednesday,

April 24th
16
8
6

Thursday,

April 25th
(half day)
11
8
3 ½

TOTAL
40
22
14 ½ 

All the data gathered during the project was visually audited by viewing the second-by-second data using a viewing software developed in-house by CATI.  Valid data were obtained for the stationary testing on all 40 trucks.  Of the 22 trucks taken on the road, complete data for the on-road trip were obtained on 14 trucks.  Data were lost during some of the on-road trips, primarily due to power connection and/or ECU communication interruptions.

All road test data follows a similar pattern consisting of several distinct modes: pre-trip idle, acceleration, cruise, deceleration, and post-trip idle. The length of each mode, and the consistency of the cruise mode varied among trucks. An example of the road test data is shown in Figure 7 for truck #24.

Major findings from the data analysis are described and discussed below. 

Table 3. Vehicle information and tests performeda during the CARB / CATI project.

Truck / Test #
Vehicle

Year
Vehicle

Manufacturer
Engine

 Year
Engine Manufacturer
Engine Model
On-Road

1
2000
Volvo
1996
Volvo
VED12-425HT


2
1996
Freightliner
1996
Detroit Diesel
Series 60


3
NAb
International
1999
Cummins
N14-435-E4
X

4
1994
Freightliner
1994
Cummins
M11


6
2000
Freightliner
2001
Detroit Diesel
Series 60


9
NA
Peterbuilt
1993
Detroit Diesel
Series 60
X

10
1998
Kenworth
1998
Cummins
N14-435-E4
X

11
1997
Freightliner
1996
Detroit Diesel
Series 60
X

12
2000
Peterbuilt
NA
Cummins
N14 


13
2000
Freightliner
NA
Caterpillar
3406E


14
1997
Freightliner
1997
Detroit Diesel
Series 60


15
2001
Peterbuilt
2000
Caterpillar
C15
X

16
2000
Peterbuilt
2000
Cummins
N14
X

20
1997
Freightliner
1997
Cummins
M11
X

21
1999
Freightliner
1998
Detroit Diesel
Series 60


22
2001
Kenworth
1996
Cummins
N14
X

23
2001
International
2000
Cummins
N14-370 ESPT
X

24
1999
Peterbuilt
NA
Caterpillar
NA
X

25
2000
Volvo
1999
Detroit Diesel
Series 60


26
2000
Freightliner
1999
Detroit Diesel
Series 60
X

27
1998
Freightliner
1997
Cummins
M11
X

28
2001
Kenworth
2000
Caterpillar
C15


29
2000
Volvo
2000
Detroit Diesel
Series 60


30
2000
International
2000
Cummins
ISM330ESP
X

31
2002
Freightliner
2001
Detroit Diesel
Series 60


32
1995
Freightliner
1994
Cummins
M11


33
1999
Freightliner
NA
Caterpillar
3400E
X

34
1999
Freightliner
1999
Cummins
ISM370


35
2000
Freightliner
1999
Cummins
ISM370


41
2002
Freightliner
2001
Detroit Diesel
Series 60


42
1995
GMC
1994
Cummins
M11-330E
X

43
NA
Volvo
1999
Volvo
VED12B-345


44
1997
Freightliner
1996
Cummins
M11-350ESPT
X

45
1996
Freightliner
1995
Detroit Diesel
Series 60
X

46
1998
Freightliner
1997
Detroit Diesel
Series 60
X

47
1999
Freightliner
1998
Detroit Diesel
Series 60
X

48
2002
International
NA
Caterpillar
C-12
X

49
2000
Peterbuilt
2000
Caterpillar
C15
X

50
1999
Freightliner
NA
Caterpillar
C12
X

51
2001
Western Star
NA
Detroit Diesel
Series 60


a.) Stationary idle and snap opacity tests were performed on all vehicles listed.

b.) NA = data was not readily available or not recorded.
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Figure 7. Road test on truck #24. 

2.1 Dual mapping

Figure 7 shows on-road data for Truck #24 (1999 truck, Caterpillar 3406 engine).  Approximately one minute after the truck reached its cruising speed, the NOx emissions roughly tripled, and the fuel consumption and PM emissions simultaneously decreased.  This change in emissions may be related to a change in parameters programmed in the vehicle’s ECU, sometimes referred to as "dual mapping".  It is worth noting that the engine output during that time was in the 110-130 hp range, around or slightly below the 30% of rated power (123 hp on a 410 hp engine) cutout of the "not to exceed" zone. This was the only truck on which this phenomenon was observed.

Implications: This example demonstrates that PEMS can be used to identify a change in emissions on the road related to dual mapping, although the road test employed here was rather short and a longer test might be needed for this purpose. It also appears that investigation of operating conditions outside of the NTE zone might be beneficial.

2.2 Engine brake

The example in Figure 7 also shows a large spike in PM emissions during the deceleration, which is likely associated with use of the engine compression brake.  Elevated PM emissions on deceleration have been observed on 4 out of 16 trucks for which the deceleration data were available.  

Implications: Engine brakes are generally not used while driving on a chassis dynamometer, yet often are used under real-world highway and urban driving conditions. It appears that engine compression brake use can be associated with high PM emissions, which may not be properly accounted for in the current models. Further study is needed to determine whether PM is produced during compression braking, or released from the exhaust system.

2.3 Idle NOx
It was observed that relative to the amount of fuel consumed, NOx emissions were higher at idle than on the road by a factor of 1.5. It was also observed that NOx emissions during high idle can be substantial. For example, 6 out of 40 trucks emitted more than 200 g/h NOx during high idle with the AC turned on, an operation typical of the truck stop environment. 

Implications: NOx emissions during extended idle operation (high idle, air conditioning on) can be substantial. This phenomenon may also not be accounted for in current model. This and other CATI studies suggest that potentially large NOx emission reductions can be achieved by limiting vehicle idling.

Idling vs. on-road NOx
During the road test, most trucks emitted approximately 100 grams of NOx per gallon of fuel consumed. Two trucks (#45 and #47, 1995 and 1998 Detroit Diesel Series 60 engines, respectively) have exhibited exceptionally high NOx emissions (almost 200 g NOx / gallon), and one truck (#26, 1999 Detroit Diesel Series 60) emitted approximately 130 g NOx / gallon. Visual inspection shows no clear evidence of dual mapping; truck #24 which did show dual mapping emitted only 104 g NOx / gallon during the road test.

Comparison of on-road NOx data with NOx data during several idling modes shown in Figure 8 demonstrates that all three trucks with high on-road NOx emissions are also high NOx emitters at idle (over 100 g/h at curb idle and over 150 g/h at high idle). One more truck was noted to be a high emitter at idle (#16, Cummins N14), but not on the road.

Implications: Some diesel engines which are high NOx emitters may be identified by a simple idle test, and would not require moving the truck, using a chassis dynamometer, or artificially loading the engine. Additional data and additional analysis of existing data will be necessary to confirm this.

2.4 On-road PM, idle PM, opacity tests

Some correlation has been observed between average PM during acceleration and average opacity readings, but not between opacity and PM during cruise, as shown in Figure 9. A correlation between CO and opacity readings was also observed during snap idle tests, as seen in Figure 10. No strong correlation between idle PM and acceleration PM, or idle PM and cruise PM has been observed so far. 

As diesel PM emissions are influenced by a myriad of factors, including recent operating history of the engine, additional data analysis will be conducted to evaluate the extent to which on-road PM emissions can be predicted from PM (and possibly CO) emissions during idle and snap opacity tests.
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Figure 8. Correlation between road test and idling NOx emissions.
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Figure 9. Correlation between road test PM and opacity readings.
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Figure 10. Correlation between road test CO and opacity readings.

Conclusions and Recommendations

The project objective of obtaining significant stationary idling and on-road data from diesel trucks in a roadside setting was achieved.  Grams per gallon NOx levels were observed to be higher under extended idling (i.e., truckstop) conditions than during on-road tests.  Further analysis will be performed to compare the stationary idling data to two previous studies performed by CATI.   Results are expected to have implications for current NOx emissions inventories.  

Stationary and on-road data were compared to observe possible correlations and to evaluate the potential for using stationary testing as a screening procedure for future I/M programs for NOx and possibly for PM.  Additional testing of diesel trucks in a similar stationary and on-road setting is recommended.  
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