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Abstract

The D/FW and Houston metro areas are currently air quality non-attainment areas for
ozone, which means that the air is not within standards set forth by the EPA for ground-
level ozone. Ozone is not emitted directly into the air but is formed through complex
chemical reactions between precursor emissions of volatile organic compounds (VOC)
and oxides of nitrogen (NOy) in the presence of sunlight. Vehicles have been identified
as a major source of NOx emissions, and a number of initiatives are underway to
determine the potential to reduce NOx from mobile sources. This emissions study is
sponsored by the Texas Commission on Environmental Quality under the Texas
Emissions Reduction Project to investigate the potential for hybrid-electric commercial
delivery vehicles to reduce harmful emissions and fuel consumption. The study
involved three test phases comparing gasoline and diesel powered hybrid-electric trucks
to existing conventional gasoline and diesel vehicles. Data was gathered from both
dynamometer lab testing under controlled conditions and on-road testing using actual
delivery routes.

The first test phase involved vehicle emission and performance testing at the Southwest
Research Institute (SwRI) test facility in San Antonio, Texas in a laboratory environment
using the heavy duty chassis dynamometer and Federal Test Protocol (FTP). Phase 1
and Phase 3 dynamometer testing followed the test protocol described in SwRI
Proposal EVR-4791 “Emissions Testing of Various Delivery Vehicles”. SwRI’s tests
were based on the Federal Test Procedure (FTP) and measured exhaust emissions of
PM, NOy, HC, CO and CO;, and fuel consumption. Results of the Phase 1 baseline
testing indicated that the diesel hybrid got the best miles per gallon with newer diesel
truck second. The gas hybrid produced the lowest NOx emissions with the older diesel
truck second.

AVERAGE EMISSION RESULTS DURING PHASE 1 TESTING OVER LD UDDS

DRIVE CYCLE
Test HC |[CO |NOx |PM CO2 | MPG | Fuel | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi kg
Older Baseline Diesel 0.31 | 1.47 | 3.46 | 152 842 (122 202 |7.6
Newer Baseline Diesel 0.14 |1 2.30 [6.21 | 75 705 | 146 [1.69 |7.6
Diesel Hybrid 0.53 [2.11 | 4.98 | 156 667 | 154 |1.60 |7.5
Gas Hybrid 0.15 | 251 [0.26 |7 741 | 120 |1.78 | 7.6

The second phase of testing involved ‘real world’ emissions and vehicle performance
monitoring in the Dallas-Ft. Worth and Houston areas in the Frito-Lay product delivery
operation for various fixed delivery routes. During Phase 2 testing, emission/
performance monitors installed in both the base line and hybrid vehicles provided real
time data acquisition. The emission monitors measured NOy, CO, CO,, hydrocarbon
concentrations and the performance monitors (including GPS) provided vehicle speed,
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distance and MPG. Phase 2 on-road emission measurement was conducted using a
on-board Portable Emissions Measurement System (PEMS), the Montana OEM-2100,
provided by Clean Air Technologies International. The key objectives to the Phase 2
testing were to collect real-world vehicle emissions and activity data on Dallas/Fort
Worth and Houston area roads using the PEMS; to analyze characteristics of the on-
road vehicle emissions and determine the operational factors which play the largest role
in fuel consumption and emissions generation; and to compare fuel consumption and
NOx emissions between conventional and hybrid vehicles. The Frito-Lay delivery
operation was analyzed using GPS, and the data gathered in the analysis were used to
select the routes for the Phase 2 testing so that results representative of the Frito-Lay
delivery operation were obtained. Results obtained during the on-road testing showed
the following:

COMBINED ON-ROAD DATA FOR MPG AND EMISSIONS BY TEST VEHICLE

Test HC CO | NOx | CO2 | MPG
Code g/mi | g/mi | g/mi | g/mi

Older Baseline Diesel 0.28 |2.03 (4.22 | 897 |[11.0
Newer Baseline Diesel 0.57 | 2.36 | 6.05 | 689 |[14.7
Diesel Hybrid 0.60 (2.34 |7.63 | 706 | 13.2
Gas Hybrid 0.21 (265 ]1.28 |916 |9.2

Statistical analysis of data collected for each vehicle broken down by route revealed no
consistent difference in any particular route over the course of the testing phase of the
project.

The third and final phase of testing involved “durability” testing at the SwRI facility upon
completion of the on-road testing. The results for the “durability” testing are comparable
to the initial baseline testing, as seen in the table below.

AVERAGE EMISSION RESULTS DURING PHASE 3 TESTING OVER LD UDDS

DRIVE CYCLE

Test HC (610)] NOx | PM CO2 | MPG | Fuel | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi kg

Older Baseline Diesel 0.34 | 165 3.52 137 835| 12.3| 2.01 7.6
Newer Baseline Diesel 012 2.25 6.1 84| 724 142 ] 1.73 7.5
Baseline Gas 0.03| 149 | 0.16 4 801 1111 1.90 7.5
Diesel Hybrid w/Hybrid Disabled | 0.40 | 4.75| 5.81 177 697 | 14.7 | 1.67 7.5
Diesel Hybrid in Hybrid Mode 0.41] 243 | 4.86 128 | 632 | 16.2| 1.53 7.6
Gas Hybrid 0.16 | 2.89| 0.37 8| 748 11.9] 1.80 7.6

A fifth vehicle, a gasoline baseline truck, was added during the project and data
gathered during Phase 2 on-road testing and Phase 3 durability testing. The diesel
hybrid was also tested on Phase 3 with the hybrid system disabled to ascertain true
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“baseline” performance on this truck; however, the engine and automatic-shift manual
transmission were not tuned for this application, so the results are not representative of
a true baseline vehicle of this engine configuration.

A proposed method to force-rank the vehicles overall through a composite score was
developed by calculating a score for each vehicle within the range of the results for
each constituent. This score was then multiplied by five and equally added the MPG
and NOy scores for each vehicle to provide a composite score on a zero to ten scale.
The lowest total score represents the number one ranked vehicle. The table below
ranks the vehicles by this composite score. Using the composite score, the newer
baseline diesel vehicle proved to be the overall leader in on-road testing when only
MPG and NOy are considered. Based on the results presented, electric hybrid
technology does not appear to improve NO, emissions or fuel efficiency in this type of
application. The results show there appears to be a disproportionate trade-off of fuel
efficiency for NOx emissions depending on which type of fuel is used. Because of this
trade-off the reader may draw a different conclusion with a different preference for
higher efficiency or lower NOx emissions.

- O omposite Oomposite
= ore g Ore Ore Ra
Newer Baseline Diesel 14.68| 0.00 |6.05| 0.79 3.98 1
Baseline Gas 8.15 | 1.00 |0.01| 0.00 5.00 2
Gas Hybrid 9.19 | 0.84 |1.28| 0.17 5.04 3
Older Baseline Diesel 11.00| 0.56 [4.22| 0.55 5.59 4
Diesel Hybrid 13.24| 0.22 (7.63| 1.00 6.11 5

MPG and NOx Composite Vehicle Ranking for On Road Testing

The results lead to a different conclusion if all emission constituents are used in ranking
the vehicles. Due to the diversity in average level and range of the results, a composite
score was developed by calculating a score for each vehicle within the range of the
results for each constituent with 0 being the best and 1 being the worst. This score was
then multiplied by two and equally added for each vehicle to provide a composite score
on a one to ten scale. The lowest total score represents the number one ranked
vehicle. The table below ranks the vehicles by this composite score. Using the
composite score, the baseline gas vehicle proved to be the overall leader in on-road
testing when considering all emissions constituents. The hybrid technology did not
deliver improved results in this application and actually ranked the two lowest of the five
vehicles. Even though the engine/chassis combination used as the base for the
gasoline hybrid passed the requirements for EPA certification as a LEV, the changes
made to convert it to a series hybrid are believed to have resulted in it's not being able
to perform at the same level of emissions of the baseline gas vehicle. The baseline gas
vehicle delivered the lowest combined emissions results shown and meets EPA LEV
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certification levels as-tested. As a result it ranked best in three of the four emissions
constituents. The higher CO, output of this vehicle was not sufficiently disproportionate
to outweigh the lower emissions in other areas.

Baseline Gas 8.15| 1.00 | 0.01 [ 0.00 |0.07| 0.00 |0.52] 0.00 | 964 | 1.00 4.00 1
Newer Baseline Diesel 14.68| 0.00 | 6.05 [ 0.79 |0.57| 0.94 [2.36| 0.86 | 689 | 0.00 5.21 2
Older Baseline Diesel 11.00| 0.56 | 4.22 | 0.55 |0.28| 0.40 [2.03| 0.71 | 897 | 0.76 5.96 3
Gas Hybrid 9191 084|128 | 0.17 |0.21| 0.27 |2.65| 1.00 | 916 | 0.83 6.20 4
Diesel Hybrid 13.24| 0.22 | 7.63 | 1.00 |0.60| 1.00 [2.34| 0.85 | 706 | 0.06 6.28 5

All Constituent Composite Vehicle Ranking for On Road Testing

It is understood that the results and conclusions presented here are already somewhat
‘dated” and obsolete for commercially available diesel trucks in 2007 due to the
improved emissions levels of 2007 models. All of the diesel engines in the vehicles
tested are no longer commercially available as-tested here due to the 2007 changes to
the EPA emissions standards for diesel vehicles. The 2007 EPA emissions standards
have a 55% reduction (3.3 g/mi to 1.5 g/mi) in allowable NO, emissions. The tables
below are presented with the tested NOy value for the diesel hybrid reduced by 55% to
show the potential improvements under the 2007 EPA emissions standards. It is
assumed that a reduction in base level engine emissions will translate proportionately to
a “hybridized” diesel engine, and fuel economy, and thus CO; is not materially affected.
This vehicle is the only diesel vehicle tested here that will have the same engine that is
certified to the 2007 EPA emission standards for diesels. Gasoline emissions standards
have not changed since the inception of this study so will not be adjusted likewise.

O DOSIte omposite
P ore g ore Ore R3
Diesel Hybrid 13.24| 0.22 (3.43| 0.57 3.95 1
Baseline Gas 8.15 | 1.00 [0.01] 0.00 5.00 2
Newer Baseline Diesel 14.68| 0.00 |6.05( 1.00 5.02 3
Gas Hybrid 9.19 | 0.84 |1.28| 0.21 5.26 4
Older Baseline Diesel 11.00| 0.56 [(4.22| 0.70 6.31 5

MPG and NOx Composite Vehicle Ranking for On Road Testing with NOx Adjusted
for 2007 EPA Standards
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P O O O omposite omposite
P ore @ ore ¢ ore ¢ ore (¢ ore ore Ra
Baseline Gas 8.15 ] 1.00 | 0.01 | 0.00 |0.07| 0.00 |0.52| 0.00 | 964 | 1.00 4.00 1
Diesel Hybrid 13.24| 0.22 | 3.43 | 0.57 |0.60| 1.00 |[2.34| 0.85 | 706 | 0.06 5.41 2
Newer Baseline Diesel 14.68| 0.00 | 6.05 | 1.00 |0.57| 0.94 |2.36| 0.86 | 689 [ 0.00 5.62 3
Older Baseline Diesel 11.00| 0.56 | 4.22 | 0.70 |0.28| 0.40 |2.03| 0.71 | 897 | 0.76 6.25 4
Gas Hybrid 919 ( 0.84 | 1.28 | 0.21 |0.21| 0.27 [2.65| 1.00 | 916 | 0.83 6.29 5

All Constituent Composite Vehicle Ranking for On Road Testing with NOy
Adjusted for 2007 EPA Standards

As can be seen in the tables above, it is anticipated that the change in EPA emissions
standards will improve the NOy emissions performance of the diesel hybrid enough to
change the original conclusions of the study when only considering MPG and NOsx.
Using these anticipated NOx emissions the diesel hybrid would be the preferred vehicle.
If all emissions are considered, the baseline gas vehicle would still be preferred where
NOy emissions are of concern. The diesel hybrid would still emit less NOy than the
existing baseline diesels and could be used to replace those when needed where NO
was not a concern.

In summary, overall, the diesel hybrid does offer improved fuel efficiency versus certain
existing vehicles in the Frito-Lay fleet, including older diesels and new gasoline units.
While the diesel hybrid did not outperform the newer diesel baseline truck in fuel
economy, that 4-cylinder engine configuration is no longer available. The gasoline
hybrid showed marginal fuel economy benefit and much higher NOy versus the current
gasoline baseline truck, and lower fuel economy with significantly improved NOy versus
currently used diesel trucks. The diesel hybrid perhaps has an application where higher
fuel efficiency is desired and where NOy emissions are not as much of a concern. With
the potential improvements expected with the 2007 EPA emission standards the NOy
impact would be less, but still not low enough make it a good option in areas where NOy
emissions are a concern. Additionally, diesel technology comes at a substantially
increased capital cost versus gasoline due the diesel engine and emissions equipment
required. Each fleet operator will have to weigh the increased cost against fuel savings
and potential emissions reductions incentives based on their annual mileage, current
and expected fuel prices, and expected return on investment. Evaluating a 2007-model
diesel hybrid with improved NOy emissions is a recommended area of future study to
more fully understand the current fuel efficiency and emissions picture with hybrid-
electric delivery trucks.
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1.0 Project Background, Objectives, and Overview

1.1 Background of Research

The Dallas/Fort Worth and Houston areas are designated by the Environmental
Protection Agency (EPA) as non-attainment regions for ground-level ozone. The criteria
for reaching attainment includes passing levels of ground-level ozone. Ozone (O3) is a
photochemical oxidant and the key component of smog. While O3 in the upper
atmosphere is beneficial to life by shielding the earth from harmful ultraviolet radiation
from the sun, high concentrations of O3 at ground level are a major health and
environmental concern. O3 is not emitted directly into the air but is formed through
complex chemical reactions between precursor emissions of volatile organic
compounds (VOC) and oxides of nitrogen (NOx) in the presence of sunlight. These
reactions are stimulated by sunlight and temperature so that peak O3 levels occur
typically during the warmer times of the year. Both VOCs and NOx are emitted by
transportation and industrial sources. VOCs are emitted from sources as diverse as
autos and trucks, chemical manufacturing, dry cleaners, paint shops and other sources
using solvents.

Non-attainment regions must be in compliance with the current federal standards for
ground-level ozone by 2007. These cities and regions are faced with potential loss of
federal transportation funds, increased health costs, and other consequences if the
compliance mandates are not met. The impact of non-compliance for these cities and
regions is estimated to be in the billions of dollars per year. Research has found that a
significant portion of the emissions come from mobile sources. In order to meet the
quantitative goals in reducing the mobile source emissions, the Texas Commission on
Environmental Quality (TCEQ) under the Texas Emission Reduction Program (TERP)
has funded grants for the study of emission reduction technologies that have the
potential to be used to reduce ozone in the non-attainment regions. A grant request
was submitted by Rolling Frito-Lay Sales, LP (Frito-Lay) to TCEQ in July 2004,
requesting funds to study the emissions and vehicle performance of conventional gas
and diesel vehicles currently in the Frito-Lay fleet versus hybrid gas and diesel vehicles
currently available or under development.

1.2 Objectives of Research

The key objectives of this research are to collect real-world vehicle emissions and
activity data for typical Frito-Lay route delivery trucks in Dallas/Fort Worth and Houston
using Portable Emission Measurement System (PEMS); and to analyze characteristics
of the on-road vehicle emissions. The data will be used to determine which of the
technologies studied provides the lowest vehicle emissions and best mileage (MPG)
with the potential for use in commercial fleets in the near future. The results can be
used by companies with fleets of similar-type delivery trucks in two ways: assist in
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vehicle replacement and new vehicle purchase decisions to reduce mobile source
emissions. An added benefit of this project is to provide emission and vehicle
performance information on past and current delivery vehicles which can serve as a
benchmark for potential future testing.

1.3 Project Schedule

The grant request was approved and Notice to Proceed (NTP) issued by the TCEQ on
May 31, 2005. The schedule listed in the grant proposal was for the completion of the
project within 20 months from the NTP. This time period was later extended to 24
months in reaction to truck deliveries later than initially anticipated. The updated testing
schedule, reflecting the actual vehicle delivery dates, is provided here (see Table 1-
1).The original schedule estimated that the vehicle delivery dates were April 2006 for
the Azure Dynamics (formerly Solectria) Gas Hybrid and March 2006 for the
International Eaton Diesel Hybrid. However, due to technical problems encountered
during vehicle development, Azure substituted a series-type hybrid with the same base
engine for this study. The series-type hybrid was delivered in October 2006. Problems
were also encountered with development of the International/Eaton Diesel Hybrid. The
diesel hybrid truck was delivered in January 2007. Due to the delays in vehicle delivery,
the on-road testing schedule was compressed from the originally proposed sixteen
weeks to twelve weeks. This change to the on-road testing schedule required revisions
to the testing protocol. Instead of using route drivers driving one normal delivery route
per day, it was decided that dedicated drivers would be used to drive multiple routes per
day to complete the on-road testing on time. In addition, a fifth vehicle (baseline
gasoline, representative of current new-vehicle purchases) was added during the on-
road testing phase. Despite occasional vehicle and continual emission monitor
equipment problems, the emission and vehicle performance testing was completed by
the end of April 2007.
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1.4 Project Overview

Upon receipt of the NTP from the TCEQ, the gas hybrid and diesel hybrid vehicles
trucks were contracted, specifications finalized, vehicles constructed and delivered to
Frito-Lay. As noted above, the vehicle construction phase took much longer than
anticipated and the project schedule slipped 8-10 months. While the vehicles were
under development and construction, a testing protocol was developed by Frito-Lay and
LGGROUP. The testing protocol (Appendix A) included the testing schedule, test plan
strategy, and data collection and analysis plan. The testing protocol was presented to
National Renewable Energy Laboratory (NREL) in November 2006 to gain input from
their experience in testing hybrid vehicles. The test protocol was updated with the
information acquired from NREL meeting and reissued for use during the testing.

An important component of the protocol was the selection of the drive cycles to be used
during the testing. Frito-Lay used GPS data to identify drive cycle information such as
average speed, trip length, and speed versus time on the existing fleet. The light-duty
(LD) Federal Test Procedure (FTP) Urban Dynamometer Driving Schedule (UDDS) was
chosen as the most representative of daily operation by the Frito-Lay delivery vehicles.
The LD UDDS drive cycle was used during Phase 1 and Phase 3 testing. The original
intention of the Phase 3 testing was to evaluate the results after on-road mileage
accumulation. However, since the on-road mileage during this project’s timeline was
insignificant (roughly 1000 miles), the Phase 3 testing mainly serves as a confirmation
of the Phase 1 testing.

For the on-road testing phase, data from existing delivery trucks with GPS units was
analyzed to determine the average speeds and distance. From this information (see
Chapter 4 for specific drive cycle parameters), three representative routes (two in the
Dallas/Fort Worth area and one in Houston) were chosen for on-road testing. In
summary, the project involved the following steps:

| Hybrid vehicle design construction and delivery

] Phase 1 - Dynamometer testing at Southwest Research Institute (SwRI) test facility

| Phase 2 - On-road testing in the Dallas/Fort Worth and Houston areas

] Phase 3 - dynamometer testing at Southwest Research Institute (SwRI) test facility

| Data Analysis

] Report Preparation and Submission
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Four vehicles (older baseline diesel, newer baseline diesel, diesel hybrid, and gas
hybrid) were tested during the first phase. The first test phase involved vehicle emission
and performance testing at the Southwest Research Institute (SwRI) test facility in a
laboratory environment using the heavy duty chassis dynamometer. Five vehicles were
testing during the second phase of testing which involved ‘real time’ emissions
monitoring in the Dallas/Fort Worth and Houston areas for various fixed delivery routes.
Five vehicles were tested during Phase 3 which involved vehicle emission and
performance testing at the SwRI facility upon completion of the ‘real time’ testing.
Information on the test vehicles is provided below in Table 1-2. The older and newer
baseline diesel trucks, and gas and diesel hybrids were tested in phase one and all five
vehicles shown in Table 1-2 were tested in Phases 2 and 3.

Phase 1 and Phase 3 dynamometer testing followed the test protocol described in SwRI
Proposal EVR-4791 “Emissions Testing of Various Delivery Vehicles” (Appendix B).
SwRI’s test was based on the Federal Test Procedure (FTP) and measured exhaust
emissions of PM, NOy, HC, CO and CO, and fuel consumption.

During Phase 2 testing, emission/performance monitors were installed in both the base
line and hybrid vehicles to provide real time data acquisition. The NOx, CO, CO,, and
hydrocarbon emissions along with vehicle speed, distance and MPG were monitored.
Phase 2 on-road emission/performance measurements were collected with an on-board
Portable Emissions Measurement System (PEMS), the Montana OEM-2100. Clean Air
Technologies of Buffalo, NY provided the Montana System under contract to Frito-Lay.
The Montana OEN 2100 PEMS is capable of measuring second-by-second fuel
consumption and emissions readings for diesel and gasoline vehicles.

The key objectives to the Phase 2 testing were to collect real-world vehicle emissions
and activity data on Dallas/Fort Worth and Houston area roads using the PEMS; to
analyze characteristics of the on-road vehicle emissions and determine the operational
factors which play the largest role in fuel consumption and emissions generation; and to
compare fuel consumption and NOx emissions between conventional and hybrid
vehicles.
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Table 1-2
Hybrid Project Test Truck Data
Older Newer . . . .
Baseline Diesel Baseline Diesel Baseline Gas Diesel Hybrid Gas Hybrid
FL Unit # R70226 R08796 R30222 R13673 RH2006
Year Model 1998 2003 2006-2007 2005 2005
Chassis Manufacturer General Motors Workhorse (.:usmm Ford Motor Co. Workhorse .Cusmm Workhorse (.:usmm
Chassis Chassis Chassis
Engine Manufacturer General Motors Cummins Ford Motor Co. International General Motors
Body Manufacturer Union City Body Co.| Utilimaster Corp. Utilimaster Corp. Utilimaster Corp. Utilimaster Corp.
Body (Cargo) Length 18 ft 18 ft 18 ft. 18 ft. 16 ft
VIN 1GBHP32Y8W3304305 | 5B4HP42P553404763 1FCJE39L46HB04103 5B4HPD25363412537 | 5B4KBD2V063416051
Engine Model 6.5L 1ISB4 5.4L VT275 4.8L
Engine Type V8 14, turbo V8 2V V6 turbo V8
Engine Hp 160@3400 170@2600 255@4500 200@2700 270@5200
Engine Torque 292@1700 420@1600 350@2500 440@1800 285@4000
. GM 4L80E Allison 1000 Ford 5R100 Eaton Hybrid
Transmission ; : ) n/a
automatic automatic automatic (automated manual)
Data Link Type none J1708 OBDII J1939 OBDII
Mileage at Test Initiation 235,800 81,100 1,400 1,200 209
Vehicle Test Weights - Dry Wt +50% cargo for Dyno and Road Testing (all weights are Ib)
GVWR as built/tested 10,000 10,000 10,000 10,000 14,500
Dry Weight 8010 7930 7680 9212 9600
Driver 200 200 200 200 200
Fuel (as delivered for testing) 148.5 111.4 297.0 297.0 154.7
TOTAL Weight 8,359 8,241 8,177 9,709 9,955

Note: For the Phase 2 on-roading testing a simulated load was placed in each vehicle representative of approximately one half of the normal daily load
expected in Frito-Lay route vehicles.

As a minimum, for road testing, the emission monitor was required to monitor NOx
concentrations along with vehicle speed, distance, and MPG as outlined in the original
project proposal to TCEQ and contract.

Since the hybrid trucks would be on the road every day during testing, special decals
were designed to highlight the hybrid electric nature of the vehicles. It was
acknowledged from the beginning of the project that this study was highly visible within
and outside the company. After several iterations, a suitable design was developed that
described the special nature of these vehicles, recognized hybrid OEM partners and the
TCEQ, and successfully meshed with the existing vehicle graphic design.
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Figure 1-1 — Special Hybrid Decals on Test Vehicles
1.5 Outline of This Report

The Scope of Work listed under the Grant Activities in the TCEQ Grant Agreement for
New Technology Research and Development (Appendix C) includes four tasks. The
tasks found in the Agreement are: Task 1: Development and Delivery of Hybrid
Vehicles; Task 2: Testing of Existing Fleet and Prototypes Vehicles; Task 3 Data
Review and Analyses; and Task 4: Program Management and Reporting.

This report is organized into the following chapters for ease of review. Chapter 1 —
Background and Objectives covers Task 1 of the Grant Activities which involves the
construction and delivery of two hybrid vehicles. Chapter 2 introduces the equipment
that was used to measure and record the emission data during the on-road testing
phase as required in 2.2.2 of the Grant Activities. Chapters 3, 4, and 5 cover the Phase
1 testing at SwRI; on-road testing during the vehicle runs on two routes in Dallas/Fort
Worth area and two routes in Houston; and Phase 3 testing at SwRI as listed in Task 2
of the Grant Activities. Chapter 6 covers the data review and analysis as described in
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Task 3 of the Grant Activities. Chapter 7 describes the conclusions from the vehicle
testing and provides recommendations based on the findings of this study as described
in Task 3 of the Grant Activities.

1.6 Revisions to the Original Contract

The original contract (No. 582-5-70807-0011) between the Texas Commission on
Environmental Quality and Rolling Frito-Lay Sales, LP was executed on May 31, 2005.
Over the course of the project, there were several amendments and minor changes to
the contract which are listed below:

Date of Change to Contract | Nature of Change to Contract

9/08/05 — Amendment #1 A name change for Frito Lay Project Manager from
Pete Silva to Joe Gold was made. Also, a name
change for the gas hybrid provider from Solectria to
Azure Dynamics was made.

1/13/06 — Amendment #2 A name change was made from Eaton to International
as the truck integrator/ supplier and revisions were
made to the project schedule.

7/05/07 — Amendment #3 The change from Sensors, Inc. to Clean Air as the
Portable Emissions Monitoring System (PEMS)
supplier was made as well as a change to leasing
versus purchase of the PEMS. Also, another change
to the project schedule was made.

11/03/06 — Minor change #1 | The description of the Azure Dynamics Corp. vehicle
was changed to reflect the vehicle provided (series
hybrid).

2/27/07 — Minor change #2 A change in the budget allowed for extra testing at
SwRI for the conventional gas and diesel hybrid
vehicles.
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2.0 On-Road Emissions Data Collection Equipment

The portable emission measurement systems known as the Montana System OEM-
2100 (PEMS) was leased from Clean Air Technologies, Inc. (CATI) of Buffalo, NY for
the duration of the Phase 2 testing. It is capable of measuring second-by-second fuel
consumption and emissions of HC, CO, CO,, NOx and PM readings for diesel and
gasoline vehicles. The Montana system was used successfully for a Houston Advanced
Research Center study “Collection and Evaluation of On-Road Vehicle Emission and
Activity Data”, April 2004. This chapter introduces the basic features of this equipment.

2.1 Basic Description of Montana OEM-2100 System

The PEMS is designed to measure vehicle mass exhaust emissions under actual on-
road driving conditions using vehicle and engine operating data and concentrations of
pollutants in exhaust gas sampled from the tailpipe. It is typically installed in the
passenger seat or on the vehicle floor, and provides second-by-second information on
emissions, fuel consumption, vehicle speed, engine RPM, temperature, throttle position
and other engine parameter data measured directly using an array of analytical sensors.
The sensors are installed on the applicable engine systems and are then routed to the
PEMS. For vehicles with a supported engine computer diagnostic port, engine and
vehicle data is acquired using this interface. The diagnostic port interface cable is
routed to the unit from the port connector.

Power for the PEMS is drawn from a cigarette lighter outlet or from a cable clamped
directly onto the battery. The unit will be securely mounted in the vehicle for the duration
of the on-road testing.

Undiluted exhaust gas is sampled from the tailpipe using probes and 20-foot (6-meter)
sample lines. For in-vehicle installation, exhaust sample lines can be routed through the
vehicle floor or a window and secured to the exhaust system using hose clamps. The
concentrations of NO,, in the exhaust gas are determined by a functional equivalent of a
gas analyzer subsystem. At the same time, vehicle speed, engine RPM, intake air
mass flow, coolant temperature, and other engine operating parameters are collected
using an on-board diagnostics (OBD) connector. If using a sensor array system the
engine RPM, intake temperature and intake pressure are measured, vehicle speed is
collected using a global positioning system (GPS), and mass air is calculated using
engine displacement, a fixed volumetric efficiency and RPM. From the OBD provided or
calculated intake air mass flow, known composition of intake air, measured composition
of exhaust, and user-supplied composition of fuel, a second by second exhaust mass
flow is calculated. Multiplying the exhaust mass flow by the concentrations of different
pollutants yields grams per second emission data.
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2.2 Montana OEM-2100 Features and Specifications
The PEMS has the following features:

e weightis less than 38 Ibs.

e power requirements are 12-14 V DC (12 V nominal) and 4-6 amperes from the
vehicle electrical system (110V AC adapter included).

e automatic battery backup.

e data capture rate is 1 Hz.

e sample flow is 6 liters/minute nominal for each gas analyzer, 3.8 — 4.0 I/min
through PM detector.

e equipment outputs second by second data with 12-second delay.

e On-board diagnostics data rate is 0.6 — 3.5 seconds/frame, depending on the
vehicle.

e system computer is an industrial computer with the data interface of IDE
compact flash memory, and the user interface is designed as the touch-screen
or keyboard/keypad.

e all software is included in the computer.

e real-time text information is displayed and the ASCIl comma-delimited text file
will be generated for the analysis.

e measured parameters include time, vehicle speed, acceleration, engine RPM,
engine coolant temperature, engine load, throttle position, intake air mass flow,
exhaust mass flow, fuel consumption, grams per second emissions of NOy and
PM.

e operating temperature and humidity are 25-100 Degree F, 0-90% RH, non-
condensing (for ambient conditions); and 40-95 Degree F, 0-90% RH, non-
condensing (at instrument location).

e typical installation time is 10 to 20 minutes. The warm-up time of the equipment
is limited by the gas analyzer warm-up time. The unit can be moved and
installed while running.

|

Installation of PEMS exhaust sample lines

LOPEZGARCIA GROUP
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15 minutes warming-up time are needed for gaseous emissions only and 30
minutes for PM measurements. However, 60 minutes are recommended for
optimal accuracy.

several optional equipment including the Global Positioning System (GPS), the
pre-catalyst sampler (requires drilling a hole into exhaust), the heated-sample
line, the heavy-duty engine scanner, and the universal sensor array.

system is typically calibrated using a locally obtained “smog check” calibration
gas mix (propane, CO, CO2, NO).

2.3 System Installation

The PEMS unit was placed in the test vehicle and secured in place with adjustable tie
down straps. Exhaust sample lines were routed through the cargo area and through the
floor and secured to the exhaust system using hose clamps. The sensor array was
installed on the applicable engine systems and then routed to the PEMS. Power was
drawn from an auxiliary battery in order to maintain power to the PEMS when the
vehicle was turned off at the stops.

Installation and start-up of PEMS included six typical steps:

(1) safe and convenient placement of the system;

(2) installation and connection of the sensor array and GPS;
(3
(4
(5) warm up of the unit for 45 to 60 minutes before testing starts;

establishing an appropriate source of power;

routing exhaust sample lines for gas concentration measurements;

)
)
)
)

(6) obtaining engine data for emissions flow calculation.

The conceptual diagram of system installation is illustrated in Figure 2-1.

LOPEZGARCIA GROUP
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emissions data
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/ second mass
Computer /EX
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Figure 2-2 Conceptual Diagram of System Installation

An example of the installation for this test is shown in Figure 2-2.
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h | \\ SR -
Figure 2-3 PEMS Installation

2.4 System Operation

While operating the PEMS, careful attention to detail is critical for obtaining high quality
data. Successful operation of the PEMS requires understanding the system, entering
correct set up parameters, periodically checking that the data is in reasonable ranges
during real time operation, periodically calibrating the equipment, observing for leaks,
pump failures or flooding with condensate, and frequently assuring that the installed
hardware has not shifted or been damaged while driving.

There are four major subsystems to the PEMS unit: the computer, the sensor array
signal conditioner, the sensor array including the GPS and the dual gas analyzers.

During PEMS operation, one screen, the operation screen shown in Figure 2-3, is used
for instrument control and for displaying real time data output. Information is organized
functionally, as described in the figure legend. Most functions can be controlled using
the touch screen or keyboard.

LOPEZGARCIA GROUP
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-Clean Air Techwologies- —-= ENGINE CONTROL UNIT INTERFACE ----
Dual 6808 unit prototype

Touch here or <Esc> exit

Gas analyzer A Reset Virtual
Serft 10476 11:13:48 bag
Auto-18[Never] control

Flow OK Mew
NOx O ——— "% |
HC ] i K ENGINE OPERATING DATA N
CO 0.008 Famy K Lnop si
ChZ 0.6 =~ uk mph /s
02 0.0 ¥ OK rpn C int =
[Status 63 00 00 801 Int.air i

hrottle ¥ Load

Gas analyzer B Reset ParticulatesfCombined data [12-sec delayl
Ser 10454 11:13:49 0.0038 xFS ® km/h Mass emissions
BEve SEEgEER« 1 0.2 mg/m3 0 rpm 33 WAF ——.- gss

Flou OK S.Rate 9 H=z IAT ecC Exh =—-=.- grs
Nlx { 1] Hed 45% MAP ® kPa Fu .~ kgsh
HC 1 B OK fAlvg bS% NOx © ppm [B1] = mgss
co e.et oR Min agE Ao @ ppn [B1] -~ mg/s
C0Z 9.00 z 0OK Max ©.0212x CO ©.000 » [B1 P mg/s

0z 9.0 x OK AuxR 9.0159V Coz ©.08 » [Bl --—-.-- grs
[Status 33 @0 00 601 AuxH ©.04649V PH 0.2 ng/m3

A is for analyzer A

B is for gas analyzer B

C is for engine interface display

D is for bag control

E is for particulate analyzer display (not used for this testing)
F is for combined data display

Figure 2-4 PEMS Operation Screen.

Data is collected in the PEMS in a file with a name based on the date. With the file
each segment of the test can be broken into a virtual “bag.”

2.5 System Performance

CATI has previously performed comparison testing of the PEMS against laboratory
systems from several laboratories using various vehicles and fuels, and have concluded
that the PEMS is comparable to laboratory systems.  Table 2-1 shows the expected
accuracy of the PEMS for emissions. The accuracy for fuel efficiency is dependent on
OBD input, if used. When using the sensor array, fuel efficiency is calculated using an
assumed, static volumetric efficiency, engine displacement, RPM, the measured CO2
and GPS input for distance. Because volumetric efficiency is not static during normal
engine operation, the accuracy of the fuel efficiency calculation will be less.
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Gas
HC

n-Hexane

HC

Propane

CcO

CcO2

NOy

02

Measurement
Range

0-2000 ppm
2001 - 1500 ppm

15001 - 30000
ppm

0 - 4000 ppm

4001 - 30000 ppm

30001 - 60000
ppm

0.00 - 10.00%

10.01 - 15.00%
0.00 - 16.00%

16.01 - 20.00%
0-4000 ppm

4001-5000ppm
0.00- 25.00%

Accuracy

+4 ppm abs. or
+3% rel.
+5% rel.

+8% rel.

+8 ppm abs. or
+3% rel.

+5% rel.

+8% rel.

+0.02% abs. or
+3% rel.

+5% rel.

+0.3% abs. or £3%
rel.

+5% rel.

+25 ppm abs. or
+4% rel.

+5% rel.

+0.1% abs. or +3%
rel.

Repeatability

+3 ppm abs. or +2%
rel.
+3% rel.

+4% rel.

16 ppm abs. or +2%
rel.

+3% rel.

+4% rel.

+0.02 abs. or +2% rel.

+3% rel.

+0.1%abs. or +2% rel.

+3% rel.

+20 ppm abs. or +3%
rel.

+4% rel.

+0.1% abs. or +3%
rel.

Noise (rms)

2 ppm abs. or 0.8% rel.

4 ppm abs. or 0.8% rel.

0.01% abs. or 0.8% rel.

0.1% abs. or 0.8% rel.

10 ppm abs. or 1% rel.

0.1% abs. or 1.5% rel.

Resolution

1 ppm

1 ppm

0.001 vol. %

0.01 vol. %

1 ppm

0.01 vol. %

Table 2-1 PEMS Specifications for analyzers, gas benches, and sample lines

In order to obtain more accurate results and more closely match lab testing results, an
approach for adjusting on-road data was developed to overcome the discrepancy
between the assumed and actual volumetric efficiency for a given engine; this approach
is highlighted in Section 6.2.
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3.0 Phase 1 Dynamometer Testing

The Phase 1 (Baseline) Dynamometer Testing was conducted at SwRI in San Antonio.
Four vehicles (see Table 3-1) were tested in December 2006 and January 2007 using
the Light-Duty (LD UDDS) Drive Cycle.

The purpose of this work was to determine the effect of each type of hybrid drive system
on emissions and vehicle performance in comparison to conventional trucks in a
controlled replicable laboratory environment.

Information on the testing setup, data collection, and results are provided in the
following sections. Finally, any problems encountered during the data collection were
listed. Excerpts of the SwRI Interim Report for Project 12163, Titled “Emissions Testing
of Various Delivery Trucks” dated February 7, 2007 are provided in this section with
entire report found in Appendix D.

3.1 Data Collection Plan

Two conventional delivery trucks (older baseline diesel and newer baseline diesel) and
two different hybrid-electric drive trucks (diesel hybrid and gas hybrid) were tested on
the same heavy duty chassis dynamometer. Table 3-1 is a summary of each truck’s
mechanical configuration and test weight. Exhaust emissions of PM, NOx, HC, CO, and
CO2 were measured for each truck. The emission levels of the hybrid trucks were
compared to those of the conventional trucks. Fuel economy was calculated for each
test using the carbon balance method. Energy balance corrections were considered for
each hybrid truck per SAE Recommended Practice J2711 for heavy-duty hybrid drive
vehicles.

Table 3-1 Vehicles Testing During Phase 1 Testing

Engine Drivetrain Fuel Test Wt, Ib

Older Baseline Diesel, General Automatic transmission Diesel 9,180
Motors, 6.5L

V8, indirect injection
Naturally aspirated

Newer Baseline Diesel, Automatic transmission Diesel 9,160
Cummins 3.9L

In-line 4, direct injection
Turbocharged, intercooled

Diesel Hybrid, International, Parallel Hybrid Diesel 10,530
4.5L,V6, direct-injection Electric, NiMH battery
Turbocharged, intercooled Pack, Automated manual

transmission
Gas Hybrid, General Motors Series Hybrid Electric Gasoline 10,730
V8, port injected NiMH battery pack

Naturally aspirated
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Hybrid electric vehicles are typically equipped with energy storage devices. A
difference in the storage device from beginning to end of the test run(a net energy
change or NEC) will likely affect the measured emissions and fuel economy data. SAE
J2711 was developed to provide a method to correct emissions and fuel economy data
if the energy storage device’s NEC varied by more than 1 percent of the total fuel
energy consumed during the test. SAE J2711 does not recommend correcting data if
the NEC is less than 1 percent. The length of the LD UDDS cycle chosen and energy
expended by the main engine was sufficiently large that the NEC for each hybrid truck
test was less than 1 percent, so no correction was required. The NEC values for each
truck are included in this report.

SwRI conducted five hot-start emission tests on each of the four trucks over the same
drive cycle, and the average value for each emission was used to compare the relative
emission levels of the trucks. The light-duty UDDS (LD UDDS) drive cycle (see Figure
3-1) was chosen to test the trucks, as this drive cycle most closely patterns typical Frito-
Lay Drive delivery activity for trucks under 10,000 Ibs. Refer to Section 4.0 for a
description of drive cycle analysis performed, and figures showing a typical Frito-Lay
delivery speed versus time trace. The test plan for this testing is given in Table 3-2. The
test weights included the truck’s empty weight, fuel weight, driver, and half of the
remaining cargo weight capacity. Cargo capacity is assumed at 11,500 pounds GVWR
for the hybrid trucks which would be required of future hybrids versus the current 10,000
pounds of the current vehicles do to the increased mass of the drive system batteries,
various control pieces, etc. On-road testing was limited to 10,000 pounds to remain
legally compliant on total vehicle weight. Since maximum total cargo capacity is 20% of
total GVWR, minor adjustment of the total weight would not have significant effect on
the fuel economy or emissions results. This information was provided to SwRI by Frito-
Lay. SwRI used this test weight and measured frontal area to calculate the road load
using EPA’'s recommended procedure for heavy-duty chassis testing. SwRI used
standard testing fuels for this phase of the testing. The diesel fuel had a density of 7.2
Ib/gal and a sulfur content of 30 ppm by weight. The gasoline fuel density was 6.2
Ib/gal, sulfur content of 21 ppm by weight, and (R+M)/2 octane rating of 93.
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Figure 3-1. Light-Duty Urban Dynamometer Driving Schedule Drive Cycle

Table 3-2. Test Plan for Chassis Testing

Step | Description

1 Install the newer baseline diesel, and isolate fuel system, conduct
coastdowns.

2 Conduct two prep runs.

3 Perform five hot-start tests for HC, CO, NOx, PM, and CO2

4 Remove the newer baseline diesel from dynamometer

5 Install the older baseline diesel and isolate fuel system, conduct
coastdowns.

6 Conduct two prep runs.

7 Perform five hot-start tests for HC, CO, NOx, PM, and CO2

8 Remove the older baseline diesel from dynamometer

9 Install the gas hybrid, isolate fuel system, conduct coastdowns.

10 Set-up to record battery State of Charge (SOC) for SAE J2711 NEC
Correction.

11 Conduct two prep runs.

12 Perform five hot-start tests

13 Remove the gas hybrid from dynamometer

14 Repeat Steps 9 through 13 for diesel hybrid.

15 After completing Part 1, release the trucks for Phase 2 operation and

prepare the report for Phase 1 testing.
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3.2 Summary of Phase 1 Dynamometer Testing Results

Data collection was conducted in December 2006. The test plan for each vehicle was
conducted as shown in Table 3-2. The results for each vehicle are shown below. The
SwRI Report is provided in its entirety in Appendix D.

3.2.1 Older baseline diesel - Test Results

This truck, VIN 1GBHP32Y8W3304305, was powered by a 1997 6.5L GM naturally-
aspirated, in-direct injected diesel engine and was equipped with an automatic
transmission. The truck was installed on the chassis dynamometer and tested at 9,180
Ib. Coastdowns for this truck were conducted and are shown in Appendix D. The truck
was then driven over the drive cycle once to condition the vehicle for the hot-start
testing. After five hot-start tests were conducted, the first test appeared to be an outlier
and a sixth test was performed while the truck was still on the dynamometer. However,
after using ASTM-E178 criteria, the first test was not an outlier, so it was decided to use
all six tests for the average and c.o.v. calculations. The test results for this truck are
summarized in Table 3-3.

TABLE 3-3 EMISSION RESULTS FOR OLDER BASELINE DIESEL OVER LD
UDDS DRIVE CYCLE

Test HC CO | NOx | PM CO2 | MPG | Fuel [ Miles
Code g/mi [g/mi | g/mi | mg/mi | g/mi kg
4305-H1* 0.35| 1.59| 2.98 218 | 852 121| 204| 7.6
4305-H2 0.30 | 144 | 3.11 144 | 847 | 122| 203| 7.6
4305-H3 0.30| 144 | 3.68 133 | 839 123| 200| 7.5
4305-H4 0.30 | 1.48| 3.63 158 | 838 123| 201| 7.6
4305-H5 0.31| 147 | 3.74 136 | 840 123| 2.02| 7.6
4305-H6 0.30| 141 | 3.64 126 | 837 123| 200| 7.5
Average = 0.31| 147 | 3.46 152 | 842 122)| 202| 7.6
c.o.v.' 6% | 4% 9%| 22%| 1%| 1%| 1%| 0%
* This test was initially thought to be an outlier during testing, but it was not,
using ASTM-E178. This test was used in the average and c.o.v.
calculations.

! Coefficient of variance.

3.3.2 Newer baseline diesel - Test Results

This truck, VIN 5B4HP42P553404763, was powered by a 2005 3.9L Cummins,
turbocharged, intercooled, direct injected diesel engine and was equipped with an
automatic transmission. The truck was installed on the chassis dynamometer and tested
at 9,160 Ib. Coastdowns for this truck were conducted and are provided in Appendix D.
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The truck was then driven over the drive cycle once to condition the vehicle for the hot-
start testing. The five hot-start tests were conducted with a 20-minute soak in between
each test to change emission sample bags and PM filters. The test results for this truck
are summarized in Table 3-4.

TABLE 3-4 EMISSION RESULTS FOR NEWER BASELINE DIESEL OVER LD
UDDS DRIVE CYCLE
Test HC | CO |[NOx|PM CO2 | MPG | Fuel | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi Kg
4763-H1 0.15]2.23 | 6.27 78| 715 1441171 | 7.5
4763-H2 ]0.14 [ 2.37 | 6.30 78| 707 | 14.6|1.70| 7.6
4763-H3 ]0.14]2.32 | 6.20 74| 707 | 146 [(1.69| 7.5
4763-H4 ]0.16 [ 2.28 | 6.21 73| 701 | 1471169 | 7.6
4763-H5 ]0.13[2.32] 6.07 75| 696 | 14.8|1.68| 7.6
Average = | 0.14 | 2.30 | 6.21 75| 705| 146 [1.69| 7.6
c.o.v.’ 6% | 2% | 1% 3% | 1% 1% | 1% | 0%
Coefficient of variance

3.2.3 Diesel Hybrid — Test Results

This truck, VIN 5B4HPD25363412537, was powered by a 2006 4.5L direct-injected
turbocharged diesel engine and was equipped with parallel hybrid drive train using an
electric motor between the engine and transmission. The transmission was an Eaton
automated manual. The battery pack was nickel metal hydride (NiMH). This vehicle’s
hybrid system was not completely refined and the engine control unit was not using
production software and calibrations, so the results of this truck may not be
representative of the final product. The truck was installed on the chassis dynamometer
and tested at 10,530 Ib. Coastdowns for this truck are shown in Appendix D. The truck
was driven over the drive cycle twice to condition the vehicle for the hot-start testing.
The emission test results for this truck are summarized in Table 3-5 and the NEC values
are summarized in Table 3-6. As described in the Data Collection Plan, the NEC for all
of the tests for this truck were less than 1 percent, so no data correction was necessary.

TABLE 3-5 EMISSION RESULTS FOR THE DIESEL HYBRID OVER LD UDDS

DRIVE CYCLE
Test HC | NOx [ PM CO | CO2 | Fuel [ MPG | Miles
Code g/mi | g/mi | mg/mi [ g/mi | g/mi | kg

F2537-H1 [ 0.56 | 5.04 | 181 214 (679 [162 |151 |[7.5
F2537-H2 | 0.57 | 5.00 | 158 1.94 677 |163 |15.2 (7.6
F2537-H3 | 0.53 | 5.05 | 148 205 671 |[162 |153 |[7.6
F2537-H4 | 0.49 | 4.94 [ 139 203 | 654 [1.57 | 157 | 7.6
F2537-H5 | 0.50 | 4.86 | 154 238 | 654 [1.57 | 157 | 7.5
Average = | 0.53 | 4.98 | 156 211 |1667 |1.60 (154 |7.5
C.0.V. 7% 2% |[10% 8% 2% 2% |2% 0%
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TABLE 3-6 NEC RESULTS FOR THE DIESEL HYBRID OVER LD UDDS DRIVE

CYCLE
Test SOC, % NEC Fuel NEC
Code MJ Energy, MJ | %
Start End

F2537-H1 51.5 53.010.10 71.3 0.0
F2537-H2 53.0 53.0 1 0.00 715 0.0
F2537-H3 53.0 53.0 1 0.00 71.2 0.0
F2537-H4 53.0 51.51-0.10 69.2 0.0
F2537-H5 51.5 53.0 1 0.10 69.0 0.0

3.2.4 Gas Hybrid- Test Results

This truck, VIN 584KP02V063416051, was powered by a 2005 4.8L GM Vortec, port
injected gasoline engine and was equipped with series hybrid drivetrain using two
electric motors and a nickel metal hydride (NiMH) battery pack. The truck was installed
on the chassis dynamometer and tested at 10,730 Ib. Coastdowns for this truck are
shown in Appendix D. The truck was then driven over the drive cycle once to condition
the vehicle for the hot-start testing. As in the previous truck, after five hot-start tests
were conducted, the first test appeared to be an outlier and sixth test was conducted.
Using ASTM-E178, the NOx result from the first test was an outlier, so the sixth test was
used in place of the first test for the average and c.o.v. calculations. The emission test
results for this truck are summarized in Table 3-7 and the NEC values are summarized
in Table 3-8. As described in the Data Collection Plan, the percent NEC for this truck
was less than 1 percent for all of the tests, so no data correction was necessary.

TABLE 3-7. EMISSION RESULTS FOR GAS HYBRID OVER LD UDDS DRIVE

CYCLE
Test HC cO NOx | PM CO2 |MPG |Fuel [Miles "
Code g/mi g/mi g/mi mg/mi g/mi kg

F6051-H1* 015 1.41| 1.04 7 765 11.7| 184 76
F6051-H2 012 221| 0.37 10 739 120 1.77| 76
F6051-H3 0.18| 2.89| 0.23 6 739 120 1.78| 76
F6051-H4 0.15| 251| 0.28 5 748 119 180 76
F6051-H5 0.12| 259| 0.13 6 737 1241| 177 76
F6051-H6 0.17| 2.35[ 0.28 8 742 120 1.79| 76
Average = 0.15| 2.51| 0.26 7 741 12.0| 1.78| 7.6
c.o.V. ' 19% | 10% | 34%| 27% 1% 1% 1% | 0%
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' coefficient of variance

* This test was an outlier based on the NOx value using ASTM-E178. This test
was not used in the average and c.o.v. calculations.

TABLE 3-8 NEC RESULTS FOR THE GAS HYBRID OVER LD UDDS DRIVE

CYCLE
Test SOC, % NEC, MJ Fuel Energy, MJ | NEC,
Code (megajoule) %
End | Start
F6051-H1 61.0 [ 58.5 -0.28 77.2 0.0
F6051-H2 58.5| 58.0 -0.06 74.5 0.0
F6051-H3 58.0 | 56.5 -0.17 74.8 0.0
F6051-H4 56.5 | 58.0 0.17 75.7 0.0
F6051-H5 58.0 | 57.5 -0.06 74.5 0.0
F6051-H6 575 61.0 0.39 75.1 0.0
3.3 Summary

Four trucks with different engine and drive train combinations were tested over at least
five runs of the same drive cycle. The emissions and fuel economy results were very
different. Table 3-9 shows the average emissions values for each truck. Figure 3-10
ranks the trucks by emission and fuel efficiency from lowest to highest.

TABLE 3-9 AVERAGE EMISSION RESULTS FOR EACH TRUCK OVER LD UDDS

DRIVE CYCLE
Test HC | CO |NOx|PM CO2 | MPG | Fuel | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi kg
Older Baseline Diesel 0.31 | 1.47 [ 3.46 | 152 842 122 1202 |7.6
Newer Baseline Diesel 0.14 12.30 [6.21 |75 705 146 |1.69 | 7.6
Diesel Hybrid 0.53 [2.11 | 4.98 | 156 667 154 (1.60 [ 7.5
Gas Hybrid 0.15 1251 (026 |7 741 120 |1.78 | 7.6
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Figure 3-2 Ranking of Trucks by Emissions and Fuel Economy

16

OOIder Baseline Diesel
E Newer Baseline Diesel
B Diesel Hybrid

B Gas Hybrid

Emissions [g/mi]

MPG Nox [g/mi] HC [g/mi]X10 CO [g/mi] CO2 [g/mi]/100

The newer baseline diesel was equipped with a direct-injection, turbocharged diesel
engine with an automatic transmission. The engine was the smallest displacement of
the trucks tested. This type of engine configuration and displacement is very fuel
efficient compared to the other engine configurations tested, and this truck produced the
second highest fuel economy of the four trucks, only the parallel hybrid diesel truck was
better. The PM emission for this truck was the lowest of the diesel powered trucks, only
the gasoline powered hybrid had a lower level. This truck had the second highest CO
emissions, which was somewhat unexpected, since the HC emissions were so low,
however, the small displacement may have moved the engine into operating into a
region where the air-fuel ratio was richer than at lighter load conditions. Another
consequence of the engine’s small displacement and high load conditions was high
NOx emissions. This truck had the highest NOx emissions of the trucks tested, which
was expected.

The older baseline diesel was equipped with indirect-injection (IDI), naturally-aspirated
diesel engine with an automatic transmission. The engine had the largest displacement
at 6.5L and was the oldest in terms of model year and technology. The truck had the
second highest HC emissions and the highest of the three diesel powered trucks. This
was likely due to the low-pressure fuel injection system and high cylinder crevice
volume, typical of IDI engines. The truck produced the lowest CO and second lowest
NOx emissions. Naturally-aspirated engines typically have lower peak -cylinder
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pressures compared to turbocharged engines and, therefore, the in-cylinder peak
temperatures, which cause NOx to form, are lower. Lower NOx often corresponds to
higher PM, as was the case for this truck. The older baseline diesel produced the
second highest PM emissions. The truck produced the most CO2 emissions.

The gas hybrid produced the lowest emissions except for CO and CO2. The truck was
equipped with a gasoline engine with 3-way catalysts and a series hybrid drive train.
Gasoline engines also produce almost no PM, even without after treatment, so the low
PM number was expected. The truck produced the highest CO emissions, which is
likely due to the high CO typical of gasoline engines any time the air-fuel ratio becomes
fuel rich. Finally, the truck produced the second highest CO2 emissions and the worst
fuel economy of the four tested during Phase 1. In general, gasoline engines are less
fuel efficient than diesel engines, especially at light load conditions, so it was not
surprising that even with a hybrid drive train, the CO2 emissions were higher than all but
the naturally-aspirated older baseline diesel truck.

As noted previously for the diesel hybrid, the hybrid system was not completely refined
and the engine control unit was not using production software and calibrations, so the
results of this truck may not be representative of the final product. Despite these
limitations, the truck produced the lowest CO2 and highest fuel economy of the trucks
tested. This truck was equipped with a direct-injection, turbocharged diesel engine with
parallel hybrid drive train. The truck produced the highest HC and PM emissions. The
truck did have an electric motor in place of a traditional clutch, but the hybrid system
was not completely refined. It is difficult to say if these are representative of the final
product, as better controls may reduce the observed emission levels.

3.4 Problems Encountered during Data Collection

All trucks were successfully tested and there were no mechanical failures. After
emission testing was completed under Phase 1, the trucks were released for use in the
field by representatives of Frito-Lay for on road testing of each system. After on-road
mileage accumulation, all four trucks returned under Phase 3 for re-testing to quantify
any deterioration in performance of each vehicle.
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4.0 Phase 2 On-Road Emission Data Collection

In this section, the emission data collection methods will be described. The data
collection plan will be introduced first, followed by the data collection procedures. The
problems encountered during the data collection procedures will be listed. The final
areas to be presented will be summarized observations by the drivers on drivability and
lastly observations on data collection.

Figure 4-1 On-Road Testing

4.1 Data Collection Plan

The on-road testing involved ‘real world’ emissions and vehicle performance monitoring
in the Dallas-Fort Worth (DFW) and Houston areas in simulated Frito-Lay product
delivery operation for various fixed delivery routes. During testing, emission and
performance monitors with GPS were installed in both the base line and hybrid vehicles
and provided real time data acquisition. The emission monitors measured NOy
concentrations, vehicle speed, distance and miles per gallon (MPG). On-road emission
measurements were done with the PEMS. The key objectives to the on-road testing
were to collect real-world vehicle emissions and activity data on DFW and Houston area
roads using the PEMS; to analyze characteristics of the on-road vehicle emissions and
determine the operational factors which play the largest role in fuel consumption and
emissions generation; and to determine the reduction in fuel consumption and NOy
emissions between conventional and hybrid vehicles. The Frito-Lay delivery operation
was analyzed using GPS, and the data gathered in the analysis was used to select the
routes for the on-road testing so that representative results of the Frito-Lay delivery
operation were obtained.
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Because of delays in the delivery of the hybrid test vehicles, the testing was taken
“offline” from the normal delivery operation. Since a number of replications were
required to achieve statistically valid data, this approach allowed for a number of
replicates to be run each day, rather than just once, providing much more data on a
daily basis. A dummy load of sand was used to simulate the loaded weight of the
trucks. On-road testing was performed with a nominal 800 pound sand “cargo” load,
which represents half of a typical daily delivery load in current operation. Since a Frito-
Lay delivery truck typically leaves full and returns empty, half of the normal load would
provide an average cargo weight through daily delivery operation. Every effort was
made in the course of test execution and design to closely simulate the normal daily

delivery operations to ensure the data gathered was representative of actual delivery
activities.

Figure 4-2 Simulated Cargo Load for Test Trucks

Frito-Lay conducted a drive cycle analysis to determine typical route types, mileage,
and speeds as shown in Table 4-1 below.
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Distribution Center Pre-Pick
Minimum Average |[Maximum| Std
Speed (Avg) mph 13.4 21.1 34.6 6.6
Daily Drive Distance miles 8.3 26.8 52.6 15.4
Drive Time Per Day min 37.3 72.2 122.0 25.0
Crawling (<10 mph) % 19.8% 31.4% 38.5% 6.6%
Time |City (0-30 mph) % 32.6% 53.3% 66.0% | 11.4%
Basis |Suburban (30-45 mph) Y% 22.1% 35.8% 42.4% 5.4%
Highway (>45 mph) % 0.0% 12.7% 45.3% | 13.9%
Crawling (<10 mph) % 0.9% 4.8% 38.1% | 11.1%
Miles  |City (0-30 mph) % 4.7% 15.9% 45.6% | 11.7%
Basis |Suburban (30-45 mph) % 20.0% 60.2% 78.2% | 17.9%
Highway (>45 mph) % 0.0% 24.0% 75.3% | 24.6%
Total route days 149
Total miles 3994
# of trucks in sample 11

Table 4-1 Frito-Lay Existing Fleet Drive Cycle Analysis Summary
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Figure 4-3 Frito-Lay Delivery Truck Drive Cycle Time versus Speed Trace

Using the drive cycle analysis, routes in the DFW and Houston areas were identified for
use in the testing. These two metropolitan areas were chosen because they are listed
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by EPA as air quality non-attainment areas for zone which id formed through a chemical
reaction from oxides of nitrogen (NOy). Three different routes were chosen to make
sure a representative lot of data would be obtained and to determine if the specific route
type selected would have an impact on the results. In the DFW area two routes were
chosen to represent a suburban type route without freeway driving and an urban route
with freeway transit time traveling to the service area and returning to the distribution
center. The DFW North suburban route covered surface roads for the entire route,
included eight services stops and covered approximately 22 miles. The second route,
DFW South, required freeway driving to the service area and return to the distribution
center, included nine service stops and covered approximately 28 miles. The Houston
route was an urban route without freeway driving, included nine service stops, and
covered approximately 14 miles. Each of these routes is considered by driving type to
be very representative of the majority of delivery activity within large metropolitan areas.
Table 4-2 below shows a comparison of the three routes chosen to the type of routes
identified in the original drive cycle analysis. Based on the comparison of drive time,
distance, and speed, the routes chosen are considered to be representative of the
delivery of routes Frito-Lay uses in their normal business. Maps of all three routes are
shown in Appendix E.

Based on the overall drive cycle analysis and categorization of speed ranges as % of
time and distance, as well as individual daily drive cycle trace analysis, it was
determined that the LD UDDS drive cycle most close matched current delivery drive
behavior among the existing standard drive cycles available.

On-Road Testing Drive Cycle Frito-Lay Existing Fleet Drive Cycle | LD UDDS

DFW South | DFW North| Houston | Minimum | Average | Maximum | SWRI

Speed (Avg) 27.4 25.0 20.9 13.4 21.1 34.6 19.93

Daily Drive Distance 27.4 21.6 13.7 8.3 26.8 52.6 7.45

Drive Time Per Day 60.2 53.1 50.7 37.3 72.2 122.0 22.4
Crawling (<10 mph) 16.5% 19.2% 22.3% 19.8% 31.4% 38.5% 11.5%
Time |City (0-30 mph) 59.2% 56.7% 56.3% 32.6% 53.3% 66.0% 65.2%
Basis |Suburban (30-45 mph)|  27.1% 45.1% 19.6% 22.1% 35.8% 42.4% 9.6%
Highway (>45 mph) 13.7% 0.0% 1.8% 0.0% 12.7% 45.3% 7.6%
Crawling (<10 mph) 3.4% 4.6% 7.4% 0.9% 4.8% 38.1% 3.0%
Miles |City (0-30 mph) 37.0% 39.3% 50.8% 4.7% 15.9% 45.6% 63.4%
Basis |Suburban (30-45 mph)|  35.8% 64.5% 44.0% 20.0% 60.2% 78.2% 16.5%
Highway (>45 mph) 27.3% 0.0% 5.1% 0.0% 24.0% 75.3% 6.7%

Table 4-2 Road Test Drive Cycle Analysis Comparison

It was anticipated that the on-road testing would require 6 weeks, including 4 weeks of
on-road evaluation in the DFW area and 2 weeks in Houston, as well as some “practice”
runs in both areas. The actual timing was 18 weeks total due primarily to issues with
the PEMS, weather, vehicle preparedness, and the late addition of an additional gas
baseline vehicle. Because the gas baseline vehicle was added after the completion of
the Houston portion of the testing results are only available for the DFW routes.
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Vehicles at Sam Houston Service Center
Houston, TX testing, D/FW area
Figure 4-4 Trucks Undergoing On-Road Testing

Gas Hybrid Truck Leavi for on-road

The on-road test schedule is shown below in Table 4-3. The design rotated both the
baseline and the hybrid trucks through the selected routes, and provided for 15
replications per route.  Since the project budget allowed for lease of two PEMS, the
monitoring equipment had to be alternated between the baseline and the hybrid
vehicles during on-road testing. Two vehicles were on the same route each run and
followed each other allowing the vehicle pairs to experience the same road conditions.
All on road testing was done by the same two drivers through out the testing.

LOPEZGARCIA GROUP
29



Collection and Evaluation of Hybrid and Conventional

Delivery Vehicle Emission and Activity Data

DFW Runs
North Run South Run
Gas Newgr Diesel Oldgr Gas Newgr Diesel OIdeTr
Hybrid Ba§ellne Hybrid Ba§el|ne Hybrid Ba§el|ne Hybrid Ba§el|ne
Diesel Diesel Diesel Diesel
Day 1 4 4 - - - - - -
Day 2 4 4 - - - - - -
Week 1 Day 3 4 4 - - - - - -
Day 4 3 3 - - - - - -
Day 5 - - - - 4 4 - -
Day 1 - - - - 4 4 - -
Day 2 - - - - 4 4 - -
Week 2 Day 3 - - - - 3 3 - -
Day 4 - - 4 4 - - - -
Day 5 - - 4 4 - - -
Day 1 - - 4 4 - - - _
Day 2 - - 3 3 - - - -
Week 3 Day 3 - - - - - - 4 4
Day 4 - - - - - - 4 4
Day 5 - - - - - - 4 4
Week 4 |Day 1 - - - - - - 3 3
15 15 15 15 15 15 15 15
Houston Runs DFW Runs Baseline Gas
Gas Newgr Diesel Oldgr
Hybrid Bagellne Hybrid Ba_sellne
Diesel Diesel North Run| South Run
Day 1 - - 4 4 Day 1 4 -
Day 2 - - 4 4 Day 2 4
Week 5 |[Day 3 - - 4 4 Week 7 |Day 3 4 -
Day 4 - - 3 3 Day 4 3 -
Day 5 4 4 - - Day 5 - 4
Day 1 4 4 - - Day 1 - 4
Week 6 |Day 2 4 4 - - Week 8 [Day2 - 4
Day 3 3 3 - Day 3 - 3
15 15 15 15 15 15

Table 4-3 Frito-Lay Hybrid Route Truck Project Road Test Schedule
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Figure 4-5 Gasoline Hybrid Truck Operator and Maintenance Training and
Preparation for On-Road Testing

In preparation for the on-road testing phase, each hybrid truck supplier provided
maintenance and operator training on the hybrid vehicles at Frito-Lay’s Fleet Service
Center in Fort Worth.

4.2 Data Collection Training

The PEMS is a very sensitive scientific monitoring device, and the road testing team
was provided with instructions regarding set-up and operation. In addition close
communication with CATI was maintained throughout testing.

After the SWRI lab testing, preliminary tests were conducted in December 2006 using
two of the vehicles identified for the on road testing. During the preliminary tests, the
RPM sensor occasionally failed to work. Also it was found that the associated GPS
system did not perform consistently and the research team determined that more
training on applying sensor arrays, system maintenance, and data processing was
necessary. A technician from CATI was requested onsite in Fort Worth to assist in
equipment repairs and to provide additional training and troubleshooting.
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During the site visit, the CATI technician repaired the GPS system, replaced the RPM
multiplexer, illustrated the sensor array placement in the engine compartment, and
shared CATI’s experiences on collection and data processing.

Ongoing support was provided by CATI throughout the testing process. Whenever there
was a problem, close communication with the technicians in CATI via phone calls and
e-mail was conducted and resolutions to the problems were discussed.

A second onsite visit was required by the CATI technician to resolve additional
equipment issues and provide additional instruction for troubleshooting. During the last
week of on-road testing a third visit by the CATI technician was required to resolve more
equipment issues and to provide on-site support during the final runs to ensure the data
collected was correct.

4.3 Data Collection Procedure

Data collection was conducted from January 2007 to April 2007. The Hybrid Project
Test Truck Data Sheet (Table 1-2) was used in setting up the PEMS for each truck. For
each of the tests, the Daily Vehicle and Run Checklists, as shown in Figure 4-5, were
completed to record the testing conditions for data processing purposes and to highlight
issues encountered during the runs. A typical completed checklist for each vehicle can
be found in Appendix E.

Figure 4-6 Vehicle Driver Readying PEMS for On-Road Test Run
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Frito-Lay Hybrid Vehicle Evaluation
Daily Vehicle and Run Checklist

Date: Run 1 Run 2 Run 3
Vehicle No.: File Mumber
Driver Name: Bag Murmber
Insurance Papers Present Start Mileage
Vehicle Registration Present Route
Temperature F Run start time
Weather (Rainy, Cloudy, Sunny) Stop 1 key off
Mileane
PRE-RUN INSPECTIONS AND START-UP Stop 1 kev on
Truck Inspection Stop 2 key off
Tire Pressure: Mileage
Front Left (Green - Red Corrected) 75 psi Stop 2 key on
Front Right (Green - Red Corrected) 75 psi Stop 3 key off
Rear Left Mileage
Inner (Green - Red Corrected) 75 psi Stop 3 key on
Cuter (Green - Red Corrected) 75 psi Stop 4 key off
Rear Right Mileane
Inner (Green - Red Corrected) 75 psi Stop 4 key on
DQuter {Green - Red Corrected) 75 psi Stop 5 key off
Fuel Type Mileage
Fuel Gauge Reading Stop 5 key on
Stop B key off
Analyzer Inspection Start-up Mileage
Last System Calibration [date) Stop B key on
Analyser Filter Cleaned (date) Stop 7 key off
Battery Charge Mileane
Analyser Turned on for Warm Up (time) Stop 7 key on
Analyser Start Up Stop 8 key off
1. Connect power cable to battery Mileage
2. Turn on all 6 switches Stop 8 key on
3. Follow prompts on screen Stop 9 key off
4. Do not edit any information click " "Y¥" and enter Mileage
5. This should have you at the data screen Stop 9 key on
B. Allow the sysyterm to warm up for 45 minutes Stop 10 key off
7. Complete the rest of the check list items. Mileane
Troubleshooting tips Stop 10 key an
Yerify RPM is reading. If not push "P" key on diesel truck End Time
Yerify RPM is reading. If not push "5" key on gas hybrid truck End Mileage
“erify temperature reading Total Mileage
Starting Runs
1. After systerm warm up: Ending Runs
2. Connect exhuast sampling hose to filters on analysers 1. Stop at gate push "-" to stop bag
3. Start diesel truck and let run for 5 minutes Ending day

4. Stant Hybrid truck and make three laps in the parking lot
with gas engine running

4. Press <ESC= This creates file number

B. As you pull through the gate push "+" to create bag number
7. Record time and mileage at each stop using the time from

Notes:

1. Press <ESC= to write file

b

Disconnect exhaust sampling hose
Let sampler run & minutes and turn unit off
4. Exchange batteries or hook up charger.

s

Figure 4-7 Sample Daily Vehicle and Run Checklist
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4.4 Problems Encountered During Data Collection

There were several problems encountered during the data collection process. The data
collection and data processing workload was much higher than originally anticipated
primarily due vehicle operational problems and the unreliability of the PEMS monitoring
equipment. The following provides some of the major problems encountered.

1. Data collection was delayed approximately one week due to lack of up-to-date
state registrations and inspections on four of the five test vehicles.

2. During initial start-up, the gas hybrid control program did not function properly
requiring two service technician visits to resolve. This episode resulted in the loss
of four days initially, but was successfully resolved for the remainder of testing.

3. It was necessary to spend a considerable amount of time repairing the hardware
problems encountered with the PEMS. Some of the issues were related to poor
workmanship in the electrical assembly, insufficient information on correct set-up
and installation of the PEMS and component failures including an irreparable
crash on one PEMS during the final weeks of testing.

4. The PEMS program “froze” or “locked up” time after time during the testing with
no assignable cause. This increased the workload of data processing in order to
“stitch” together data files for an entire run. At times the tests had to be
terminated to wait for CATI technicians to provide instructions how to proceed or
to arrive on site to effect repairs. Other test delays were caused by the shipment
of repair parts from CATI or their vendors. These issues resulted in the delay of
almost one month in collecting valid data. In addition one test route in DFW had
to be repeated three times before finally obtaining valid data extending the
testing by almost three weeks.

4.5 Drivability Observations

In addition to assessing the efficiency and emissions of the hybrid vehicles, the drivers
were periodically asked for drivability observations of the trucks. This was
accomplished through informal interviews during the road test portion of the project.
Below is a summary of those discussions.

Gas Hybrid Drivability Observations:
¢ |Initial driver comments centered on the control systems problems encountered
that required a full shut down and reset of the truck. After a service visit and
reload of the control program these problems were resolved.
¢ In electric mode, the vehicle was sensitive to pressure on the accelerator, making
creeping and lower speed operation difficult.
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e The drivers noted good acceleration from a stop with the electric drive.

e Drivers commented on becoming familiar with hearing the engine turn off and on
while moving down the street.

e Drivers commented on becoming familiar with the sound of the engine running at
high RPM, but not shifting.

e Drivers discussed the need to adjust driving style to take advantage of electric
operation by not flooring the accelerator which causes the gas engine to start
before needed.

Diesel Hybrid Drivability Observations:

e There were comments about the need to ensure the parking brake was set
whenever leaving the vehicle. This was required since the transmission did not
lock when the transmission selector was placed in park.

e During the road testing the motor would idle at high RPM requiring the drivers to
stop the vehicle and shift the transmission to park and then return to gear to
lower the RPM. This problem was resolved prior to the second round of
dynamometer testing (Phase 3).

¢ The vehicle was sluggish when in non-hybrid mode.

e The drivers expressed concern about the location of the battery pack which was
located close to the ground level. The battery could be damaged from high spots
in the street and parking lots.

4.6 Data Collection Observations

During and after the on-road testing was complete a review of the data collection
process was conducted to determine areas for further study or improvement. Below is a
summary of the review with recommendations.

PEMS Equipment
The PEMS equipment provided consistent and repeatable data. As mentioned
above, there is opportunity for improvement in the area of mechanical and
electrical reliability of the unit wiring and attached components. More thorough
explanation of emission and vehicle performance collection methods and use in
the performance calculations is needed. The PEMS uses a sensor array that
does not provide direct measurement of some parameters and therefore these
parameters must be calculated using other measured parameters and static
values. To more effectively use the PEMS, the option of the vehicle diagnostics
port should be the primary method for collecting engine performance parameters.

Daily Run Review
An end-of-day review should be consistently conducted to ensure observations
and daily run checklists are completely filled out, and to determine if there are
trends in the data that need to be addressed immediately.
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Fuel Efficiency Tracking
The PEMS performs calculations for fuel efficiency based on emissions.
Because there are multiple factors that impact the accuracy of this calculation, an
alternative method for fuel efficiency should be employed. During this test, fuel
purchased was logged on the daily run checklists and electronic fuel purchase
records were used. Both of these methods should be reviewed at least weekly to
verify accuracy and completeness.

Figure 4-8 Gas Hybrid and Newer Baseline Diesel Trucks in Fort Worth Fleet
Service Center Garage during Phase 2 On-Road Testing
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5.0 Phase 3 Dynamometer Testing

The Phase 3 testing was conducted at the SwRI facility. Excerpts from the SwRI
report are provided in this section. The SwRI report, SWRI Letter Final Report
Titled, “Emissions Testing of Various Delivery Trucks”, Project 03-12163, dated
May 15, 2007 is provided in it's entirety in Appendix F. Table 5-1 lists the
vehicles tested and their mechanical configuration and test weight.

TABLE 5-1 TRUCK CONFIGURATION SUMMARY

Truck Engine Drivetrain Fuel Test
Wt, |b.
older General Motors, 6.5L Automatic Diesel 9,180
baseline V8, indirect-injection transmission
diesel Naturally aspirated
newer Cummins 3.9L Automatic Diesel 9,160
baseline In-line 4, direct-injection, transmission
diesel turbocharged, intercooled
baseline | Ford 5.4L, V8 port-injection, Automatic Gasoline | 9,010
gas Naturally aspirated transmission
Diesel International, 4.5L Parallel Hybrid Diesel 10,530
hybrid V6, direct-injection, Electric, NiMH battery
turbocharged, intercooled pack, Automated
manual transmission
Diesel International, 4.5L Automated manual Diesel 10,530
hybrid V6, direct-injection, transmission
(hybrid turbocharged, intercooled
disabled)
Gas General Motors, 4.8L Series Hybrid Electric, [ Gasoline | 10,730
hybrid V8, port-injected NiMH battery pack
Naturally aspirated

The trucks that were tested in December 2006 and January 2007 left SwRI and
were operated in the field by Frito-Lay from January 2007 through March 2007.
The four trucks returned for chassis dynamometer testing near the end of March
2007. During that time, the diesel hybrid received updates for the hybrid system
and engine control to provide better performance and drivability. An idle fuel-
control problem was present on this vehicle, caused by is-communication
between the hybrid drive controller and the main diesel engine ECM. At idle and
very low throttle inputs, while in neutral or electric drive mode, the engine speed
would oscillate. This oscillation had the potential effect of increasing fuel use and
emissions at periods of low torque demand, but did not materially effect
drivability. The engine recalibration performed by International’s engineers prior
to Phase 3 testing successfully solved the engine speed oscillation and provided
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operation more representative of what to expect in a commercially-available
vehicle. Therefore, due to the engine calibration state in Phase 3 versus that in
Phase 1, more emphasis will be placed on Phase 3 dynamometer test results.

|

= v AH_;‘;;'-__ i ..“

Figure 5-1 Diesel Hybrid Receiving Updated Engine Calibration at Sam
Houston Service Center

Frito-Lay also requested that SwRI test the diesel hybrid with the hybrid system
disabled and test another truck, a gas baseline, which is representative of a
conventional, new vehicle purchase gasoline-powered configuration to compare
to the gas hybrid. Table 5-1 is a summary of each truck’s mechanical
configuration and test weight. Exhaust emissions of PM, NOx, HC, CO, and COz2
were measured for each truck. The emissions levels of the hybrid trucks were
compared to those of the conventional trucks. Fuel economy was calculated for
each test using the carbon balance method. Energy balance corrections were
considered for each hybrid truck per SAE Recommended Practice J2711 for
heavy-duty, hybrid-drive vehicles.

5.1 Data Collection Plan
The purpose of this work was to determine the effect of each type of hybrid drive

system on emissions in comparison to conventional trucks. SwRI conducted five
hot-start emission tests on each of five trucks over the same drive cycle, and the
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average value for each emission was used to compare the relative emission
levels of the trucks. Frito-Lay chose to test the trucks over the same LD UDDS
drive cycle that was used in the Phase 1 testing described in Chapter 3.0. The
test plan for Phase 3 is given in Table 5-2. Frito-Lay provided the test weights
used by SwRI using the sum of each truck’s dry empty weight, fuel weight, driver,
and half of the remaining cargo weight capacity. SwRI used this test weight and
measured frontal area to calculate the road load using EPA’'s recommended
procedure for heavy-duty chassis testing. The diesel trucks were fueled with
ultra-low sulfur diesel with a density of 7.2 Ib/gal. The gasoline truck used
commercially-available gasoline with a density of 6.2 Ib/gal.

TABLE 5-2 TEST PLAN FOR CHASSIS TESTING

Step Description
1 Install newer baseline diesel, isolate fuel system, conduct coastdowns.
2 Conduct two prep runs.
3 Perform five hot-start tests for HC, CO, NOx, PM, and CO2.
4 Remove newer baseline diesel from dynamometer.
5 Repeat Steps 1 through 4 for older baseline diesel.
6 Install gas hybrid with test fuel in on-board fuel tank, conduct

coastdowns.
7 Set-up to record battery State of Charge (SOC) for SAE J2711 NEC

correction.
8 Conduct two prep runs.

9 Perform five hot-start tests for HC, CO, NOx, PM, and CO2.
10 Remove gas hybrid from dynamometer.

11 Install diesel hybrid and isolate fuel system, conduct coastdowns.
12 Set-up to record battery State of Charge (SOC) for SAE J2711 NEC
correction.

13 Conduct two prep runs.

14 Perform five hot-start tests for HC, CO, NOx, PM, and CO2.
15 Disable hybrid drive system on diesel hybrid

16 Repeat Steps 3 and 4.

17 Remove diesel hybrid from dynamometer.

18 Install baseline gas with test fuel in on-board fuel tank, conduct
coastdowns.

19 Repeat Steps 14 through 16 for baseline gas.
20 Prepare final report.
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5.2 TEST RESULTS

The following sections describe each vehicle’s installation, coastdown, and
emissions results. In the case of the hybrid trucks, a table with the NEC value for
each test is included in the corresponding sections.

5.2.1 Older diesel baseline - Test Results

The older diesel baseline, VIN 1GBHP32Y8W3304305, was powered by a 1997
6.5L GM naturally-aspirated, indirect injected diesel engine and was equipped
with an automatic transmission. The truck was installed on the chassis
dynamometer and tested at 9,180 Ib. Coastdowns for this truck were conducted
and are described in the report provided in Appendix F. The truck was then
driven over the drive cycle once to condition the vehicle for the hot-start testing.
The five hot-start tests were conducted, and the test results for older diesel
baseline are summarized in Table 5-3.

TABLE 5-3 EMISSION RESULTS FOR OLDER BASELINE DIESEL OVER LD
UDDS DRIVE CYCLE

Test HC, | CO, | NOx, | PM, | CO2, | MPG | Fuel, | Miles

Code g/mi [ g/mi | g/mi | mg/mi | g/mi kg
4305B-H1 | 0.37 | 1.70 | 3.52 147 834 | 124 | 199 | 7.53
4305B-H2 | 0.33 | 1.58 | 3.55 126 830 [ 124 | 199 | 7.55
4305B-H3 | 0.35 | 1.68 | 3.49 | 135 836 | 12.3 | 2.06 | 7.77
4305B-H4 | 0.33 | 1.67 | 3.50 143 840 | 12.3 | 2.03 | 7.61
4305B-H5 | 0.33 | 1.61 | 3.52 137 835 | 123 | 1.99 | 7.52
Average = [ 0.34 | 1.65 | 3.52 137 835 | 12.3 | 2.01 | 7.60

C.0.V. 5% | 3% | 1% 6% 0% | 0% 2% 1%

5.2.2 Newer diesel baseline - Test Results

The newer baseline diesel, VIN 5B4HP42P553404763, was powered by a 2005
3.9L Cummins, turbocharged, intercooled, direct injected diesel engine and was
equipped with an automatic transmission. The truck was installed on the chassis
dynamometer and tested at 9,160 Ib. Coastdowns for this truck are shown in the
report provided in Appendix F. The truck was then driven over the drive cycle
once to condition the vehicle for the hot-start testing. The five hot-start tests were
conducted with a 20-minute soak in between each test to change emission
sample bags and PM filters. The test results for newer diesel baseline are
summarized in Table 5-4.
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TABLE 5-4 EMISSION RESULTS FOR NEWER BASELINE DIESEL
OVER LD UDDS DRIVE CYCLE

Test HC, | CO, | NOx, | PM, [CO2, | MPG | Fuel, | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi kg
4763B-H1 [ 0.13 | 2.25 | 6.14 89 724 | 142 | 1.73 | 7.54
4763B-H2 | 0.12 | 2.30 | 6.17 82 727 | 142 | 1.74 | 7.54
4763B-H3 | 0.11 | 2.26 | 6.14 86 723 | 143 | 1.73 | 7.55
4763B-H4 | 0.14 | 2.22 | 6.19 82 722 | 143 | 1.73 | 7.55
4763B-H5 | 0.12 | 2.23 | 6.12 83 722 | 142 | 1.73 | 7.54
Average=|0.12 | 2.25 | 6.15 84 724 | 142 | 1.73 | 7.54
C.0.V. 9% | 1% | 3% 4% 1% 1% 1% 0%

5.2.3 Baseline gas — Test Results

Gas baseline, VIN 1FCJE39L46HB04103, was powered by a 2005 5.4L Ford,
port injected gasoline engine and was equipped with an automatic transmission.
The truck was installed on the chassis dynamometer and tested at 9,010 Ib.
Information on coastdowns for this truck are provided in Appendix F. The truck

was then driven over the drive cycle twice to condition the vehicle for the hot-start
testing. The five hot-start tests were conducted with a 20-minute soak in between
each test to change emission sample bags and PM filters. The test results for the
truck are summarized in Table 5-5.

TABLE 5-5 EMISSION RESULTS FOR BASELINE GAS OVER
LD UDDS DRIVE CYCLE

Test HC, | CO, | NOx, | PM, | CO2 | MPG | Fuel, | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi kg

F4103-H1 | 0.00 | 1.17 | 0.21 5 804 | 111 | 1.91 | 7.52
F4103-H2 | 0.05 | 1.35 | 0.19 798 | 11.2 |1 1.90 | 7.51
F4103-H3 | 0.01 | 1.86 | 0.17 805 [ 11.1 ] 1.91 | 7.49
F4103-H4 | 0.03 | 1.59 | 0.16 802 | 11.1 ] 1.91 | 7.52
F4103-H5 | 0.04 | 1.47 | 0.08 797 ( 11.2 ] 1.89 | 7.50
Average = [ 0.03 | 1.49 | 0.16 4 801 | 11.1 | 1.90 | 7.51

C.0.V. 67% | 17% | 30% | 23% 0% | 0% 1% 0%

Wl W W| >

5.2.4 Diesel hybrid — Test Results

Diesel hybrid, VIN 5B4HPD25363412537, was powered by a 2006 4.5L direct-
injected turbocharged diesel engine and was equipped with parallel hybrid
drivetrain using an electric motor between the engine and transmission. The
transmission was an Eaton automated manual. The battery pack was nickel
metal hydride (NiMH). The truck was installed on the chassis dynamometer and

LOPEZGARCIA GROUP
41




Collection and Evaluation of Hybrid and Conventional

Delivery Vehicle Emission and Activity Data

tested at 10,530 Ib. Information on the coastdowns for this truck are provided in
Appendix F. The truck was driven over the drive cycle twice to condition the
vehicle for the hot-start testing. The emission test results and NEC values are
summarized in Table 5-6 and in Table 5-7. As described in the introduction, the
NEC for all of the tests for this truck were less than 1 percent, so no data
correction was necessary.

TABLE 5-6 EMISSION RESULTS FOR DIESEL HYBRID
OVER LD UDDS DRIVE CYCLE

Test HC, | CO, | NOx, [ PM, | CO2, | MPG | Fuel, | Miles
Code g/mi [ g/mi | g/mi | mg/mi | g/mi kg

F2537B-H1 0.42 | 2.37 | 4.87 126 632 [ 16.2 [ 1.53 | 7.60

F2537B-H2 | 0.41 | 2.32 | 4.76 124 634 | 16.2 [ 1.53 | 7.58

F2537B-H3 | 0.41 | 249 | 4.78 123 627 | 16.4 [ 1.51 | 7.57

F2537B-H4 | 0.41 | 2.49 | 4.82 135 635 | 16.2 [ 1.53 | 7.55

F2537B-H5 | 0.40 [ 2.48 | 5.04 132 634 | 16.2 [ 1.53 | 7.60

Average = 0.41 | 243 | 4.86 128 632 | 16.2 | 1.53 | 7.58

C.0.V. 2% | 3% | 2% 4% 0% | 0% 1% 0%

TABLE 5-7 NEC RESULTS FOR DIESEL HYBRID
OVER LD UDDS DRIVE CYCLE

Test SOC, % NEC Fuel NEC
Code MJ Energy, %
MJ
Start | End

F2537B-H1 [ 54.0 | 52.0 | -0.13 67.2 -0.2
F2537B-H2 [ 52.0 [ 54.0 | 0.13 67.2 0.2
F2537B-H3 [ 57.0 | 53.0 | -0.26 66.5 -0.4
F2537B-H4 | 53.0 [ 54.0 | 0.06 67.1 0.1
F2537B-H5 [ 54.0 | 52.0 | -0.13 67.5 -0.2

The hybrid diesel was the only truck modified before returning for Phase 3
testing. It was noted that in the Phase 1 testing (described in Chapter 3.0) that
the truck’s hybrid system control software was not fully developed and that the
engine control unit (ECU) did not correctly receive torque commands from the
hybrid controller. Both of those issues were addressed while the truck was
operated in the field. During the Phase 3 testing, emissions of HC, and NOx were
reduced by 23, and 18 percent, respectively, compared to Phase 1 testing. CO
emissions increased by 15 percent. Fuel economy improved by 5 percent
compared to the Phase 1 testing.
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At Frito-Lay’s request, the truck was also tested with the hybrid system disabled.
Although it was recognized that the vehicle would be lighter and the driveline
inertia would be less without a hybrid system, no attempt was made to
compensate or correct for the differences. The hybrid system was disabled by
disconnecting the high-voltage battery cable from the pack at the connector. The
testing in this configuration was conducted using the same procedure used in
hybrid mode. The results of this testing is summarized in Table 5-8. With the
hybrid system disabled, the emissions of HC were nearly identical, however, CO
emissions nearly doubled, NOx increased 20 percent, and PM increased by 38
percent, compared to the hybrid configuration. Fuel economy was nearly 10
percent worse with the hybrid system disabled. It was discovered through the
course of testing that the engine and automatic-shift manual transmission were
not tuned for this non-hybrid operation, so the truck had some difficulty following
the speed/time trace on the LD UDDS cycle. The results here are not
representative of a true baseline vehicle of this engine configuration and are not
discussed further in the Conclusions.

TABLE 5-8. EMISSION RESULTS FOR DIESEL HYBRID WITH HYBRID
SYSTEM DISABLED OVER LD UDDS DRIVE CYCLE

Test HC, [ CO, | NOx, | PM, [ CO2, | MPG | Fuel, | Miles
Code g/mi | g/mi | g/mi [ g/mi | g/mi kg
F2537C-H1 | 0.42 | 5.02 | 574 | 190 | 704 | 14.5 | 1.68 | 7.45
F2537C-H2 | 0.40 | 4.64 | 580 | 169 | 698 | 14.7 | 1.67 | 7.50
F2537C-H3 | 0.40 | 4.78 | 5.78 | 174 | 691 | 14.8 | 1.66 | 7.50
F2537C-H4 | 0.40 | 4.75| 590 | 181 | 698 | 14.7 | 1.67 | 7.47
F2537C-H5 | 0.40 | 4.57 | 586 | 173 | 693 | 14.7 | 1.66 | 7.48
Average = | 040 [ 4.75| 5.81 | 177 | 697 | 14.7 | 1.67 | 7.48
C.0.V. 2% | 4% | 1% | 5% | 1% 1% 1% 0%

5.2.5 Gas Hybrid - Test Results

Gas Hybrid, VIN 584KP02V063416051, was powered by a 2005 4.8L GM Vortec,
port injected gasoline engine and was equipped with series hybrid drivetrain
using two electric motors and a nickel metal hydride (NiMH) battery pack. The
truck was installed on the chassis dynamometer and tested at 10,730 Ib.
Coastdowns for this truck were conducted and the truck was then driven over the
drive cycle once to condition the vehicle for the hot-start testing. As in the
previous truck, after five hot-start tests were conducted, the third test appeared to
be an outlier based on the NOx value using ASTM-E-178. This test was not
used in the average and coefficient of variance calculations. The emission test
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results and NEC values for gas hybrid are summarized in Table 5-9 and in Table
5-10. As shown in Table 5-10, the percent NEC for this truck were less than 1 for
all of the tests, so no data correction was necessary.

TABLE 5-9 EMISSION RESULTS FOR GAS HYBRID
OVER LD UDDS DRIVE CYCLE

Test HC, | CO, | NOx, [ PM, | CO2, | MPG | Fuel, | Miles
Code g/mi | g/mi | g/mi | mg/mi | g/mi kg
F6051B-H1 | 0.19 | 3.93 | 0.18 10 755 | 11.7 | 1.82 | 7.56
F6051B-H2 | 0.14 | 2.44 | 0.25 10 756 | 11.8 | 1.81 | 7.54
F6051B-H3* | 0.12 [ 1.67 | 0.95 4 738 | 121 | 1.77 | 7.55
F6051B-H4 | 0.15 | 2.48 | 0.25 9 743 | 12.0 | 1.78 | 7.56
F6051B-H5 | 0.21 | 3.92 | 0.21 8 751 | 11.8 | 1.81 | 7.55
Average = 0.17 |1 3.19 | 0.22 9 751 | 11.8 | 1.80 | 7.55
C.0.V. 18% | 26% | 15% | 13% 1% 1% 1% 0%

* This test was an outlier based on the NOx value using ASTM-E178. This
test was not used in the average and c.o.v. calculations.

TABLE 5-10 NEC RESULTS FOR GAS HYBRID
OVER LD UDDS DRIVE CYCLE

Test SOC, % NEC, | Fuel Energy, MJ | NEC,
Code MJ %
Start End
F6051B-H1 | 57.0 56.5 | -0.06 79.9 0.0
F6051B-H2 [ 56.5 58.0 | 0.17 79.6 0.0
F6051B-H3 [ 58.0 57.5 | -0.06 7.7 0.0
F6051B-H4 [ 57.5 56.5 | -0.11 78.5 0.0
F6051B-H5 [ 56.5 58.0 | 0.17 79.4 0.0

5.3 SUMMARY

The Phase 3 testing of this project was successfully completed. Six different
truck configurations were tested including the newer diesel hybrid, older diesel
hybrid and gas hybrid that were tested as they were configured during the Phase
1 testing. The diesel hybrid was re-calibrated between the Phase 1 and Phase 3
testing and was tested as both a hybrid and a conventional truck. The gas
baseline was also added during the Phase 2 testing. The gas baseline was
added to provide a baseline comparison to the gasoline hybrid. Table 5-11 shows
the Phase 3 average emissions values for each truck, and Figure 5-1 shows the
trucks ranked by emissions and fuel economy.
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TABLE 5-11 AVERAGE EMISSION RESULTS FOR EACH TRUCK
OVER LD UDDS DRIVE CYCLE

Truck HC, | CO, |NOx, | PM, |CO2, | MPG | Fuel, | Miles
g/mi | g/mi | g/mi [ mg/mi | g/mi kg
older baseline diesel 0.34 | 1.65 | 3.52 137 835 12.3 | 2.01 7.60
newer baseline diesel | 0.12 | 2.25 | 6.15 84 724 142 | 1.73 | 7.54

baseline gas 0.03 | 149 | 0.16 4 801 1111 190 | 7.51
diesel hybrid 0.41 | 243 | 4.86 128 632 | 16.2 | 1.53 | 7.58
diesel w/hybrid 0.40 | 4.75 | 5.81 177 697 | 14.7 | 1.67 | 7.48
disabled
gas hybrid 0.16 | 2.89 | 0.37 8 748 | 119 | 1.80 | 7.55

Figure 5-1 Ranking of Trucks by Emissions and Fuel Economy

OOlder Baseline Diesel
B Newer Baseline Diesel
DOBaseline Gas

@ Diesel Hybrid

B Gas Hybrid

Fuel Economy and Emissions [g/mi]

MPG NOX [g/mi] HC [g/mi]X10 CO [g/mi] €02 [g/mil/100

All of the trucks produced low HC and CO emissions, which are typically not issues for
diesel engines and gasoline engines with catalyst systems. The gasoline trucks were
equipped with three-way catalyst systems; and therefore, produced very low NOXx
emissions. However, the gasoline trucks also produced the worst fuel economy. The
diesel trucks produced the highest NOx emissions and best fuel economy. Of the diesel
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trucks, the newer baseline diesel produced the most NOx, followed by the hybrid diesel,
the hybrid diesel (with the hybrid system disabled), and older diesel baseline.

The gasoline engines also produced almost no PM, which is typical of gasoline engine
operation, even without after treatment. Of the diesels, the diesel hybrid with the hybrid
disabled produced the most PM, followed by the older baseline diesel, the diesel hybrid,
and the newer baseline diesel.

The hybrid systems improved fuel economy between 7 and 10 percent compared to
similar configurations. The NOx emissions of the diesel hybrid was nearly 1 g/mile less,
a 16 percent reduction, compare to the new diesel baseline. The gasoline hybrid
produced 0.21 g/mile more NOx, a two fold increase, than the gasoline baseline. It
should be noted that the diesel hybrid with the hybrid disabled was tested with the intent
to use the data as a baseline for comparison to the diesel hybrid. However, it was
deemed that the diesel hybrid with the hybrid disabled did not function properly in the
diesel mode. Therefore, the testing data were collected for this vehicle, but was not
further evaluated with the other Phase 3 testing data.
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6.0 Analysis and Evaluations

This section provides the analysis and evaluations of the emission data collected on-
road with the PEMS and in the laboratory through dynamometer testing. Data analysis
procedures will be explained and emissions measurements collected on the road will be
compared to laboratory data. Projections for emissions and fuel consumption
reductions will be explored in Section 7, Conclusions.

6.1 Procedures on Data Analysis and Evaluations

Data collected through the PEMS were evaluated at multiple time scales over the
course of the study. During the testing phase, data were examined at a small time
scale (i.e. second-by-second and averaged individual test run data) in order to ensure
accuracy of data and complete sensor operation. During initial data analysis it was
determined that second-by-second data were unnecessary and inconsistent with the
scope and intent of the project, therefore averages of data from each test run were
chosen.

Quality Control on data included examination of all summary results and further
examination of second-by-second data wherever results deviated excessively from
averages for any of the measured emissions. Test runs which were found to deviate
excessively from the average and have an assignable cause were discarded and re-run
when possible.

Statistical analysis of data, including single factor analysis of variance (ANOVA) and
pair-wise T tests were calculated for each vehicle, broken down by each of the three on-
road routes in order to determine whether a specific route and its unique characteristics
such as number of stops, local traffic patterns, average speed, etc. had an effect on fuel
economy or emissions. Analysis of results indicated no statistical difference in any
particular route over the course of the on-road testing phase of the project as
demonstrated in figures 6-1 and 6-2. Therefore, for the purposes of this report, data
from all three routes traveled during testing (DFW South, DFW North, and Houston)
were combined in order to provide more statistical resolution for the overall results.
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Figure 6-1 Comparison of Routes by Fuel Economy

MPG

North
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*Error bars represent 95% confidence intervals.

Figure 6-2 Comparison of Routes by NOx Emissions

Grams/Mile

North

Route

*Error bars represent 95% confidence intervals.

Additionally, results from Phase 1 and Phase 3 testing were compared by means of
pair-wise T tests in order to examine any changes that took place during the course of
testing due to mileage accumulation. All vehicles were tested in this manner with the
exception of the baseline gasoline truck, which was added to the study after Phase 1
testing. The original intent of executing Phase 3 testing at the time of project proposal

LOPEZGARCIA GROUP
48



Collection and Evaluation of Hybrid and Conventional

Delivery Vehicle Emission and Activity Data

submission was to evaluate truck “durability,” or any degradation in performance after
significant road miles had been logged in Phase 2 testing. This approach was well-
intentioned but not feasible, however, given the low mileage typically diven by Frito-Lay
delivery trucks (<15,000 miles per year) and the overall grant project timeline. With
today’s engine and emissions equipment durability, several years worth of delivery
operation and/or road testing would be required to accumulate sufficient mileage to truly
evaluate “durability” performance of drivetrain and emissions components on hybrid or
conventional vehicles.

Although all vehicles exhibited statistically significant differences (p < 0.05) in fuel
economy and the various emissions constituents between Phase 1 and 3, the
differences were not consistent within a vehicle or within a given exhaust constituent
between vehicles. Only the diesel hybrid vehicle had a specific assignable cause for
the observed differences, (i.e, the engine recalibration that was required to address the
idle and low-speed performance issues). It is believed that the Phase 3 results after the
engine recalibration or more indicative of representative performance of that truck. In all
cases, including the diesel hybrid, NO, emissions showed no statistically significant
change between dynamometer testing phases. Comparisons of Phase 1 and Phase 3
testing results for fuel economy (Figure 6-3), NO, emissions (Figure 6-4), and HC, CO,
and PM (Figure 6-5) indicate minor variation of results of dynamometer testing that are
presumed to be due to changes in ambient conditions between test phases, normal
variation in dynamometer test setup and execution, and normal variation in engine
performance and control.

Figure 6-3 Fuel Economy Phase 1 & 3 Comparison
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Figure 6-4 NOx Emissions Phase 1 & 3 Comparison
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Figure 6-5 HC, CO and PM Phase 1 & 3 Comparison
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*Results for particulate matter (PM) are reduced by one order of magnitude for illustration purposes.
For this reason, Phase 1 and Phase 3 Lab test results will be reported and evaluated as
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an average of the two test phases with the exception of the diesel hybrid, for which only
Phase 3 test results will be used.

6.2 Data Accuracy and calibration of PEMS results

During the course of on-road testing it was found that while data received from the
PEMS were precise and repeatable, they were not inherently accurate. The source of
this error was discovered to be caused by one or more constants used by the PEMS in
calculations of total airflow or fuel consumption. Comparison of PEMS-derived fuel
consumption and CO; output against data published by the US Department of Energy
(http://www.eia.doe.gov/oiaf/1605/factors.html) led to the determination that the PEMS-
assumed Volumetric Efficiency and not fuel composition was responsible for inaccuracy
in the data as-taken. The PEMS does not directly measure fuel flow or air flow rate on
the engine being tested; the air flow rate is inferred or calculated using an average
assumed volumetric efficiency, RPM measurement, and known displacement of the
engine. Since volumetric efficiency is a function of engine speed and load at a given
time, using the nominal value of 95% in this case yields very generalized results which
are potentially accurate at only one point in the engine’s operation. Also, only the best
performing naturally aspirated engines approach 95% volumetric efficiency, and even
then, this peak efficiency is at a limited speed and load combination. As a note, the
PEMS system did use a manifold pressure sensor to bias the calculation on the forced-
induction turbodiesel engines; the system still used the assumed 95% base volumetric
efficiency in the flow calculation.

Since this assumed Volumetric Efficiency was in turn used to calculate the volume of air
flowing through the engine at any given time, and all emissions measurements use this
total engine and exhaust flow as a dilution factor, all subsequent emissions calculations
are affected. In order to correct for these differences an adjustment factor was
computed based on the difference between MPG calculations from the PEMS and
actual mileage over measured fuel volumes for each vehicle. This adjustment factor
was then applied to summary data for each of the tested vehicles. An asterisk after
PEMS indicates that results have had the adjustment factor applied.

Figure 6-6 PEMS Data Correction
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6.3 Combined Results

The following figures present data from on-road testing alongside dynamometer results.
In addition to comparisons of average data presented in the following graphs, ANOVAs
were conducted on PEMS summary data in order to confirm statistical validity of vehicle
test results. ANOVA results amongst vehicles for each of the tested variables showed
high degrees of statistical significance where p < 7.6E-10. Generally, p-values less than
0.05, which indicates that the results have a 95% probability that they are not due to
random chance, are accepted for scientific investigations. The figures below present
averages of dynamometer results from Phase 1 and Phase 3 of the study with the
exception of the diesel hybrid vehicle for which only Phase 3 results are shown due to
ECU calibrations performed subsequent to Phase 2 testing. Results were combined in
order to afford greatest representation of data and increased statistical resolution. For
both PEMS and dynamometer testing 95% confidence intervals were calculated and
appear as error bars in the following figures.

Figure 6-7 Fuel Economy
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* Adjusted PEMS data; see explanation in Section 6.2. **Diesel Hybrid Dyno results from Phase 3 testing
only.

LOPEZGARCIA GROUP
52



Collection and Evaluation of Hybrid and Conventional

Delivery Vehicle Emission and Activity Data

The highest fuel economy in on-road testing was seen in the newer baseline diesel with
14.68 MPG. This was unexpected given that the Diesel hybrid exhibited the highest fuel
economy in both Phase 1 and 3 testing. Overall, fuel economy was greater in
dynamometer than in on-road testing with the exception of the newer baseline diesel
which exhibited slightly increased performance in real-world conditions. As expected
the gasoline vehicles fared worse given the lower inherent efficiency of gasoline
engines and the fuel’s lower energy content versus diesel. Presumably, differences in
the MPG and emissions from lab to real world are due to the difference between the
driver habits on-road and in the lab, as well as the basic drive cycle used on road
versus the LD UDDS used on the dynamometer. The on-road drive cycle and driver's
characteristics are potentially more aggressive than those used in the lab. Additionally,
there were differences in temperature and humidity over the course of on-road testing
which are known to affect vehicle performance. Combustion air fed to the vehicles’
engines during lab testing is of controlled temperature and humidity, whereas the
ambient air during on-road testing varied significantly.

Figure 6-8 NOx Emissions
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* Adjusted PEMS data; see explanation in Section 6.2. **Diesel Hybrid Dyno results from Phase 3 testing
only.
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Lowest NOx emissions in on-road and dynamometer testing were seen from the
baseline gas vehicle at 0.01 g/mi and 0.15 g/mi respectively.  Overall, on-road NOy
emissions were higher than the lab/dynamometer results for 4 of the 5 vehicles tested.
It is suspected that the increased NOy of the hybrid compared to the baseline vehicles is
likely due to the intermittent nature of engine use. The differences in NOyx emissions in
lab versus on-road testing is likely due to the drastic increase in the number of starts
and stops over the course of a test run which contribute to the decreased effectiveness
of emissions control systems. The on-road testing consisted of a number of stops
which included turning off and restarting the engine, whereas the engine was running
for the full duration of the testing in the lab. The gasoline hybrid engine-off capability at
stops and low speeds was active both on the road the dynamometer.

Figure 6-9 Hydrocarbon Emissions
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* Adjusted PEMS data; see explanation in Section 6.2. **Diesel Hybrid Dyno results from Phase 3 testing
only.

The baseline gas vehicle produced the lowest hydrocarbon emissions of any of the
tested vehicles with 0.07 g/mi and 0.03 g/mi in on-road and dynamometer testing,
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respectively. Trends in emissions between dynamometer and PEMS testing for hybrid
vehicles were consistent with those seen for NO, emissions, and are likely due to
identical factors which caused increases in NOx emissions. Careful analysis and
examination failed to elucidate a cause for the dramatic difference in hydrocarbon
emissions between lab and on-road testing of the newer baseline diesel.

Figure 6-10 Carbon Monoxide Emissions
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* Adjusted PEMS data; see explanation in Section 6.2. **Diesel Hybrid Dyno results from Phase 3 testing
only.

Lowest carbon monoxide emissions in on-road and dynamometer testing were seen in
the baseline gas vehicle at 0.52 g/mi and 1.49 g/mi respectively. All of the trucks
emitted lower amounts of CO in the lab than measured on-road with the exception of
the diesel hybrid, where results were nearly identical, and the baseline gas truck, which
produced considerably less CO in on-road testing. Overall the gas hybrid produced the
highest amount of CO of any of the tested vehicles. As previously addressed, this is
likely due to decreased performance of emission control technologies in intermittent
applications.
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Figure 6-11 Carbon Dioxide Emissions
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* Adjusted PEMS data; see explanation in Section 6.2. **Diesel Hybrid Dyno results from Phase 3 testing
only.

Carbon dioxide emissions rankings were consistent with those presented for fuel
economy with the newer baseline diesel performing best in on-road testing at 689 g/mi
and the diesel hybrid performing best on the dynamometer with 632 g/mi.

6.4 Summary of Results

In summary, the newer baseline diesel exhibited the greatest performance in on-road
testing for fuel economy, while outperformed by the diesel hybrid in lab testing. The
baseline gasoline truck produced the lowest emissions of NO,, hydrocarbons, and
carbon monoxide in both on-road and dynamometer testing. Carbon dioxide emissions
were least for the newer baseline diesel and diesel hybrid in on-road and dynamometer
testing, respectively.

LOPEZGARCIA GROUP
56



Collection and Evaluation of Baseline and On-Road Hybrid and Conventional

Delivery Vehicle Emission and Activity Data

7.0 Conclusions

The conclusions brought forth here are offered by the authors of this report based on
the data presented in Section 6. While the conclusions are considered by the authors to
be valid for the use of this class of hybrid commercial vehicles, the reader may draw
differing or additional conclusions from the data.

Potential insight and learning from the test procedure and data presented here may be
viewed from several perspectives. First, was the test protocol that was developed and
executed valid, representative, and comprehensive enough to capture performance of
the commercial conventional and hybrid trucks in the 10,000 Ib GVWR weight class?
This question is addressed in Section 7.1.1. Secondly, is there sufficient consistency
between on-road testing and lab testing that future studies may perform one or the other
in order to gain valid performance insight while minimizing expense and effort? This is
addressed in Section 7.1.2. Lastly and most importantly, do currently available hybrid-
electric commercial chassis offer significantly reduced emissions and fuel consumption
versus their conventional counterparts? This last question is addressed in Section 7.5

7.1 Test Validity

7.1.1 Route Type

Three different routes were selected for the on-road testing, with the expectation that
the individual route chosen may have an impact on performance. All three routes were
considered to be somewhat close to the average, or representative of routes driven by
Frito-Lay’s product delivery trucks. The test results show all three routes provided
results consistent with each other in terms of fuel efficiency and emissions. This can be
interpreted one of two ways: 1) performance of these vehicles is not sensitive to the
individual route characteristics and drive cycle (speed, stops and starts, etc), or 2) the
routes chosen were indeed very close to the average and not sufficiently different from
each other to display a difference in the results. The authors believe the latter situation
was present, as it is widely known in the industry that vehicle performance and
efficiency, especially with hybrids using regenerative braking, is very sensitive to the
drive cycle, or speed versus time trace that a vehicle undergoes in operation.

In addition, although the test results between the lab and the on-road testing were close
in general and consistent vehicle-to-vehicle, there were some significant differences
seen. The goal in designing the test program was to choose a standard drive cycle that
could be executed under the FTP that was closest to the Frito-Lay average, while
keeping in mind that there are many variables that are different between the lab and on-
road testing: measurement method (PEMS vs. lab bag samples), ambient conditions,
drive cycle, and driver behavior/technique. Considering these potential differences it is
believed the LD UDDS was the correct choice of standard drive cycle given the test
results presented here, and results likely would not have been closer by using another
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standard duty cycle in the lab. Given more time and expense to study the sensitivity of
performance to drive cycle, more on-road routes may be tested at both ends of the
expected range of average speed and stop/start frequency to evaluate the full range of
expected performance from the vehicles.

Although the PEMS data collection equipment is seen by the industry as an accepted
method of gathering on-road, real-time emissions data (and the data usually reported
as-is from the instruments), validity of the testing and data gathered here was called into
question by the team when an initial look at the fuel consumption and emissions results
showed a difference of more than 100% in fuel consumption versus both the fuel
purchase and fill-up tracking method and the SwRI lab results. When the PEMS
operating principle and emissions calculation algorithms were more fully understood to
be linked to the volumetric efficiency assumption, the only obvious link to be used as an
adjustment factor was fuel consumed and CO2 emitted per gallon of fuel burned. The
assumption is that the same bias can be applied to all other emissions data for a given
vehicle equally. A more accurate way to gather PEMS data would be to directly
measure air flow or fuel flow either from dedicated meters or from the vehicles ECU,
and use this second-by second data to calculate the exhaust dilution factor that
determines the emissions concentrations and emissions rates per mile. While this
approach is recommended for any future testing, the team believes the results here are
valid as a whole.

With the run-to-run repeatability seen within a specific route, and the consistency seen
in the results between the trucks in the study, the team believes the testing was
designed and executed to the best of human ability at the time, and should be
considered valid test results that are representative of the hybrid and conventional
commercial trucks available today.

7.1.2 Lab versus On-Road Testing
Lab testing is very expensive but the most accurate and repeatable; inherent
compromises are the selection of a drive cycle that is thought to be representative of
on-road activity, and standard lab conditions in terms of temperature and humidity which
may be rarely experienced on the road. The benefit to having lab tested vehicles on a
standard drive cycle is the ability to compare relative performance of future vehicles
under similar standard conditions.

In most of the vehicles tested, there was a consistent directional difference between the
lab and on-road testing. The amount of the difference varied by vehicle, but
presumably, vehicle performance measured on-road is more indicative how one might
actually expect the vehicles to perform in day-to-day operation. The on-road testing will
be used to form the conclusions that follow in order to reflect the expected results in a
‘real world” setting. The authors do not propose that one type of testing may be a
substitute for the other; which type of testing to perform, or both, will depend on the
objective of a given study and the resources available.
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7.2 Fuel Efficiency and Emissions

In general, the on-road testing showed higher values for CO,, CO, HC, and NOy as
compared to lab dynamometer testing. For MPG and CO, there is a statistical
difference between the two testing methods; this is not unexpected due to factors cited
earlier. The overall conclusions presented here will be drawn using the results of the
on-road testing and will not consider the dynamometer testing phases in order to reflect
the “real world” results. Table 7-1 shows a summary of the combined on-road data for
fuel efficiency and emissions for each test vehicle.

P OX |Q 0 O [g O 0
Older Baseline Diesel 11.0 4.22 0.28 2.03 897
Newer Baseline Diesel 14.7 6.05 0.57 2.36 689
Baseline Gas 8.2 0.01 0.07 0.52 964
Diesel Hybrid 13.2 7.63 0.60 2.34 706
Gas Hybrid 9.2 1.28 0.21 2.65 916

Table 7-1 Combined On-road Data for MPG and Emissions by Test Vehicle
7.2.1 Fuel Economy

Highest fuel economy in on-road testing was seen in the newer baseline diesel with
14.7 MPG, and the diesel hybrid performed best in dynamometer testing with 15.8
MPG. Overall, fuel economy was greater in dynamometer than in on-road testing with
the exception of the newer baseline diesel which exhibited slightly increased
performance in real-world conditions. The hybrids can offer improved fuel economy
versus baseline trucks in the study, depending on the basis of comparison. In general,
the gasoline hybrid did not deliver the 30-50% improved fuel economy estimated prior to
testing. The fuel economy of the gasoline hybrid was worse than all of the existing
baseline diesel trucks, and only marginally better (12.2%) than the baseline gasoline
truck, which is Frito-Lay’s current new-vehicle purchase. The diesel hybrid does offer
improved fuel efficiency versus gasoline baseline and some diesel baseline trucks, at
37.9% improvement over the current Frito-Lay gasoline powered truck and 16.7%
improvement over the older diesel. Table 7-2 is a relative comparison matrix that shows
the change expected when replacing a vehicle from the top of the matrix with a vehicle
on the left side of the matrix.
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Older Newer . .
. ) Baseline Diesel .
Baseline | Baseline . Gas Hybrid
. . Gas Hybrid
Diesel Diesel
Older Baseline Diesel -33.6% 25.5% -20.0% 16.4%
Newer Baseline Diesel 25.2% 44 2% 10.2% 37.4%
Baseline Gas -34.1% -79.3% -61.0% -12.2%
Diesel Hybrid 16.7% -11.4% 37.9% 30.3%
Gas Hybrid -19.6% -59.8% 10.9% -43.5%

Table 7-2 MPG Vehicle to Vehicle Comparison for On Road Testing

7.2.2 NOx Emissions

Lowest NOy emissions in on-road and dynamometer testing were seen in the baseline
gas vehicle. The gasoline hybrid emitted 99.2% more NOy than the baseline gasoline
vehicle. Even though engine/chassis combination used as the base for the gasoline
hybrid passed the requirements for EPA certification as a Low Emission Vehicle (LEV),
the changes made to convert it to a series hybrid are believed to have resulted in it's not
being able to perform at the same level of emissions of the baseline gas vehicle. The
team believes this was primary due to the cyclical operation of the engine in response to
the speed demands on the vehicle and state of charge on the battery. The on/off
operation does not allow the catalytic converter to reach and maintain optimum
temperature. In addition the baseline gasoline truck which is Frito-Lay’s current new-
vehicle purchase is an EPA certified LEV in the configuration tested here. The diesel
hybrid emitted 44.7% more NOy than the lowest baseline diesel. The diesel hybrid, with
it's sequential turbochargers uses high combustion chamber pressures to improve
power and fuel efficiency but results in higher NOx emissions. In addition, the diesel
hybrid’s automatic transmission creates a fluctuating load on the engine during
acceleration compared to the automatic transmissions in the baseline trucks which may
be affecting NO4 emissions levels. High engine load and lean combustion are the
primary factors for NOy formation in exhaust. With the testing executed in this studyj, it
is not possible to determine with certainty the primary contributing factor for the higher
NOy emissions for the diesel hybrid truck. The baseline diesels performed as expected
given they were produced under EPA emission standards at the time of manufacture
that allowed for higher emissions. Table 7-3 is a relative comparison matrix that shows
the change expected when replacing a vehicle from the top of the matrix with a vehicle
on the left side of the matrix. Overall, the gas versus diesel results are consistent with
expectations, as the gasoline trucks’ 3-way catalyst serves to significantly reduce
tailpipe NOx emissions compared to the diesels.

Conclusion: The team believes replacement of any baseline diesel vehicle with the gas
hybrid can reduce NOy emissions, but the best option for reducing NOy emissions to the
lowest level would be the baseline gas vehicle.
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Older Newer . .
. ) Baseline Diesel .
Baseline | Baseline . Gas Hybrid
. . Gas Hybrid

Diesel Diesel
Older Baseline Diesel -43.4% 99.8% -80.8% 69.7%
Newer Baseline Diesel 30.2% 99.8% -26.1% 78.8%
Baseline Gas -42100.0% | -60400.0% -76200.0% | -12700.0%
Diesel Hybrid 44.7% 20.7% 99.9% 83.2%
Gas Hybrid -229.7% -372.7% 99.2% -496.1%

Table 7-3 NOy Vehicle to Vehicle Comparison for On Road Testing

7.2.3 Hydrocarbon Emissions

The baseline gas vehicle produced the lowest hydrocarbon numbers of any of the
tested vehicles with 0.07 g/mi and 0.03 g/mi in on-road and dynamometer testing,
respectively. The gasoline hybrid did exhibit higher HC (66.7%) versus the gasoline
baseline truck, despite the engine-off feature when at a stop or light load. This is
presumably due to the many more times that the gasoline engine is started in response
to the speed demands on the vehicle and state of charge on the battery; each time the
engine is started, the engine controls runs the engine slightly rich to heat the catalytic
converter to operating temperature. The on/off operation does not allow the catalytic
converter to reach and maintain optimum temperature. Even though engine/chassis
combination used as the base for the gasoline hybrid passed the requirements for EPA
certification as a LEV) the changes made to convert it to a series hybrid potentially have
resulted in it not being able to perform at the same level of emissions of the baseline
gas vehicle. The baseline gasoline truck which is Frito-Lay’s current new-vehicle
purchase is certified as an EPA LEV. As expected the diesel trucks all emitted more
hydrocarbons than the gas vehicles. The hybrid diesel was higher than either of the
baseline diesels. Table 7-4 is a relative comparison matrix that shows the change
expected when replacing a vehicle from the top of the matrix with a vehicle on the left
side of the matrix.

Conclusion: The team believes replacement of any baseline diesel vehicle with the gas
hybrid can reduce hydrocarbon emissions, but the best option for reducing emissions
would be the baseline gas vehicle.
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Older
Baseline
Diesel

Older Baseline Diesel

Newer Baseline Diesel

50.9%

Newer Baseline Diesel
Baseline . Gas Hybrid
. Gas Hybrid
Diesel
-103.6% 75.0% -114.3% 25.0%
87.7% -5.3% 63.2%

Baseline Gas -300.0% -714.3% -757.1%
Diesel Hybrid 53.3% 5.0% 88.3%
Gas Hybrid -33.3% -171.4% 66.7%

-200.0%

Table 7-4 Hydrocarbon Vehicle to Vehicle Comparison for On Road Testing

7.2.4 Carbon Monoxide Emissions

Lowest carbon monoxide emissions in on-road and dynamometer testing were seen in
the baseline gas vehicle at 0.52 g/mi and 1.49 g/mi respectively. The hybrid trucks
emitted the highest levels of CO of the five trucks in the Phase 2 on-road testing. The
gas hybrid was 80.4% higher than the baseline gasoline truck, while the diesel hybrid
truck was 13.2% higher than the best performing baseline diesel. Table 7-5 is a relative
comparison matrix that shows the change expected when replacing a vehicle from the
top of the matrix with a vehicle on the left side of the matrix.

Conclusion: Carbon monoxide emissions were not reduced using the hybrid vehicles
and were actually higher than the baseline trucks.

Older Newer Baseline Diesel
Baseline | Baseline . Gas Hybrid
) . Gas Hybrid

Diesel Diesel
Older Baseline Diesel -16.3% 74.4% -15.3% -30.5%
Newer Baseline Diesel 14.0% 78.0% 0.8% -12.3%
Baseline Gas -290.4% -353.8% -350.0% -409.6%
Diesel Hybrid 13.2% -0.9% 77.8%
Gas Hybrid 23.4% 10.9% 80.4%

Table 7-5 Carbon Monoxide Vehicle to Vehicle Comparison for On Road Testing

7.2.5 Carbon Dioxide Emissions
Carbon dioxide emissions rankings were consistent with those presented for fuel
economy with the newer baseline diesel performing best in on-road testing at 689 g/mi
and the diesel hybrid performing best on the dynamometer with 632 g/mi. This is
generally as expected given the inherent efficiency difference between gasoline and
diesel engines. Carbon Dioxide is not considered as noxious as the other emissions
here that produce immediate respiratory or other acute symptoms in individuals;
however carbon dioxide is believed to be key factor in rise of global temperatures and is
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a concern when evaluating the overall emissions “cleanliness” of various vehicle
options. CO, can be estimated fairly closely for an individual vehicle or a full fleet of
vehicles by calculating the gallons of fuel burned per mile or per year and the carbon
dioxide emissions factor for a given fuel type (8.87 kg/gal for gasoline and 10.15 kg/gal
for diesel). In this case, there is clearly a large tradeoff between the gas and diesel
engines between NOy and CO,. Table 7-6 is a relative comparison matrix that shows
the change in CO, expected when replacing a vehicle from the top of the matrix with a
vehicle on the left side of the matrix.

Older Newer . .
. . Baseline Diesel .
Baseline | Baseline . Gas Hybrid
. . Gas Hybrid
Diesel Diesel
Older Baseline Diesel 23.2% -7.5% 21.3% -2.1%
Newer Baseline Diesel -30.2% -39.9% -2.5% -32.9%
Baseline Gas 7.0% 28.5% 26.8% 5.0%
Diesel Hybrid 271% 2.4% -36.5% -29.7%
Gas Hybrid 2.1% 24.8% -5.2% 22.9%

Table 7-6 Carbon Dioxide Vehicle to Vehicle Comparison for On Road Testing

7.3 Drivability Assessment

Overall, the hybrid trucks drove and rode similar to the baseline vehicles. The drivability
of the hybrids was very good overall, and showed a high degree of refinement. Only a
few minor issues were seen with each hybrid truck, and were successfully addressed
through vendor support visits. The research team believes the operational difference
noted (sounds, throttle response, acceleration, engine-off operation, driving style, etc.)
would not present a concern for drivers transitioning from a baseline vehicle to a hybrid
vehicle. The diesel hybrid with its automated manual transmission exhibited a larger
difference versus current Frito-Lay delivery trucks, which are equipped with automatic
transmissions. Additionally, the engine-off operation on the gasoline hybrid took some
getting used to by the drivers. Overall, after a short learning period, the drivers reported
acceptable drivability and quickly adapted to each vehicle’s particular driving
characteristics. In order to fully take advantage of the hybrid trucks’ regenerative
braking capability and achieve the optimum fuel efficiency, the vehicle operators would
have to be taught specific hybrid truck driving techniques.

7.4 Conclusion
7.4.1 Proposed Ranking of Vehicles Tested

A proposed method to force-rank the vehicles overall through a composite score was
developed by calculating a score for each vehicle within the range of the results for
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each constituent. This score was then multiplied by five and equally added the MPG
and NOy scores for each vehicle to provide a composite score on a zero to ten scale.
The lowest total score represents the number one ranked vehicle. Table 7-7 ranks the
vehicles by this composite score. Using the composite score, the newer baseline diesel
vehicle proved to be the overall leader in on-road testing when only MPG and NOy are
considered. Based on the results presented, electric hybrid technology does not appear
to improve NOx emissions or fuel efficiency in this type of application. The results show
there appears to be a disproportionate trade-off of fuel efficiency for NO, emissions
depending on which type of fuel is used. Because of this trade-off the reader may draw
a different conclusion with a different preference for higher efficiency or lower NOy
emissions.

- O omposite omposite
= ore g Ore Ore Ra
Newer Baseline Diesel 14.68| 0.00 |6.05| 0.79 3.98 1
Baseline Gas 8.15 | 1.00 |0.01| 0.00 5.00 2
Gas Hybrid 9.19 | 0.84 |1.28| 0.17 5.04 3
Older Baseline Diesel 11.00| 0.56 [4.22| 0.55 5.59 4
Diesel Hybrid 13.24| 0.22 (7.63| 1.00 6.11 5

Table 7-7 MPG and NOx Composite Vehicle Ranking for On Road Testing

The results lead to a different conclusion if all emission constituents are used in ranking
the vehicles. Due to the diversity in average level and range of the results, a composite
score was developed by calculating a score for each vehicle within the range of the
results for each constituent with 0 being the best and 1 being the worst. This score was
then multiplied by two and equally added for each vehicle to provide a composite score
on a one to ten scale. The lowest total score represents the number one ranked
vehicle. Table 7-8 the ranks the vehicles by this composite score. Using the composite
score, the baseline gas vehicle proved to be the overall leader in on-road testing when
considering all emissions constituents. The hybrid technology did not deliver improved
results in this application and actually ranked the two lowest of the five vehicles. Even
though the engine/chassis combination used as the base for the gasoline hybrid passed
the requirements for EPA certification as a LEV, the changes made to convert it to a
series hybrid are believed to have resulted in it's not being able to perform at the same
level of emissions of the baseline gas vehicle. The baseline gas vehicle delivered the
lowest combined emissions results shown and meets EPA LEV certification levels as-
tested. As a result it ranked best in three of the four emissions constituents. The higher
CO2 output of this vehicle was not sufficiently disproportionate to outweigh the lower
emissions in other areas.
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P O O O omposite omposite
P ore @ ore ¢ ore ¢ ore (¢ ore ore Ra
Baseline Gas 8.15 ] 1.00 | 0.01 | 0.00 |0.07| 0.00 |0.52| 0.00 | 964 | 1.00 4.00 1
Newer Baseline Diesel 14.68| 0.00 | 6.05 | 0.79 |0.57| 0.94 |2.36| 0.86 | 689 [ 0.00 5.21 2
Older Baseline Diesel 11.00| 0.56 | 4.22 | 0.55 | 0.28| 0.40 [2.03| 0.71 | 897 | 0.76 5.96 3
Gas Hybrid 9191 0.84 | 1.28 | 0.17 |0.21| 0.27 |2.65| 1.00 | 916 | 0.83 6.20 4
Diesel Hybrid 13.24| 0.22 | 7.63 | 1.00 |0.60| 1.00 |[2.34| 0.85 | 706 | 0.06 6.28 5

Table 7-8 All Constituent Composite Vehicle Ranking for On Road Testing

This ranking exercise is presented only as a guide to assess the proportionality of
tradeoffs of the various emissions components, and the potential best balance or
compromise overall between the tradeoffs in emissions. The drawback to this
methodology is that all emissions constituents are weighted equally here in terms of
harmfulness; however, it is believed that since the ranking method compares the
relative and not absolute performance of each vehicle, it is at least directionally useful.

7.4.2 Summary for Vehicles Tested Adjusted for 2007 EPA Standards

It is understood that the results and conclusions presented here are already somewhat
‘dated” and obsolete for commercially available diesel trucks in 2007 due to the
improved emissions levels of 2007 models. All of the diesel engines in the vehicles
tested are no longer commercially available as-tested here due to the 2007 changes to
the EPA emissions standards for diesel vehicles. The 2007 EPA emissions standards
have a 55% reduction (3.3 g/mi to 1.5 g/mi) in allowable NO4 emissions. Tables 7-9 and
7-10 are presented with the tested NOy value for the diesel hybrid reduced by 55% to
show the potential improvements under the 2007 EPA emissions standards. It is
assumed that a reduction in base level engine emissions will translate proportionately to
a “hybridized” diesel engine, and fuel economy, and thus CO; is not materially affected.
This vehicle is the only diesel vehicle tested here that will have the same engine that is
certified to the 2007 EPA emission standards for diesels. Gasoline emissions standards
have not changed since the inception of this study so will not be adjusted likewise.

= O omposite omposite
= ore g Ore Ore R3a
Diesel Hybrid 13.24| 0.22 |3.43| 0.57 3.95 1
Baseline Gas 8.15 | 1.00 |0.01| 0.00 5.00 2
Newer Baseline Diesel 14.68| 0.00 |6.05( 1.00 5.02 3
Gas Hybrid 9.19 | 0.84 |1.28( 0.21 5.26 4
Older Baseline Diesel 11.00| 0.56 |4.22| 0.70 6.31 5

Table 7-9 MPG and NOx Composite Vehicle Ranking for On Road Testing with NOy
Adjusted for 2007 EPA Standards
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P O O O omposite omposite
P ore @ ore ¢ ore ¢ ore (¢ ore ore Ra
Baseline Gas 8.15 ] 1.00 | 0.01 | 0.00 |0.07| 0.00 |0.52| 0.00 | 964 | 1.00 4.00 1
Diesel Hybrid 13.24| 0.22 | 3.43 | 0.57 |0.60| 1.00 |[2.34| 0.85 | 706 | 0.06 5.41 2
Newer Baseline Diesel 14.68| 0.00 | 6.05 | 1.00 |0.57| 0.94 |2.36| 0.86 | 689 [ 0.00 5.62 3
Older Baseline Diesel 11.00| 0.56 | 4.22 | 0.70 |0.28| 0.40 |2.03| 0.71 | 897 | 0.76 6.25 4
Gas Hybrid 919 ( 0.84 | 1.28 | 0.21 |0.21| 0.27 [2.65| 1.00 | 916 | 0.83 6.29 5

Table 7-10 All Constituent Composite Vehicle Ranking for On Road Testing with
NOy Adjusted for 2007 EPA Standards

As can be seen in the tables above, it is anticipated that the change in EPA emissions
standards will improve the NOy emissions performance of the diesel hybrid enough to
change the original conclusions of the study in Section 7.4.1 when only considering
MPG and NOy. Using these anticipated NOx emissions the diesel hybrid would be the
preferred vehicle. If all emissions are considered, the baseline gas vehicle would still be
preferred where NO, emissions are of concern. The diesel hybrid would still emit less
NOy than the existing baseline diesels and could be used to replace those when needed
where NO, was not a concern.

7.4.3 Summary
In summary, overall, the diesel hybrid does offer improved fuel efficiency versus certain
existing vehicles in the Frito-Lay fleet, including older diesels and new gasoline units.
While the diesel hybrid did not outperform the newer diesel baseline truck in fuel
economy, that 4-cylinder engine configuration is no longer available. The gasoline
hybrid showed marginal fuel economy benefit and much higher NOy versus the current
gasoline baseline truck, and lower fuel economy with significantly improved NOy versus
currently used diesel trucks. The diesel hybrid perhaps has an application where higher
fuel efficiency is desired and where NOy emissions are not as much of a concern. With
the potential improvements expected with the 2007 EPA emission standards the NOy
impact would be less, but still not low enough make it a good option in areas where NOy
emissions are a concern. Additionally, diesel technology comes at a substantially
increased capital cost versus gasoline due the diesel engine and emissions equipment
required. Each fleet operator will have to weigh the increased cost against fuel savings
and potential emissions reductions incentives based on their annual mileage, current
and expected fuel prices, and expected return on investment. Evaluating a 2007-model
diesel hybrid with improved NOyx emissions is a recommended area of future study to
more fully understand the current fuel efficiency and emissions picture with hybrid-
electric delivery trucks.

7.5 Projected Fuel Consumption and Emissions

Projections for emissions and fuel consumption were calculated for all test vehicles
based on an average yearly use of 15,000 miles. The purpose of these projections is to
provide a snapshot of the environmental impact of the vehicles tested in one year's
normal on-road operation and are shown in Table 7-11. Given the data presented in
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this report, projections may be made for fuel savings and emissions avoidance for any
combination of new-purchase vehicle options and existing baseline truck replacement
candidates.

Gallons Used NOy[lbs] HCJ[lbs] COJlbs] CO2 [tons]

Older Baseline Diesel 1363.6 139.6 9.3 67.1 14.8
Newer Baseline Diesel 1021.8 200.1 18.8 78.0 11.4
Baseline Gas 1840.5 04 2.2 17.2 15.9
Diesel Hybrid 1132.9 252.3 19.8 77.4 11.7
Gas Hybrid 1632.2 42.3 6.9 87.6 15.1

Table 7-11 Example: Annual Fuel Consumption and Emissions Estimates

LOPEZGARCIA GROUP
67



Collection and Evaluation of Baseline and On-Road Hybrid and Conventional

Delivery Vehicle Emission and Activity Data

Appendix A

Frito-Lay Testing Protocol

LOPEZGARCIA GROUP A1



Frito-Lay Hybrid Vehicle Testing Protocol
August 18, 2006

Frito-Lay Hybrid Vehicle Testing Protocol
August 2006

1) Abstract
2) Testing Schedule
3) Test Plan Strategy

a) Overview
b) Phase 1
c) Phase 2
d) Phase 3

4) Data Collection and Analysis

a) On-Road Testing/Data Collection

b) Data Collection Equipment
c) Data Collection Training

i) Data Collection Plan
i) Data Collection Training

iii) Analysis and Evaluations
(1) Procedures
(2) Examples

5) APPENDIX

a) Driver’s Survey/Log
b) Project Schedule

c) Data Collection Equipment

(a) Basic Description of the PEMS
(b) PEMS Features

(c) PEMS System Installation

(d) System Operation

(e) System Comparison

(F) System Recommendation



Frito-Lay Hybrid Vehicle Testing Protocol
August 18, 2006

1) Abstract

The hybrid electric drive train technology is seen as a way to significantly improve fuel
efficiency and reduce harmful vehicle exhaust emissions. While hybrid technology is in
widespread use in the automotive industry, it is still in its infancy in the commercial vehicle
industry. Frito-Lay has been selected by the Texas Commission on Environmental Quality
(TCEQ) to build and test two hybrid electric delivery vehicles in order to evaluate the fuel
efficiency and emissions benefits as well as provide a demonstration of the viability of the
technology in day-to-day commercial use. One diesel-electric and one gasoline-electric
hybrid delivery truck will be produced and tested both on the dynamometer under controlled
conditions as well as in real-world delivery operations. Results will be compared to existing
diesel trucks which are typical for the delivery operation. This project is funded by a grant
from the TCEQ under the Texas Emissions Reduction Program (TERP). A proposed testing
protocol has been developed to evaluate vehicle performance and emissions on the
conventional diesel delivery trucks and hybrid gas and diesel delivery trucks, and must be
submitted to TCEQ for approval prior to testing initiation. The test protocol will cover all
phases of testing.

The first test phase will involve vehicle emission and performance testing at the Southwest
Research Institute (SwRI) test facility in San Antonio, Texas in a laboratory environment
using the heavy duty chassis dynamometer and Federal Test Protocol (FTP). Phase 1 and
Phase 3 dynamometer testing will follow the test protocol described in SWRI Proposal EVR-
4791 “Emissions Testing of Various Delivery Vehicles’. SwRI’s test will be based on the
Federal Test Protocol (FTP) and measure exhaust emissions of PM, NOx, HC, CO and
CO2. Both SwRI’s Proposal EVR-4791 and their Test/QA Plan are attached.

The second phase of testing will involve ‘real world’ emissions and vehicle performance
monitoring in the Dallas-Ft. Worth and Houston areas in simulated Frito-Lay product
delivery operation for various fixed delivery routes. During Phase 2 testing, emission and
performance monitors installed in both the base line and hybrid vehicles will provide real
time data acquisition. The emission monitors will measure NOx concentrations and the
performance monitors will provide vehicle speed, distance and MPG. Phase 2 on-road
emission measurement will be done with a Portable On-board Emissions Measurement
System (PEMS), the Montana OEM-2100. The key objectives to the Phase 2 testing are to
collect real-world vehicle emissions and activity data on Dallas and Houston area roads
using the PEMS; to analyze characteristics of the on-road vehicle emissions and determine
the operational factors which play the largest role in fuel consumption and emissions
generation; and to determine the reduction in fuel consumption and NOx emissions between
conventional and hybrid vehicles. The Frito-Lay delivery operation has been analyzed using
GPS, and the data gathered in the analysis will be used to select the routes for the Phase 2
testing so that results representative of the Frito-Lay delivery operation are obtained.

Because of delays in the delivery of the hybrid test vehicles, the testing will be taken “offline”
from the normal delivery operation. Since a number of replications are required to achieve
statistically valid data, this approach allows for a number of replicates to be run each day,
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rather than just once, providing much more data on a daily basis. A dummy load of water or
other material will be used to simulate the starting loaded weight of the trucks, and the
ballast weight will be reduced during the course of the simulated route run. Every effort will
be made in the course of test execution and design to closely simulate the normal daily
delivery operations to ensure the data gathered is representative of actual delivery activities.

The third and final phase of testing will involve “durability” testing at the SwRI facility upon
completion of the ‘real time’ testing, which is an evaluation of emissions and fuel
consumption performance of the vehicles after mileage has accumulated on the units.

The proposed testing protocol has been reviewed with the National Renewable Energy
Lab’s Advanced Heavy Hybrid team in Golden, Colorado for input. The test protocol
described here incorporates NREL'’s experience and learnings with executing similar type
projects in other industry segments.

2) Testing Schedule

The hybrid vehicles will be delivered early in October 2006 and will be engaged in the testing
protocol shortly thereafter.

The following is a detailed project schedule for testing of the hybrid and baseline trucks as well
as the data gathering and reporting phases of the project.
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It is anticipated that the on-road testing will require 10 weeks, including 8 weeks of on-road
evaluation in the DFW area and 2 weeks on Houston, as well as some “practice” runs in both
areas. If variability in test results or technical problems dictates that more on-road testing is
required, the schedule will be adjusted accordingly. It is acknowledged that the project has a
hard deadline of May 31, 2007, after which no reimbursable expenses may be incurred.

3) Test Plan Strategy

Testing of the hybrid and baseline vehicles will be broken down into 3 phases:
Phase 1 — Initial Laboratory Evaluation
Phase 2 — On-Road Evaluation
Phase 3 — Durability Testing (Lab)

An overview of the testing and data analysis strategy is shown below:
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Drive Cycle Analysis | COMPLETE

!

Design Testing Protocol | COMPLETE

!

N Review Protocol — NREL
Hybrid Truck IN COMPLETE
Production PROGRESS Update as needed

! ‘

Delivery to FL October | Submit Protocol for approval w/TCEQ Sept 11

v
‘=| Baseline Truck testing - SwRI October

v
Hybrid Testing - SwWRI Oct/Nov

Install Emissions
Monitoring
Equipment y

On-road testing — Dallas/Ft Worth &
Houston, TX

l

Durability Testing - Hybrids
[
. v
Continue Hybrid Data Analysis Mar - April
vehicle operation l

l, Final Report May
ongoing

Since each hybrid truck is a new vehicle, it is important to ensure that each truck’s engine is
broken in prior to testing initiation. In addition to the mileage accumulated during drive train
check-out and calibration/tuning, the vehicles will be driven from their assembly point if more
miles are required. It is anticipated that both trucks will have at least 2,000 break-in miles prior
to test initiation. No time is allotted in the overall schedule for break-in mileage accumulation.

Baseline Vehicles: A key part of this test program involves comparing emissions and fuel
efficiency to existing vehicles currently being used for product delivery operations. A baseline
diesel older vehicle will be selected from good running condition candidates for retirement. It
will be 8 to 10 years old with 100,000 to 150,000 miles on it. A baseline diesel newer vehicle
will be selected from good running condition trucks. It will be 2 to 3 years old with 30,000 to
50,000 miles on it.

In order to select the delivery routes for the Phase 2 testing that would produce results
representative of the Frito-Lay delivery operation, it was apparent that data from existing Frito-
Lay delivery activities must be gathered and analyzed. Using data from GPS units installed on
existing delivery trucks, a number of different route types were analyzed for speed, distance,
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speed distribution, drive time, etc. (Drive Cycle Analysis). In addition to using this data for
selection of on-road test routes, it was very insightful and useful in understanding the delivery
system and test parameters that should be used in other phases of this study. A more detailed
explanation of the existing delivery system analysis will follow in the Phase 2 Testing section.

PHASE 1

Phase 1 will consist of running both the baseline and hybrid vehicles on the heavy-duty
chassis dynamometer at Southwest Research Institute in San Antonio. During Phase 1
testing, the baseline vehicles will be tested first, followed by the hybrids. The testing is
scheduled back-to-back to minimize lab & dynamometer setup time and expense. All
vehicles will be run through the Federal Test Protocol (FTP), which uses a standardized
time versus-speed trace that corresponds to a typical trip on the road for this type of vehicle.
Under the FTP, there are two potential time-versus-speed traces, the Heavy Duty Urban
Dynamometer Driving Schedule (HD-UDDS) and the Urban Dynamometer Driving Schedule
(UDDS).

FTP Heavy Duty Urban Dynamometer Driving Schedule (HD-UDDS):

Heavy Duty Urban Dynamometer Driving Schedule

Length 1060 seconds - Distance = 5.55 miles - dverage Speed = 1826
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FTP Urban Dynamometer Driving Schedule (UDDS):
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EPA Federal Test Procedure
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Typically, the HD-UDDS schedule is used for heavy trucks and buses in standardized
testing, and the UDDS used for passenger cars and light trucks. However, after analysis, it
was discovered that the UDDS schedule matches more closely with the average or typical
Frito-Lay delivery route in terms of average speed, trip length, speed-versus time
acceleration signature, etc. During the test program review with NREL, it was agreed that
the driving schedule more closely matched to actual operation should be used to obtain lab
results that are more indicative of real-world performance. One potential limiting factor
would be the ability of our Class 2 vehicles to follow the more aggressive time/speed trace
of the UDDS. Upon review of this question with Azure Dynamics, supplier of the gas-
electric hybrid truck for this study, Azure indicated that they have run these types and
classes of trucks on the UDDS trace with no issues.

Therefore, it is proposed that the UDDS schedule be used for the FTP dynamometer testing
at Southwest Research Institute. Southwest Research Institute has indicated that they are
capable and ready to run either of these driving schedules for Phase 1 and 3 testing.

During the FTP testing, all emissions will be measured, including CO, CO,, NOy, and PM.
In addition, fuel use will be recorded and calculated using the carbon balance method in
keeping with the FTP.

PHASE 2

Phase 2 testing, the on-road portion, is the most involved part of the hybrid vehicle
evaluation. Many factors in every day driving affect vehicle performance, efficiency, and
emissions, including weather, trip distance, traffic patterns, driver habits and behavior, and
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vehicle loading. In performing real-world testing, every attempt to isolate and/or record and
document the factors must be taken if a robust performance assessment and model is to be
constructed.

In order to obtain data that is representative of the existing operation, there are a couple of
ways to design the test regime. One is to rotate the vehicles through a wide range of typical
routes and replicate each as needed to get the needed data. This way, varied routes of
short and long distance are used, highway versus urban drive cycles, many operators, etc.
are included in the analysis, and an average taken across the full operation for expected
efficiency and emissions reduction. Designing a test such as this would require upwards of
six months of on-road testing and dedication of resources that this evaluation project will not
support time- and budget-wise.

The other approach is to examine the existing operations and determine several routes that
would provide representative or average results of the whole system as in the first
approach. This method was used for the analysis here. Data from existing delivery trucks
with GPS units was analyzed to determine the average and range of several key factors in
selecting which routes to use for testing. The GPS units provide a position versus time
trace that can be resolved into speed versus distance or speed versus time and analyzed
for a number of metrics for comparison.

Below is an example of some of the speed/time trace data obtained from existing
operations:

Drive Cycle R21095
speed vs. cum. Drive time

Drive Cycle R60957 Bin Trad
Spoeed vs. Qunulative Drive time

Drive Grle R&463 Drive Cycle R95465

Speed vs. Qumullative Drive time = Speed vs. Cumulative Drive time

i' | |‘ i" IM

Statistical analysis was performed on the speed/time data to provide average drive distance
per day, average speed, distance per day, and a breakdown of amount of time and distance
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spend in several speed ranges. Speed ranged chosen were <10mph for “parking lot”
operation, <30 mph for city/urban driving, 30-45 mph to represent suburban driving, and 745
mph for highway driving. The <30 mph selection is inclusive of the <10 mph driving.

The following is an example of the data analyzed for one vehicle running a “DC Pre-Pick:
type route over a 15 day period.

Drive Cycle Analysis R99221 DC Pre-Pick
TIME, Min. DISTANCE, mi.

Parking Lot, <10mph 310.9 20.5% 9.8 1.2%
City, <30mph 537.93 35.5% 49.0 6.3%
Suburban, 30 - 45mph 570.37 37.7% 336.8 43.0%
Highway, >45 mph 405.38 26.8% 397.76 50.8%
Total Drive 1513.68 100.0% 783.6 100.0%
AVG SPEED: 31.06 mph
AVG Distance per day: 52.24 miles
Days in cycle 15 days

The DC Pre-Pick route type is the majority of Frito-Lay’s delivery routes in large
metropolitan areas and the vast majority of overall routes in the delivery system. Since the
DC Pre-Pick routes are also in the DFW, Houston, and other metro areas, the drive cycles
for these routes will more stop-and-go, thus offering the potential gains found with the hybrid
drive trains and regenerative braking. For these reasons, the DC Pre-Pick route type will
be basis for drive cycle analysis and the on-road hybrid testing in Phase 2.

Compiling drive cycle data line that in the table above for a number of trucks, we can get an
overall look at the metro delivery operation and begin to establish metrics by which routes
for the Phase 2 testing will be selected.
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Frito-Lay Drive Cycle Analysis Summary

DC Pre-Pick
Min Avg Max Std

Speed mph 13.4 21.1 34.6 6.6

Daily Drive Distance miles 8.3 26.8 52.6 15.4

Drive Time per Day min 37.3 72.2 122.0 25.0

Crawling (<10 mph) % 19.8% 31.4% 38.5% 6.6%
TIME |City (0-30 mph) % 32.6% 53.3% 66.0% 11.4%
BASIS|suburban (30-45 mph) % 22.1% 35.8% 42.4% 5.4%

Highway (>45 mph) % 0.0% 12.7% 45.3% 13.9%

Parking Lot (<10 mph) % 0.9% 4.8% 38.1% 11.1%
MILES|City (0-30 mph) % 4.7% 15.9% 45.6% 11.7%
BASIS|suburban (30-45 mph) % 20.0% 60.2% 78.2% 17.9%

Highway (>45 mph) % 0.0% 24.0% 75.3% 24.6%

Total Route days 149

Total Miles 3994

# of trucks in sample 11

Analysis of the data was insightful in a number of ways. First, the average speeds were
much lower than would have been estimated without data; secondly a significant amount of
drive time is spent at very low speed operation (<10 mph) negotiating loading docks,
parking lots, etc.; and thirdly that the normal delivery operation yields very wide ranges in
every parameter. A further variability analysis shows that the vast majority of variability is
between individual routes:

Source of Variance
Std Dev | Route-Route | Day-Day %
DC Pre-Pick, Miles based Var(rr) - Var(d-d) - Varto) "o | o of Total | of Total
Avg Speed, mph, DC Pre-Pick 44.07 0.00 44.07 6.64 95.14% 4.86%
Distance, mi, DC Pre-Pick 238.24 0.00 238.24 15.44 94.29% 5.71%
<10 mph, DC Pre-Pick 1.22% 0.00% 0.01 0.11 67.37% 32.63%
<30 mph, DC Pre-Pick 1.38% 0.00% 0.01 0.12 76.56% 23.44%
30-45 mph, DC Pre-Pick 3.20% 0.00% 0.03 0.18 82.66% 17.34%
>45 mph, DC Pre-Pick 6.08% 0.00% 0.06 0.25 98.63% 1.37%

Randomly selecting routes would require that a large number of them be evaluated in the
course of testing to ensure that results would on average represent the whole operation.
Also, the variability analysis shows that route speed/time/distance traces are very
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repeatable, thus reducing the number of replications required to arrive at statistical
significance.

From this data, routes with speed and distance parameters close to the average can be
selected for the testing in Phase 2. The process for identifying exactly which routes these
are and establishing communication with the drivers and supervisors is currently underway.
As an ongoing activity once the testing for immediate project is complete, the hybrid
vehicles will be tested on other routes at the extremes of drive time/distance and speed.

Because of delays in the delivery of the hybrid test vehicles, the testing will be taken “offline’
from the normal delivery operation. Since the end date of the project is fixed, the
compressible portion of the schedule has been the on-road testing phase. The original
schedule allowed for up to 24 weeks of on-road delivery testing; that window is now at 12
weeks. Given that a number of replications are required to achieve statistically valid data,
an offline testing approach allows for a number of replicates (estimated up to 4) to be run
each day, rather than just once, providing much more data on a daily basis. A dummy load
of water or other material will be used to simulate the starting loaded weight of the trucks,
and the ballast weight will be reduced during the course of the simulated route run. Every
effort will be made in the course of test execution and design to closely simulate the normal
daily delivery operations to ensure the data gathered is representative of actual delivery
activities. Another benefit to the offline approach is that the test will have drivers dedicated
to the testing only, so more data collection and attention to the test can be reasonably
asked of them without interruption to the normal business activities of Frito-Lay.

The on-road test design is shown below. The design rotates both the baseline and the
hybrid trucks through several routes, and provides for 15 replications per route. Initially, it
was believed that 5-10 replications would provide sufficient data to arrive at statistical
confidence, but based on NREL's input, this was increased to 15 replicates. In NREL’s
experience, emission testing using the portable testing equipment is somewhat noisy and
difficult to achieve repeatability. Since the project budget allows for lease of only 2 PEMS,
the monitoring equipment will have to be alternated between the baseline and the hybrid
vehicles during on-road testing.
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Frito-Lay Hybrid Vehicle Testing Schedule
15 Run Dallas / 5 Run Houston
It is anticipated that testing will occur over a four-month period with the allowance for a fifth month if additional data is required.
The testing plan will involve collecting data for fifteen runs per vehicle on two different routes in Dallas and five runs per vehicle
on two different routes in Houston using two emission-monitoring units. The data will be reviewed; the statistically acceptable
runs for each vehicle and route will be used for analysis and write up.
Dallas Route RA Vehicle 1 (V1) diesel - older Test Equipment - CAT1
Dallas Route RB Vehicle 2 V2) gas - hybrid Test Equipment - CAT2
Houston Route RC Vehicle 3 (V3) diesel - newer Test Equipment - CAT1
Houston Route RD Vehicle 4 (V4) diesel - hybrid Test Equipment - CAT2
Dallas Houston
RA RB RC RD

1 Vi1 V2

2 VA1 V2

3 V1 V2

4 V2 V1

5 V2 V1

6 V2 V1

7 V3 V4

8 V3 V4

9 V3 V4

10 V4 V3

11 V4 V3

12 V4 V3

13 V1 V2

14 V2 \Al

15 V3 V4

16 V4 V3

17 optional

18 optional

19 optional

20 optional

Testing | Phase 3 will be identical to that in Phase 1 of the project. The intention of this
“durability” testing is to evaluate the performance of the hybrid trucks after normal mileage
has accumulated through the delivery operation, to identify if a degradation in performance
has occurred over time. The same FTP UDDS driving schedule used in Phase 1 will be
repeated for both the diesel-electric and the gas-electric hybrid trucks. The baseline trucks
will not be tested since they will already have significant mileage, and performance is
expected to be relatively stable at his point in their life cycle.
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4) Data Collection and Analysis

Phase 1 and Phase 3 data will be collected by SwRI. Phase 2 road test data will be collected
by the LGGROUP/Frito-Lay field team. Data from all three phases of testing will be evaluated
and the results provided in a final written report.

a)On-Road Emission Data Collection

Phase 2 data will be collected in the following manner:

The drivers’ log and questionnaire will be used when determining why various runs showed
anomalous data. Driver’s logs will also be used to understand driveability and other aspects
of the hybrid vehicles that are not measured by the performance monitor, as well as log any
problems encountered with the vehicles. An example of the Driver’s Survey which will be
used can be found in the Appendix.

GPS data will be collected simultaneously along with the emission data.

All the collected data will be stored in text format (GPS data will be in the .gps format, which
can be used as text files.) On test vehicles that have an onboard powertrain control
module (PCM), the vehicle speed and distance will be obtained from the PCM. For vehicles
that do not have a PCM, GPS data will be used to obtain the vehicle speed and distance.

It is planned that after vehicle setup and equipment calibration, a trained individual will
check each run daily. If possible, the test equipment will be connected to wireless
communications equipment allowing remote monitoring and downloading of data. = The
automated wireless transmission method is preferred by the project team due to data
accuracy and to minimize project execution logistics with gathering the road testing data in
the field.

The following table contains a summary of data to be collected and the proposed method of
collection.

13



Frito-Lay Hybrid Vehicle Testing Protocol
August 18, 2006

Hybrid Delivery Truck Data Collection Summary - On-Road Testing

Unit of Primary Secondary Notes
Parameter Measure Method Method
. . miles GPS ECM/ GPS most accurate
Distance driven odometer
Fuel Consumed gallons fuel card ECM Cross check methods for accuracy; use most accurate
Drive Time hrs:min PEMS GPS Cross check methods for accuracy; use most accurate
degF weather data On-line weather data source: NOAA website or equivalent
Temperature
- % weather data On-line weather data source: NOAA website or equivalent
Humidity
Only for International/Eaton unit; Azure will feature engine-
ECM - off operation with no idle except as needed for initial
Idle time battery/ultracap charge at startup.
NOx ppm PEMS -- calibrated against SWRI lab results
CO % PEMS -- "
CO2 % PEMS -- "
PM ppm PEMS - "
HC ppm PEMS -- "
miles per calculated value from fuel consumed & miles driven
MPG gallon
miles per calculated value from miles driven & drive time
Avg Speed hour

The data will be processed in Excel. Emissions for the test vehicles will be summarized
based on different test conditions. The spatial and temporal distributions of both vehicle
speed and emissions will be plotted, and the relationships between the fuel consumption
and emissions and model variables (speed, acceleration, and engine RPM (may not be
engine RPM, engine load might be a better independent variable — we can discuss) ) will
be drawn. The measured emissions will be compared with SWRI dynamometer results.
Test conditions, emission factors, and vehicle types will be sorted and evaluated; significant
differences will be noted. A user-friendly Excel based utility for the fast processing of
collected data for both general purpose and for specific utilization will be developed.

b)Data Collection Equipment

The PEMS was selected based on features such as data type gathered, data accuracy
level, equipment reliability, available training, ease of use and total cost for the testing cycle.
The equipment manuals will be closely followed for installation on the vehicles. This
chapter introduces the basic features of this equipment. With two systems available on the
market for use in this type of testing, the project team evaluated each unit to provide the
required data at the best overall value to the project, Frito-Lay and TCEQ.
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Initially, the alternative of using SEMTECH-D equipment on a rental basis was looked at.
The SEMTECH-D device developed by Sensors, Inc. is capable of measuring the second-
by-second fuel consumption and emissions of NO, NO,, THC, CO, and CO,. It also can
provide GPS information. An add-on device would be needed to track PM for diesel
vehicles.

Clean Air Technologies of Buffalo, NY provides the Montana System. It is capable of
measuring second-by-second fuel consumption and emissions of HC, CO, CO,, NOx
and PM readings for diesel and gasoline vehicles.

As a minimum, for road testing, the emission monitor has to monitor NOx concentrations
along with monitoring vehicle speed, distance, and MPG as outlined in the original project
proposal to TCEQ.

Cost proposals were received for both types of equipment. The decision was made to use
the Montana system considering cost, equipment support and training, reliability and ease
of use.

Detailed descriptions of the portable emissions units may be found in the Appendix.

c)Data Collection Training

Since the PEMS is a very sensitive scientific device, the research team will be
trained by CATI. The training will be done in San Antonio at SwRI.

Training courses include:

(1) the theories of measuring vehicle exhausted flow;

(2) the operational mechanisms of PEMS;

(3) the maintenance of the equipment;

(4) the design of field test;

(5) the way to process collected data;

(6) the experiences on testing idling emissions;

(7) the coordination of GPS system; and

(8) the processing of some basic hardware problems when testing.

Both hybrid trucks will be have the Montana system mounted on them during Phase |
dynamometer testing. The researchers will practice all steps on how to place the equipment
in vehicle, how to connect all the cables, how to operate the system, and how to read and
manage the on-screen data when testing.

After testing, the researchers will learn how to retrieve the generated second-by-second

emission data and to process the data. During the first training session, the researchers will
get to know the basic principles and how to manage the equipment.
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The training techniques, during this session, include how to handle the problem when the
engine information can not be uploaded; what countermeasures are needed if there was a
warning saying “the system is overheated;” how to transfer the data if the system was shut
down improperly; etc.

d)Analysis and Evaluations

This section deals with the analysis and evaluation of the collected emission data. The data
processing procedures will be provided first. Then, measured emissions for trucks will be
summarized based on different test conditions.

The temporal and spatial distributions of emissions will be analyzed. After that, the relations
between emissions and model variables (speed, accelerations, RPM, etc.) will be
presented.

A 95% confidence interval is desired - this will depend on the variability of the data, and
may drive test length/duration and number of replications. The mean and standard
deviation will be calculated by vehicle for fuel economy and emissions. The sample size will
then be used together with the standard deviation to identify runs within the 95% confidence
interval.

Only complete runs will be considered for data analysis. It is planned to have fifteen runs
per vehicle and route combination in Dallas. Five runs per vehicle and route combination
will subsequently be made in Houston. Obvious data problems will be discarded.

(i) Procedures on Data Analysis and Evaluations

On-board monitor data and driver’s surveys collected from the test vehicles will be
submitted to LGGROUP for review and compilation. Test data from each of the test vehicles
will be reviewed and compared for percent emission reduction and fuel efficiency.

The generated emission data and GPS data will be second-by-second data. After the initial
tests in the Fall of 2006, the procedures for data analysis and evaluations will be further
improved for analyzing the collected data.

The following is the general description of the data processing procedure.

Step 1. Controlling data quality

Data quality control includes interpreting and eliminating errors and missing data. For
example, for some reasons, the vehicle speed increased 200 mi/hr in one second, which is
obviously impossible. This kind of speed would be smoothed by the speed before and after
that particular temporal point.
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Step 2. Summarizing data for each run

Summarized data analysis includes the summary of the total / average emissions for each
run in terms of mileage and/or time spent. This will provide the comparable emissions for
different tests and for different runs. The summarized results could also be used for the
comparisons with other model estimates. This step will be repeated for each of the runs.

Step 3. Plotting speed diagrams

The temporal and spatial speed diagrams for each test are plotted. The temporal speed
diagrams will come from either the emission data base or the GPS data base. However, the
spatial speed diagram will employ the longitude and latitude coordinates from the GPS data
base. If the speed data in the GPS file is of good quality, all the speed diagrams will be
plotted by using GPS data.

Step 4. Plotting temporal and spatial distribution of emissions and fuel consumptions

Temporal distribution of emissions and fuel consumption will be conducted by analyzing the
emission database in comparison to the vehicle PEMS data and to GPS system derived
data. The PEMS provides second-by-second information on emissions, fuel consumptions,
vehicle speed, engine RPM, engine temperature, and throttle position data that is measured
directly using sensors. For engines with a supported Engine Control Module (ECM) and
diagnostic port, engine and vehicle data will be acquired through this interface. The GPS
data will provide exact time, speed, and position data independent of the vehicle drivetrain
Sensors.

Since emission data and GPS data came from two different sources, time is the only factor
that can connect them together. However, due to the different settings, the time line on
emission data base may not be matched with the GPS time. Time alignment is very
important. After correctly synchronizing the time, the spatial analysis could be conducted.
The emissions that will be taken into account in the data analysis are HC, CO, COz2, NOXx,
and PM.

Step 5. Plotting the relationships between emissions / fuel and Model Variables
(Speed and Time)

Since both the emissions and the model variables will be generated with time, it is natural to
observe their relationships by plotting their temporal distributions in one figure. For example,
if the relationships between NOx and speed are compared, the temporal distributions of
both NOx and speed can appear in a single figure.

Step 6. Comparing the measured emissions with the calculated emissions.

Phase 1 and Phase 3 laboratory dynamometer emissions results will give input for what the
calculated emissions should be. This will be compared graphically and mathematically to
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the road emissions results by vehicle type and route. This will help verify the total emission
and fuel reductions under various road conditions.

1.Phase 1 — Baseline FTP

The analysis in this phase will interpret the laboratory dynamometer test results. This will
give the expected values for emissions parameters of CO, CO2, HC, NOx and PM. Fuel
economy will also be obtained. A statistical check will be made to verify test results for each
vehicle.

2.Phase 2 — Road Test

The analysis in this phase will interpret the road test results. This will give the values for
emissions parameters of NOx and PM. Fuel economy will also be obtained. A statistical
check will be made to verify test results for each vehicle. These results will be compared to
the Phase 1 and Phase 3 laboratory results.

3.Phase 3 — Durability Test FTP

The analysis in this phase will interpret the laboratory dynamometer test results for
durability. This will give the expected values for emissions parameters of CO, CO2, HC,
NOx and PM. Fuel economy will also be obtained. A statistical check will be made to verify
test results for each vehicle.

Expected Results (Emissions and Fuel Economy)

improved
vehicle fuel decreased decreased decreased Decreased
weight economy Nox HC CcoO CO2
6500 25.90% 50.00% 14.70% 17.10% 20.10%
9900 35.20% 78.90% 37.80% N/A 25.90%

(b) Example charts & data report

Example charts (There will be similar graphs for each drive cycle in Dallas and Houston):
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Fuel Consumption for Trucks
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The following examples are from the HARC 2004 road test study. The bar graphs have categories
for arterial, freeway, feeder and intersection vehicle emissions. It is planned to show similar data for
both the base line diesel vehicles and hybrid versions of gas and diesel fuel vehicles. The Frito-Lay
road test will have two routes for Dallas and two routes for Houston.
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APPENDIX
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Driver’s Survey

Truck #
Daily Data Driver Rating O=poor, 10=excellent
Route Type of driving Weather Power/ Overall
Driver Name Date Route # Odometer Fuel Purchased | (hwy/suburban/ |(rain/dry/cloudy/h Noise . Braking Ease of
Type . B ) Acceleration -
city, mix) umid/hot etc) Driving

NOTES OR COMMENTS:
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Basic Description of the PEMS

The PEMS is designed to measure vehicle mass exhaust emissions under

actual on-road driving conditions using vehicle and engine operating data and
concentrations of pollutants in exhaust gas sampled from the tailpipe. It typically is installed
in the passenger seat or on the vehicle floor, and provides second-by-second information
on emissions, fuel consumption, vehicle speed, engine RPM, temperature, throttle position
and other engine parameter data can be measured directly using an array of analytical
sensors. For vehicles with a supported engine computer diagnostic port, engine and vehicle
data is acquired using this interface. For in-vehicle installation, exhaust sample lines can be
routed through a window and secured to the exhaust system using hose clamps. The
diagnostic port interface cable is routed to the unit from the port connector.

For sensor array installations, sensors are installed on the applicable engine systems and
are then routed to the PEMS. Power is drawn from a cigarette lighter outlet or from a cable
clamped directly onto the battery. The unit will be securely mounted in the vehicle for the
duration of the on-road testing.

Undiluted exhaust gas is sampled from the tailpipe using repair-grade probes and 20-foot
(7-meter) sample lines. The concentrations of NOx, in the exhaust gas are determined by a
functional equivalent of a repair-grade gas analyzer subsystem. At the same time, vehicle
speed, engine RPM, intake air mass flow, coolant temperature, and other engine operating
parameters are collected using an on-board diagnostics connector or sensor array system.
From the intake air mass flow, known composition of intake air, measured composition of
exhaust, and user-supplied composition of fuel, a second by second exhaust mass flow is
calculated. Multiplying the exhaust mass flow by the concentrations of different pollutants
yields grams per second emission data.

Clean Air Technology PEMS Features

The Montana OEM-2100 has the following
features:

e weightis less than 38 Ibs.

e power requirements are 12-14 V DC (12 V nominal) and 4-6 amperes from the
vehicle electrical system (110V AC adapter included).

e automatic battery backup.

e data capture rate is 1 Hz.
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sample flow is 6 liters/minute nominal for each gas analyzer, 3.8 — 4.0 I/min through
PM detector.

equipment outputs second by second data with 12-second delay.

OBD data rate is 0.6 — 3.5 seconds/frame, depending on the vehicle.

system computer is an industrial computer with the data interface of IDE compact
flash memory, and the user interface is designed as the touch-screen or
keyboard/keypad.

All software are included in the computer.

Real-time text information is displayed and the ASCII comma-delimited text file will
be generated for the analysis.

measured parameters include time, vehicle speed, acceleration, engine RPM,
engine coolant temperature, engine load, throttle position, intake air mass flow,
exhaust mass flow, fuel consumption, grams per second emissions of NOx and PM.
operating temperature and humidity are 25-100 Degree F, 0-90% RH, non-
condensing (for ambient conditions); and 40-95 Degree F, 0-90% RH, non-
condensing (at instrument location).

typical installation time is 10 to 20 minutes. The warm-up time of the equipment is
limited by the gas analyzer warm-up time. The unit can be moved and installed while
running.

15 minutes warming-up time are needed for gaseous emissions only and 30 minutes
for PM measurements. However, 60 minutes are recommended for optimal
accuracy.

several optional equipment including the Global Positioning System (GPS), the pre-
catalyst sampler (requires drilling a hole into exhaust), the heated-sample line, the
heavy-duty engine scanner, and the universal sensor array.

Montana System Specifications for analyzers, gas benches, and sample lines:

Gas

HC

HC

Propane

CcO

Measurement Accuracy Repeatability Noise (rms) Resolution
Range
0 - 2000 ppm 14 ppm abs. or +3 ppm abs. or #2% |2 ppm abs. or 0.8% rel. |1 ppm
3% rel. rel.
n-Hexane 2001 - 1500 ppm
5% rel. 3% rel.
15001 - 30000
ppm +8% rel. +4% rel.
0 - 4000 ppm +8 ppm abs. or 16 ppm abs. or +2% |4 ppm abs. or 0.8% rel. |1 ppm
+3% rel. rel.
4001 - 30000 ppm
+5% rel. +3% rel.
30001 - 60000
ppm 8% rel. 4% rel.
0.00 - 10.00% 10.02% abs. or 1+0.02 abs. or +2% rel. | 0.01% abs. or 0.8% rel. | 0.001 vol. %
3% rel.
10.01 - 15.00% +3% rel.

+5% rel.
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CO2 0.00 - 16.00% +0.3% abs. or £3% | +0.1%abs. or +2% rel. |0.1% abs. or 0.8% rel. |0.01 vol. %
rel.
16.01 - 20.00% +3% rel.
+5% rel.
NOXx 0-4000 ppm 125 ppm abs. or +20 ppm abs. or £3% | 10 ppm abs. or 1% rel. |1 ppm
+4% rel. rel.
4001-5000ppm
+5% rel. +4% rel.
02 0.00- 25.00% +0.1% abs. or +3% |+0.1% abs. or +3% 0.1% abs. or 1.5% rel. |0.01 vol. %
rel. rel.

The system is typically calibrated using a locally obtained “smog check” calibration gas mix
(propane, CO, CO2, NO). Data from several laboratories using various vehicles and fuels
shows that when the Montana System is operated simultaneously with the laboratory
system, the difference is typically less than 10% for aggregate mass NOx and CO2 . The
accuracy of HC and CO measurements depends on the fuel used and on the emission
levels. The accuracy of PM measurement has not been quantified at this point. Data from
the EPA Laboratory in Ann Arbor, Michigan also shows that the difference between the
portable system and two laboratory systems (model and bag sampling) was comparable to
the differences between the two laboratory systems.

The Montana system was used successfully for a Houston Advanced Research Center
study ‘Collection and Evaluation of On-Road Vehicle Emission and Activity Data, April 2004’
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(c) PEMS System Installation

Installation of PEMS included five typical steps.

(1) the warm up procedure

(2) safe and convenient placement of the system;

(3) establishing an appropriate source of power;

(4) routing exhaust sample lines for gas and particulate matter (PM) concentration
measurements; and

(5) obtaining engine data for emissions flow calculation.

The PEMS equipment will be warmed up according to manufacturer’'s recommendations
before vehicle is started. Data will be collected during entire vehicle run period. If
necessary, an external battery booster power supply will be used to ensure sufficient power
to start the vehicle.

The exhaust gas and particulate concentrations are reported by their respective analyzers.
The exhaust flow is calculated by using the instantaneous engine speed, intake air
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temperature, and intake air pressure, combined with known parameters of the engine such
as displacement. This calculation is proprietary, but generally involves a mass balance
equation, whereby the matter coming into the engine must equal that matter coming out of
the engine. The system computer uses these engine parameters to calculate instantaneous
emissions.

The PEMS has two basic ways of obtaining engine data for the flow calculation —

either by obtaining the data from the vehicle engine computer or by sensing the data
directly. When testing vehicles with an engine control unit (ECU) with an available
diagnostic port, the system can be equipped with an ECU scanner that will communicate
with the ECU and obtain any needed engine parameters. The two most common engine
scanners that can be incorporated into the PEMS are a heavy duty engine scanner, and a
light-duty engine scanner. Engine scanners supplied with the PEMS include software that
allows them to communicate with most U.S vehicles.

The second method that the PEMS can obtain engine data is by sensing the engine
parameters directly. This method involves attaching several analog sensors to the engine
itself, and is termed a sensor array installation. This type of installation is slower than an
ECU scanner installation, but it allows for installation on nearly any internal combustion
engine, regardless of whether the vehicle is electronically controlled or mechanically
controlled. A sensor array installation will only be used when the vehicle does not have an
ECU.

The system will be installed in the cargo bay of the delivery truck, or in any other safe and
convenient location in the vehicle.

(d) System Operation

To be obtained from the PEMS equipment manual.

(e) System Comparison

Capability Semtech-D Montana OEM-2100
Measure Nox +/- 3% 0-500 PPM +/- 4% 0-4000 PPM
Provide GPS data Yes Yes

Provde MPG, speed Yes Yes

Rental cost for two $32,000 +/mo. $25,000/mo

Ease of use Difficult Good

Ease of installation Difficult Good

Wireless capable Yes Yes

Training Support Yes Yes

Service Technician Extra $$$$ Included as needed
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(f) System Recommendation

It was recommended that the Montana OEM-2100 system be used for the road testing
portion of this project. It will do the job and provides the best value. Input was received
from NREL during a visit there on 3/27/06. It was subsequently decided to use the Montana
OEM-2100 system. A contract agreement has been reached with Clean Air Technologies
to rent the equipment and provide training and product support.
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December 6, 2005

Mr. Joe Gold

Rolling Frito-Lay Sales, LP
7701 Legacy Dr.

Plano, TX 75024

SUBJECT: SwRI Proposal No. 44847A, titled “Emissions Testing of Various Delivery
Trucks”

Dear Mr. Gold:

This proposal was prepared in response to a request from Joe Gold from Rolling
Frito-Lay Sales, LP to test two conventional delivery trucks (Truck 1 and 2) and two
different hybrid-electric drive trucks (Truck 3 and 4). In Part |, all four trucks will be
tested on the same heavy-duty chassis dynamometer and the trucks will be released for
mileage accumulation. After completing mileage accumulation, the trucks will be tested
again under Part 2. Exhaust emissions of PM, NO,, HC, CO, and CO; will be measured
and the emission levels of the hybrid trucks will be compared to those of the
conventional trucks. Fuel economy will be calculated for each test using the carbon
balance method. All emission measurements and calculations will be performed
according to the EPA’s Federal Code of Regulations, Part 86, Subpart N. Energy
balance corrections will be performed for the hybrid vehicles per SAE Recommended
Practice J2711 for heavy-duty, hybrid-drive vehicles.

1.0 STATEMENT OF WORK

The purpose of this work is to determine the effect of each type hybrid drive
system on emissions in comparison to traditional trucks. SwRI will conduct five hot-start
emission tests on each of four trucks over the same drive cycle, and the average value
for each emission will be used to compare the relative emission levels of the trucks.
The test plan for this work is outlined in Table 1. Rolling Frito-Lay Sales, LP will provide
the test weights to be used by SwRI. It is recommended that to conduct a fair
comparison, the test weight should be calculated using the sum of each truck's empty
weight and one-half of the net cargo weight capacity. It is understood that Rolling Frito-
Lay Sales, LP will either provide coastdown data to determine road load or SwRI will
calculate the road load from the frontal area of the truck and the test weight, using
EPA’s recommended procedure for heavy-duty chassis testing.

HOUSTON, TEXAS (713)977-1377 e WASHINGTON, DC (301) 881-0226
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TABLE 1. TEST PLAN FOR CHASSIS TESTING
Step Description

1 | Install baseline truck, Truck 1, and isolate fuel system, conduct coastdowns.

2 | Conduct two prep runs.

3 Perform five hot-start tests for HC, CO, NO,, PM, and CO,.

4 | Remove Truck 1 from dynamometer.

5 | Install second baseline truck, Truck 2, and isolate fuel system, conduct coastdowns.

6 | Conduct two prep runs.

7 Perform five hot-start tests for HC, CO, NO,, PM, and CO..

8 | Remove Truck 2 from dynamometer.

9 Install the first hybrid-electric drive truck, Truck 3, isolate fuel system, conduct
coastdowns.

10 | Set-up to record battery State of Charge (SOC) for SAE J2711 NEC correction.

11 | Conduct two prep runs.

12 | Perform five hot-start tests.

13 | Remove Truck 3 from dynamometer.

14 [ Repeat Steps 9 through 13 for Truck 4.

15 After completing Part 1, release the trucks for durability operation and prepare a brief
interim report.

16 | After completing durability, repeat Step 1 through 14 for Part 2.

17 Assuming that test work is complete, release vehicles, finalize data, and prepare a final
report.

The test cycle used for this work will be agreed upon by Rolling Frito-Lay Sales,
LP and SwRI. Customer may substitute a drive cycle based on analysis of current
typical delivery use. It is acknowledged that the substituted drive cycle should be
representative of actual driving conditions seen in the Frito-Lay delivery system for this
class and type of truck. It is assumed that the selected test cycle duration will not
exceed 35 minutes.

It is assumed that the hybrid trucks will have a means to record the energy stored
in the battery pack or hydraulic accumulator that is either displayed visually or can be
measured with standard data acquisition equipment. If this is not the case, SwRI will
work with Rolling Frito-Lay Sales, LP to determine a method to acquire this data
according to the contingencies described below.

Prior to removing each truck from the dynamometer, the test results will be

reviewed to ensure that the data acquired is complete and reasonable. Chassis test
results will be reported in terms of g/mi for the truck over the selected test cycle.
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After the initial round of emission testing is completed under Part 1, the trucks will
be driven in the field by representatives of Rolling Frito-Lay Sales, LP to accumulate a
specified amount of miles to examine the durability of each system. After mileage
accumulation, all four trucks will be re-tested according to the test plan in Table 1, to
quantify any deterioration in performance of each vehicle under Part 2.

2.0 REPORTING, SCHEDULING, AND PRICE

At the completion of this project, SwRI will provide a summary of the emissions
and fuel economy results to the Rolling Frito-Lay Sales, LP.

An interim report will be provided after
Part 1 of testing. SwRI will supply a test fuel, meeting EPA specifications for emission
certification purposes.

3.0 CONTINGENCIES

Recognizing that problems may develop, the following prices are quoted for
deviations from the proposed test plan caused by truck malfunctions or inability of the
truck to perform the requested plan on a reasonable schedule. For chassis emissions
operations, unscheduled downtime or waiting time for truck-related problems or client-
initiated delays in excess of one working day is $880 per 8-hour operating day. Waiting
time with no activity on the part of SWRI personnel can be maintained for no more than
two working days per occurrence before reaching a decision on removing the truck from
the test program or proceeding with diagnostic or maintenance activity. After the first
two days of waiting, additional waiting time increases to $3,300 per day.

If problems require SwRI assistance in diagnosis or correction, such as
performing electrical or mechanical checkout procedures, or emissions “prep” runs,
such “developmental assistance” can be provided at the rate of $2,400 per 8-hour
operating day. Developmental assistance with informal emissions measurements can
be provided at a rate of $3,800 per 8-hour operating day. SwRI will accept direction for
additional efforts from the client's on-site representative (if any), by e-mail, fax, or
telephone with written follow-up. Such direction will form the basis for additional charges
for the requested efforts.

No attempt is being made here to anticipate all possible situations, but the
contingencies given should handle a number of possible problems. Situations not
covered can be negotiated with the client's authorized representative. |If additional test
work, beyond that proposed herein, is to be added, SwRI will attempt to perform the
additional test work as a continuation of the proposed work. However, if performance of
the additional test work substantially increases the originally proposed time to complete
the technical effort, SwRI reserves the right to reschedule the additional test work in
cooperation with the client.
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4.0 SUMMARY

We hope this proposal meets the needs of Rolling Frito-Lay Sales, LP in planning
for this work. If you have any questions, please contact Joe Anthony at (210) 522-3191
regarding technical matters, or Barb Clark at (210 ) 522-6094 regarding contractual
or financial matters. We appreciate the opportunity to prepare this preproposal and we
look forward to meeting your research needs.

Prepared by: Reviewed by:
Joseph W. Anthony n{y. Sarlashkar ————
£ Senior Research Engineer Manager
Department of Engine and Department of Engine and
Emissions Research Emissions Research

Approved hy:

Director of Research
Department of Engine and Emissions Research

Proposal 03-44847A
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Rolling Frito-Lay Sales, LP Application 2005-1-018N

GRANT ACTIVITIES

Article 1. Objectives

11

The objective of this work is to:

1.1.1. Conduct emissions and fuel efficiency testing to determine the most cost effective solution to deliver a
significant reduction in emissions on two (2) different hybrid drivetrains.

1.1.1.1. Hybrid Electric Gas drivetrain
1.1.1.2. Hybrid Electric Diesel drivetrain
1.1.2. Trucks will be tested on a fixed route as well as a variety of actual routes delivering products to market.

1.1.3. In addition to conventional and durability testing, data recorders will be placed on the vehicles to measure
various emissions and fuel efficiency under these “real-time” scenarios.

Article 2. Scope of Work

Task 1: Development and Delivery of Hybrid Vehicles

2.1

Task Statement: This task involves the design and delivery of the prototype vehicies by each vendor.

2.1.1. The PERFORMING PARTY will contract with SOLECTRIA Corporation to partner with

UCBC/Workhorse Custom Chassis to develop, build, and test a prototype hybrid electric Class-3 delivery
vehicle. '

2.1.2. The PERFORMING PARTY will contract with EATON Corporation to install the EATON MD Direct
Drivetrain System into a Frito-Lay 2-ton delivery vehicle.

2.1.3. The PERFORMING PARTY will insure during the construction of the hybrid vehicles that vehicle
performance. monitors will be installed. These devices will be used to determine vehicle performance such as
miles per gallon (MPG), vehicle speed, and distance.

2.1.4. The PERFORMING PARTY will deliver the Prototype Vehicles to SWRI Facility in San Antonio, Texas.

2.1.5. Schedule: The PERFORMING PARTY shall complete this task within 10 months of the signed Notice
to Proceed Date as issued by TCEQ.

2.1.6. Deliverables: The PERFORMING PARTY shall submita report on the prototype vehicles to TCEQ. This

report will include but not limited to descriptions of the prototypes, any test data collected, and photos of the
prototypes.

Grant Activities (Scope of Work)
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Task 2: Testing of Existing Fleet and Prototypes Vehicles
2.2. Task Statement: The protdtype and standard vehicles will be tested in three phases.

221. The PERFORMING PARTY will perform conventional testing at the SWRI test facility in a laboratory
environment using the heavy-duty chassis dynamometer.

2.2.1.1. The PERFORMING PARTY will p_erform conventional vehicle testing on two existing Frito-Lay
vehicles (one new 2003-2005)diesel powered and one older(1985-1995)diesel powered vehicles) most
representative of the vehicles to be replaced in the study area).If time, vehicle availability, and budgeting

allow the PERFORMING PARTY will also perform conventional testing on a new gasoline powered
vehicle.

2.2.1.2. The PERFORMING PARTY will perform conventional vehicle testing on the two different types
of hybrid vehicles (hybrid electric/gas, hybrid electric/diesel).
2.22. The PERFORMING PARTY will perform “real time” emissions monitoring in the Dallas and Houston
areas for various fixed delivery routes.

22.2.1. The PERFORMING PARTY will place the two prototypes into service once the conventional
testing is completed.

2.2.2.2. The PERFORMING PARTY will work with LGGROUP to identify the routes that will be driven
by the test vehicles.

2.2.2.3. The PERFORMING PARTY will collect on-road testing information for performance, reliability,
emissions, and miles/gallon (MPG). :

2.2.2.4. The PERFORMING PARTY will insure drivers will be trained by the vendors for operations and

maintenance (O&M) issues and will also be trained by LGGROUP to collect daily on-board readings and
complete driver surveys.

2.2.2.5. The PERFORMING PARTY will install testing, emission and performance monitors in the
hybrid prototype vehicles and will provide real-time data acquisition.

2.2.2.6. The PERFORMING PARTY will perform real time testing on the two existing Frito Lay vehicles
tested in 2.2.1. '

2.2.3. The PERFORMING PARTY will perform durability testing at the SWRI.

22.31. The PERFORMING PARTY will test the vehicles on the same heavy-duty chassis
dynamometer and exhaust emissions of nitrous oxides (NOx), particulate matter (PM), hydrocarbons
(HC), carbon dioxide (CO2) and carbon monoxide (CO) will be measured.

22.3.2. The PERFORMING PARTY will measure emission levels of the hybrid trucks against the
existing fleet trucks.

Grant Activities (Scope of Work)
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2.2.3.3. The PERFORMING PARTY will calculate fuel economy for each test using the carbon balance
method.

2.2.3.4. The PERFORMING PARTY will perform all emission measurements and calculafions
according to the EPA’s Federal Code of Regulations, Part 86, Subpart N. Energy balance corrections

will be performed for the hybrid vehicles per Wor heavy-duty, hybrid-
drive vehicles.

2.2.3.5. The PERFORMING PARTY will use the FTP heavy-duty urban dynamometer driving schedule

and the average value for each emission will be used to compare the relative emissions levels of the
trucks.

2.2.4. Schedule: The PERFORMING PARTY shall complete this task within 16 months of the signed Notice
to Proceed Date as issued by TCEQ.

2.2.5. Deliverables: The PERFORMING PARTY shall submit a report on the conventional testing, “real time”

emissions monitoring, and the durability testing to TCEQ. This report will include but not limited to any test data
collected.

Task 3: Data Review and Analysis
2.3. Task Statement: LGGROUP will act as the repository for all testing data.

2.3.1. The PERFORMING PARTY will submit the conventional and durability testing data collected by SWRI
to the LGGROUP for review.

2.3.2. The PERFORMING PARTY will submit the on'-board monitor data and driver’s surveys collected from
the test to LGGROUP for review and compilation. '

2.3.3. The PERFORMING PARTY will insure all test data from each of the test vehicles will be reviewed and
compared for percent emission reduction and fuel efficiency. '

2.3.4. Schedule: The PERFORMING PARTY shall complete this task within 20 months of the signed Notice
to Proceed Date as issued by TCEQ.

2.3.5. Deliverables: The PERFORMING PARTY shall submit a report on the all analysis performed by
LGGROUP.

Task 4: Program management and reporting

2.4. Task statement: The PERFORMING PARTY will prepare and submit monthly detailed project reports and a
comprehensive final report while ensuring compliance with all TCEQ program requirements.

2.4.1. The PERFORMING PARTY will coordinate all project resources to ensure compliance with NTRD
program requirements while providing deliverables on-schedule and on-budget.
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24.2. The PERFORMING PARTY will generate monthly progress reports and a final report summarizing all
aspects of the project based on data from the monthly reports.

2.4.3. Schedule: The PERFORMING PARTY shall submit monthly reports to TCEQ by no later than 10 days
after the end of each month. The PERFORMING PARTY shall submit the final report to complete this task -
within 20 menths of the signed Notice to Proceed Date as issued by TCEQ.

2.4.4. Deliverables: The PERFORMING PARTY shall submit monthly progress reports with associated billing
statements and a final project summary report to the TCEQ upon completion of this task.

Article 3. Glossary of Acronyms

The following terms have the meanings indicated.
CFR - Code of Federal Regulations

CARSB - Califarnia Air Resources Board

CNG - compressed natural gas

CO - carbon monoxide

CO, - carbon dioxide

EPA - U.S-. Environmental Protection Agency
FTP - Federal Test Procedures

gm/bhp-hr - grams per brake horsepower per haur
HLA - hydraulic launch assist

HP - horsepower

HC - hydrocarbons

LGGROUP - LOPEZGARCIA GROUP '
N, - nitrogen

NO - Nitric oxide

NO, - nitrégen dioxide

NOXx - oxides of nitrogen
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NTRD - New Technology Research and Development Program
O, - oxygen

PM - particulate matter

SwRI - Southwest Research Institute

TCEQ - Texas Commission on Environmental Quality

THC - total hydrocarbans

VIN - vehicle identification number

VOC - volatile organic compound

— End of Grant Activities —
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February 7, 2007

Mr. Joe Gold

Rolling Frito-Lay Sales, LP
7701 Legacy Dr.

Plano, TX 75024

SUBJECT: SwRI Interim Report for Project 12163, titled “Emissions Testing of Various
Delivery Trucks”

This report describes the work completed for Part 1 of this project. Two conventional
delivery trucks (Truck 1 and 2) and two different hybrid-electric drive trucks (Truck 3 and 4)
were tested on the same heavy-duty chassis dynamometer. Table 1 is a summary of each truck’s
mechanical configuration and test weight. Exhaust emissions of PM, NO,, HC, CO, and CO;
were measured for each truck. The emissions levels of the hybrid trucks were compared to those
of the conventional trucks. Fuel economy was calculated for each test using the carbon balance
method.  Energy balance corrections were performed for each hybrid truck per SAE
Recommended Practice J2711 for heavy-duty, hybrid-drive vehicles.

TABLE 1. TRUCK CONFIGURATION SUMMARY

Truck Engine Drivetrain Fuel Test Wt, Ib.
Cummins 3.9L
1 In-line 4, direct-injection, Automatic transmission | Diesel 9,160

turbocharged, intercooled

General Motors, 6.5L
2 V8, indirect-injection Automatic transmission | Diesel 9,180
Naturally aspirated

General Motors, 4.8L
3 V8, port-injected
Naturally aspirated

Series Hybrid Electric, .
NiMH battery pack Gasoline 10,730

Parallel Hybrid
Electric, NiMH battery
pack, Automated
manual transmission

International, 4.5L
4 V6, direct-injection,
turbocharged, intercooled

Diesel 10,530

Hybrid electric vehicles are typically equipped with energy storage devices. It was
recognized that the net energy change (NEC) in the storage device will likely affect the measured
emissions and fuel economy data. SAE J2711 was developed to provide a method to correct
emissions and fuel economy data if the energy storage device’s NEC varied by more than 1
percent of the total fuel energy consumed during the test. SAE J2711 does not recommend
correcting data if the NEC is less than 1 percent. Fortunately, the NEC for each hybrid truck test
was less 1 percent, so no correction was required. The NEC values for each truck are included in
this report.

SAN ANTONIO, TEXAS
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1.0  Vehicle Testing

The purpose of this work was to determine the effect of each type of hybrid drive system
on emissions in comparison to conventional trucks. SwRI conducted five hot-start emission tests
on each of four trucks over the same drive cycle, and the average value for each emission was
used to compare the relative emission levels of the trucks. Rolling Frito-Lay Sales, LP (Frito-
Lay) chose to test the trucks over the light-duty FTP UDDS (LD UDDS) drive cycle, Figure 1.
The test plan for this work is given in Table 2. Frito-Lay provided the test weights used by SwRI
using the sum of each truck’s dry empty weight, fuel weight, driver, and half of the remaining
cargo weight capacity. SwRI used this test weight and measured frontal area to calculate the
road load using EPA’s recommended procedure for heavy-duty chassis testing. The diesel trucks
were fueled with ultra-low sulfur diesel with a density of 7.2 Ib/gal. The gasoline truck used
commercially-available gasoline with a density of 6.2 Ib/gal.
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FIGURE 1. LIGHT-DUTY FTP UDDS (LD UDDS) DRIVE CYCLE
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TABLE 2. TEST PLAN FOR CHASSIS TESTING

Step Description

Install baseline truck, Truck 1, and isolate fuel system, conduct coastdowns.
Conduct two prep runs.

Perform five hot-start tests for HC, CO, NOy, PM, and CO..

Remove Truck 1 from dynamometer.

Install second baseline truck, Truck 2, and isolate fuel system, conduct coastdowns.
Conduct two prep runs.

Perform five hot-start tests for HC, CO, NOy, PM, and CO..

Remove Truck 2 from dynamometer.

Install the first hybrid-electric drive truck, Truck 3, isolate fuel system, conduct
coastdowns.

Set-up to record battery State of Charge (SOC) for SAE J2711 NEC correction.
Conduct two prep runs.
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12 | Perform five hot-start tests.
13 | Remove Truck 3 from dynamometer.
14 | Repeat Steps 9 through 13 for Truck 4.

After completing Part 1, release the trucks for durability operation and prepare the
report for Part 1 testing.

[EY
ol

20  TEST RESULTS

The following sections describe each vehicle’s installation, coastdown, and emissions
results. In the case of the hybrid trucks, a table with the NEC value for each test is included in
the corresponding sections.

2.1 Truck 1 - Test Results

Truck 1, VIN 5B4HP42P553404763, was powered by a 2005 3.9L Cummins,
turbocharged, intercooled, direct injected diesel engine and was equipped with an automatic
transmission. The truck was installed on the chassis dynamometer, as shown in Figure 2 and
tested at 9,160 Ib. Coastdowns for this truck are shown in Figure 3. The truck was then driven
over the drive cycle once to condition the vehicle for the hot-start testing. The five hot-start tests
were conducted with a 20-minute soak in between each test to change emission sample bags and
PM filters. The test results for Truck 1 are summarized in Table 3.

Report 03-12163



Mr. Joe Gold
Rolling Frito-Lay
February 1, 2007
Page 4 of 13

FIGURE 2. TRUCK 1 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER

Truck 1 Coastdown
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FIGURE 3. TRUCK 1 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES
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TABLE 3. EMISSION RESULTS FOR TRUCK 1 OVER LD FTP UDDS DRIVE CYCLE

Test HC CO NOy PM CO, Fuel

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
4763-H1 0.15 2.23 6.27 78 715 14.4 1.71 7.5
4763-H2 0.14 2.37 6.30 78 707 14.6 1.70 7.6
4763-H3 0.14 2.32 6.20 74 707 14.6 1.69 7.5
4763-H4 0.16 2.28 6.21 73 701 14.7 1.69 7.6
4763-H5 0.13 2.32 6.07 75 696 14.8 1.68 7.6
Average = 0.14 2.30 6.21 75 705 14.6 1.69 7.6

C.0.V. 6% 2% 1% 3% 1% 1% 1% 0%

2.2 Truck 2 - Test Results

Truck 2, VIN 1GBHP32Y8W3304305, was powered by a 1997 6.5L GM naturally-
aspirated, in-direct injected diesel engine and was equipped with an automatic transmission. The
truck was installed on the chassis dynamometer, as shown in Figure 4, and tested at 9,180 Ib.
Coastdowns for this truck are shown in Figure 5. The truck was also fitted with a calibrated
mass air flow sensor to record engine air flow to compare with Clean Air Technologies’ air flow
estimation. This data is not included in the report, as it was for reference only. The truck was
then driven over the drive cycle once to condition the vehicle for the hot-start testing. After five
hot-start tests were conducted, the first test appeared to be an outlier and a sixth test was
performed while the truck was still on the dynamometer. However, after using ASTM-E178
criteria, the first test was not an outlier, so it was decided to use all six tests for the average and
c.0.v. calculations. The test results for Truck 2 are summarized in Table 4.

FIGURE 4. TRUCK 2 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER
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FIGURE 5. TRUCK 2 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES

TABLE 4. EMISSION RESULTS FOR TRUCK 2 OVER LD FTP UDDS DRIVE CYCLE

Test HC co NO, PM co2 Fuel
Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
4305-H1* 0.35 1.59 2.98 218 852 12.1 2.04 7.6
4305-H2 0.30 1.44 3.1 144 847 12.2 2.03 7.6
4305-H3 0.30 1.44 3.68 133 839 12.3 2.00 7.5
4305-H4 0.30 1.48 3.63 158 838 12.3 2.01 7.6
4305-H5 0.31 1.47 3.74 136 840 12.3 2.02 7.6
4305-H6 0.30 1.41 3.64 126 837 12.3 2.00 7.5
Average = 0.31 1.47 3.46 152 842 12.2 2.02 7.6
C.0.V. 6% 4% 9% 22% 1% 1% 1% 0%
* This test was initially thought to be an outlier during testing, but it was not, using ASTM-
E178. This test was used in the average and c.o.v. calculations.
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2.3 Truck 3 - Test Results

Truck 3, VIN 584KP02V063416051, was powered by a 2005 4.8L GM Vortec, port
injected gasoline engine and was equipped with series hybrid drivetrain using two electric
motors and a nickel metal hydride (NiMH) battery pack. The truck was installed on the chassis
dynamometer, as shown in Figure 6, and tested at 10,730 Ib. Coastdowns for this truck are
shown in Figure 7. The truck was then driven over the drive cycle once to condition the vehicle
for the hot-start testing. As in the previous truck, after five hot-start tests were conducted, the
first test appeared to be an outlier and sixth test was conducted. Using ASTM-E178, the NOx
result from the first test was an outlier, so the sixth test was used in place of the first test for the
average and c.o.v. calculations. The emission test results for Truck 3 are summarized in Table 5
and the NEC values are summarized in Table 6. As described in the introduction, the percent
NEC for this truck were less than 1 for all of the tests, so no data correction was necessary.

FIGURE 6. TRUCK 3 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER
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FIGURE 7. TRUCK 3 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES

TABLE 5. EMISSION RESULTS FOR TRUCK 3 OVER LD FTP UDDS DRIVE CYCLE

Test HC co NO, PM co2 Fuel
Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
F6051-H1 0.15 | 1.41 1.04 7 765 11.7 1.84 7.6
F6051-H2 0.12 | 2.21 0.37 10 739 12.0 1.77 7.6
F6051-H3 0.18 2.89 0.23 6 739 12.0 1.78 7.6
F6051-H4 0.15 | 2.51 0.28 5 748 11.9 1.80 7.6
F6051-H5 012 | 259 | 0.13 6 737 12.1 1.77 7.6
F6051-H6 017 | 235 | 0.28 8 742 12.0 1.79 7.6
Average = 015 | 251 | 0.26 7 741 12.0 1.78 7.6
C.0.V. 19% 10% 34% 27% 1% 1% 1% 0%
* This test was an outlier based on the NOx value using ASTM-E178. This test was not
used in the average and c.0.v. calculations.
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TABLE 6. NEC RESULTS FOR TRUCK 3 OVER LD FTP
UDDS DRIVE CYCLE

SOC, % Fuel
Test N,\%: Energy, NOEA)C’
Code Start End MJ
F6051-H1 61.0 58.5 -0.28 77.2 0.0
F6051-H2 58.5 58.0 -0.06 74.5 0.0
F6051-H3 58.0 56.5 -0.17 74.8 0.0
F6051-H4 56.5 58.0 0.17 75.7 0.0
F6051-H5 58.0 57.5 -0.06 74.5 0.0
F6051-H6 57.5 61.0 0.39 751 0.0

2.4 Truck 4 — Test Results

Truck 4, VIN 5B4HPD25363412537, was powered by a 2006 4.5L direct-injected
turbocharged diesel engine and was equipped with parallel hybrid drivetrain using an electric
motor between the engine and transmission. The transmission was an Eaton automated manual.
The battery pack was nickel metal hydride (NiMH). Truck 4’s hybrid system was not
completely refined and the engine’s ECU was not using production software and calibrations, so
the results of this truck may not be representative of the final product. The truck was installed on
the chassis dynamometer, as shown in Figure 8, and tested at 10,530 Ib. Coastdowns for this
truck are shown in Figure 9. The truck was driven over the drive cycle twice to condition the
vehicle for the hot-start testing.  The emission test results for Truck 4 are summarized in
Table 7 and the NEC values are summarized in Table 8. As described in the introduction, the
NEC for all of the tests for this truck were less than 1 percent, so no data correction was
necessary.

FIGURE 8. TRUCK 4 INSTALLED ON THE HEAVY-DUTY
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CHASSIS DYNAMOMETER

Truck 4 Coastdown

60

= =calculated

actual

50

40 4

30 4

Vehicle Speed, mph

20 A

FIGURE 9. TRUCK 4 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES

TABLE 7. EMISSION RESULTS FOR TRUCK 4 OVER
LD FTP UDDS DRIVE CYCLE

Test HC NOy PM Cco CO2 | Fuel
Code g/mi g/mi | mg/mi | g/mi | g/mi kg MPG | Miles

F2537-H1 0.56 5.04 181 2.14 679 1.62 | 15.1 7.5

F2537-H2 0.57 5.00 158 1.94 677 1.63 | 15.2 7.6

F2537-H3 0.53 5.05 148 2.05 671 1.62 | 15.3 7.6

F2537-H4 0.49 4.94 139 2.03 654 1.57 | 15.7 7.6

F2537-H5 0.50 4.86 154 2.38 654 1.57 | 15.7 7.5

Average = | 0.53 4.98 156 2.11 667 1.60 | 154 7.5

C.0.V. 7% 2% 10% 8% 2% 2% 2% 0%
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TABLE 8. NEC RESULTS FOR TRUCK 4 OVER
LD UDDS DRIVE CYCLE
ol Fuel
Test NEC Energy, NEC
Code Start End MJ MJ %
F2537-H1 51.5 53.0 0.10 71.3 0.0
F2537-H2 53.0 53.0 0.00 71.5 0.0
F2537-H3 53.0 53.0 0.00 71.2 0.0
F2537-H4 53.0 51.5 -0.10 69.2 0.0
F2537-H5 51.5 53.0 0.10 69.0 0.0
3.0 SUMMARY

Four trucks with different engine and drivetrain combinations were tested over at least
five runs of the same drive cycle. The emissions and fuel economy results were very different.
Table 9 shows the average emissions values for each truck. Figure 10 ranks the trucks by
emission from lowest to highest.

TABLE 9. AVERAGE EMISSION RESULTS FOR TRUCK 4

OVER LD FTP UDDS DRIVE CYCLE

Report 03-12163

HCX10

Ox

PMX1O C02/100

Test HC CcoO NO, PM CO2 Fuel
Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
Truck 1 0.14 2.30 6.21 75 705 14.6 1.69 7.6
Truck 2 0.31 1.47 3.46 152 842 12.2 2.02 7.6
Truck 3 0.15 2.51 0.26 7 741 12.0 1.78 7.6
Truck 4 0.53 2.11 4.98 156 667 15.4 1.60 7.5
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Truck 1 was equipped with a direct-injection, turbocharged diesel engine with an
automatic transmission. The engine was the smallest displacement of the trucks tested. This
type of engine configuration and displacement is very fuel efficient compared to the other engine
configurations tested, and Truck 1 produced the second lowest CO2 emissions and second
highest fuel economy of the four trucks, only the parallel hybrid diesel truck was better. The PM
emission for Truck 1 was the lowest of the diesel powered trucks, only the gasoline powered
Truck 3 had a lower level. Truck 1 CO emissions were the third highest, which was somewhat
unexpected, since the HC emissions were so low, however, the small displacement may have
moved the engine into operating into a region where the air-fuel ratio was richer than at lighter
load conditions. Another consequence of the engine’s small displacement and high load
conditions was high NOy emissions. Truck 1 had the highest NOx emissions of the trucks tested,
which was expected.

Truck 2 was equipped with indirect-injection (IDI), naturally-aspirated diesel engine with
an automatic transmission. The engine had the largest displacement at 6.5L and was the oldest in
terms of model year and technology. The truck had the third highest HC emissions and the
highest of the three diesel powered trucks. This was likely due to the low-pressure fuel injection
system and high cylinder crevice volume, typical of IDI engines. The truck produced the lowest
CO and second lowest NOy emissions. Naturally-aspirated engines typically have lower peak
cylinder pressures compared to turbocharged engines and, therefore, the in-cylinder peak
temperatures, which cause NOy to form, are lower. Lower NOy often corresponds to higher PM,
as was the case for this truck. Truck 2 produced the third highest PM emissions. The truck
produced the most CO2 emissions and the third lowest volumetric fuel economy. The reason the
CO2 emissions were the highest, but the fuel economy in miles/gallon (MPG) was the third
lowest is that density of diesel fuel is greater than gasoline fuel. Diesel weighs 7.2 Ib/gal and
gasoline weighs 6.2 Ib/gal. Diesel fuel also contains more energy on a mass basis, 20 MJ/Ib for
diesel compared to 19.2 MJ/Ib for gasoline.

Truck 3 produced the lowest emissions except for CO and CO2. Truck 3 was equipped
with a gasoline engine with 3-way catalysts and a series hybrid drivetrain. The 3-way catalysts
typically reduce engine-out emissions by approximately 95 percent and the series hybrid system
decouples engine operation from the drive wheels, which allows the engine to operate closer to
steady-state conditions than a conventional vehicle or parallel hybrid vehicle. Transient
operation typically increases emissions, so as the engine is operated closer to steady-state, the
emissions should be lower. Gasoline engines also produce almost no PM, even without
aftertreatment, so the low PM number was expected. Truck 3 produced the highest CO
emissions, which is likely due to the high engine-out CO typical of gasoline engines any time the
air-fuel ratio becomes fuel rich. Finally, Truck 3 produced the second highest CO2 emissions
and the worst fuel economy. In general, gasoline engines are less fuel efficient than diesel
engines, especially at light load conditions, so it was not surprising that even with a hybrid
drivetrain, the CO2 emissions were higher than all but the naturally-aspirated diesel truck,
Truck 2.
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As noted previously for Truck 4, the hybrid system was not completely refined and the
engine’s ECU was not using production software and calibrations, so the results of this truck
may not be representative of the final product. Despite these limitations, the truck produced the
lowest CO2 and highest fuel economy of the trucks tested. Truck 4 was equipped with a direct-
injection, turbocharged diesel engine with parallel hybrid drivetrain. The truck produced the
highest HC and PM emissions. This is likely due to the engine calibration and the extremely
transient behavior of this engine over the drive cycle. This was the only engine coupled to a
manual-style transmission, which requires direct response to the drive wheels. The series hybrid
completely de-couples the engine from the drive wheels and the conventional trucks tested had
automatic transmissions with torque converters which shift smoother and have a torque converter
to dampen some of the dynamic transients between the transmissions and the engine. Truck 4
did have an electric motor in place of a traditional clutch, but the hybrid system was not
completely refined. The truck produced the highest CO and the third highest NOy emissions. It
is difficult to say if these are representative of the final product, as better controls may reduce the
observed emission levels.

All trucks were successfully tested and there were no mechanical failures. After emission
testing was completed under Part 1, the trucks were released for use in the field by
representatives of Rolling Frito-Lay Sales, LP to examine the durability of each system. After
sufficient mileage accumulation, all four trucks will return under Part 2 for re-testing to quantify
any deterioration in performance of each vehicle.
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Frito-Lay Hybrid Vehicle Evaluation
Daily Vehicle and Run Checklist

Start Hybrid truck and make three laps in the parking lot with
Press <ESC> This creates file number

As you pull through the gate push "+" to create bag number
Record time and mileage at each stop using the time from the
analyzer

N U AW N =

=nding Runs
1. Stop at gate push "-" to stop bag

Notes:

1.

2
3
4

Press <ESC> to write file
. Disconnect exhaust sampling hGse
Let sampler run 5 minutes and turn unit off
. Exchange batteries or hook up charger.

Sy 57 e @

——

Date: ! & =58 p7 OX~1L-07 Run 1 Run 2 Run 3
Vehicle No.: R0 29 File Number gfo 2t & |3 il &
Driver Name: K2y fair Bag Number e A i
Insurance Papers Present i Start Mileage G _s y 3 S'_Z_g,é‘/ g2 | 2 36469.9
Vehicle Registration Present Route ?5 = =z B -2
Temperature F ©C Runstarttime |@Z 04/ ./2|/p: w # | JR<37:0¢
Weather (Rainy, Cloudy, (Sunﬁy) Stop1keyoff | 9:25 62| it v prswer | /2 1 571 4]
— Mileage A3Lils 3 | 23464925 | 230 2003
PRE-RUN INSPECTIONS AND START-UP Stoplkeyon |pe:2gso lpr: pbdroe | 32 OO P
Truck Inspection Stop2keyoff | 29536 i 25| 2 16/ %0
Tire Pressure: Mileage A2E fLs ggé 192 2 2342287
Front Left (Green - Red Corrected) 75 psi Stop 2 key on 09’ it A B AR TTED
Front Right (Green - Red Corrected) 75 psi Stop3keyoff | o5 75732 prv il _3 sl /Fze7:t7
Rear Left Mileage 236146, 5| 2561 2322k
Inner (Green - Red Corrected) 75 psi Stop 3 key on O Gl | 277 ‘?’Bl L Biioit7
Quter (Green - Red Corrected) 75 psi Stop 4 key off OF HeiZplsfr dei2h | 1 L4720
Rear Right Mileage 236[62.2| D36 /G4L7| 234212 2
inner (Green - Red Corrected) 75 psi Stop 4 key on C 73N\ IG L | £ R
Outer (Green - Red Corrected) 75 psi StopSkeyoff | 64 georg|rd Ff 4K | 1257 /N
Fuel Type ‘ Deesel Mileage 236161.9 | 236195y 236222,
Fuel Gauge Reading lh | S p T StopSkeyon | o 9,493 | /1 28 45T L3204
Stopbkeyoff | wqeyo 2\ 7 2F: 4R | /324 A
Analyzer Inspection Start-up Mileage 23647V EF6 /93| D 3223 §
Last System Calibration (date) Stopbkeyon | 295530t B ws | f B0 ¢
Analyser Filter Cleaned (date) StopT7keyoff |CJisCrae | jroz2:ue| f2:320: 4
Battery Charge B /3. 8%V| [Mileage 23460435 276 /578 7.3L22¢.5
Analyser Turned on for Warm Up (time) = 9177 Stop7keyon |&G.S¥ige | /7L 3Fi4e| f 322 cu
’ Stop 8 key off [p, il e | 4 37 55| Fgc36i0
Analyser Start U : , Mileage YA lmé 24/97.7 | 234225,
1= Col:mect powerpcabte to battery jﬁé/i/;f T Stop8 keyon |2 PER L jf ceipisw | 358G _‘%g :
2. Turn on all 6 switches ﬁfiﬁ-“; Stop 9 keyoff |/ w04 3(./ JbiH3128 |43 S
3. Follow prompts on screen Mileage 31708 | 73475 3621458
4. Do not edit any information click Y","Y" and enter Stop9keyon |joe9t 3¢’ | 1/i8i28 |fz. 400:4S
5. This should have you at the data screen ﬂ- 36 t’“i» Stop 10 key off |/ o - 2.5, (J} r2iepiee | gL p ; £ 7
6. Allow the sysytem to warm up for 45 minutes (Ve 5 Mileage 234152, £ 236Fpe. 8| 23693723
7. Complete the rest of the check list items. / Stop 10 key an 4
End Time L0528 dL ) 207! gt fYio?. 3
Troubleshooting tips EndMileage |2 24/¢2. <f | 236204-§|234237.5
Verify RPM is reading. If not push "P" key on diesel truck Total Mileage 257 Z7 3 ‘z YAz
Verify RPM is reading. If not push "S" key on gas hybrid truck ... % = =
Verify temperature reading 4 26 ﬂ;"; :i;ﬁ _ Driver Time Keeping K /;Vj:“a; %“w C",oaﬂ_éa/m 12(}6 g
- 7 7 4 Start Time 5’7d ’9/ 0‘1 oo (Jetite d "3’&
Starting Runs 5 Lunch Start op
After system warm up: Finish Time g
Connect exhuast sampling hose to filters on analysers L] L-J;/’ ’/ Z‘ 2FEE
Start diesel truck and let run for 5 minutes Ending day 5:-/ /?-75‘? /f & A

e



Frito-Lay Hybrid Vehicle Evaluation

0dfﬁ

o~ F
%‘%%7@? Daily Vehicle and Run Checkist 5
Date: el 5> [ [ Runi &z Run2 T Rrinz—
Vehicle No.: 7 ; 57% ¢ File Number & 'Z‘, EQEE I zey § _W
Driver Name: LA L s Bag Number / J -
Insurance Papers Present Start Mileage 362.2¢ < 36 I5< . ¢ | Zg 7925
Vehicle Registration Present Route =/ 2. 2
Temperature F P 24 Run start time CYgr s | jo. 36" 2] }3:37508
Weather (Rainy,(Cloudy?Sunny) Stop 1 key off 0w | 76 sp 0o ____7:_—?‘_3‘
Mileage 3673577 |36745, 9 792, 5
PRE-RUN INSPECTIONS AND START-UP Stop 1 key on Q9. 12 f | Lo 53 oo | '2'SyiiR
Truck Inspection | [Stop 2 key off OV 1: 45| jo s S¥ epp| )3 x ‘15 7,
Tire Pressure: Mileage 6759, .» 2| 36793,
Front Left (Green - Reg Corrected) 75 psi Stop 2 key on i 2%/ ;o iy AN NS Y 9
Front Right (Green - Reg Corrected) 75 psi Stap 3 key off L9 L3ies] j o 3PSV | J2 ez [
Rear Left Mileage 16735 4 %747 2| F¢754. 2
Inner (Green - Red Corrected) 75 psi Stop 3 key on 0912062 (& 0z R F i 03:4G|
Quter (Green - Red Corrected) 75 psi Stop 4 key off CAcZ7 g% i/ o5 rg eV
Rear Right Mileage 6 244 p? 361y
Inner _(Green - Red Corrected) 75 psi Stop 4 key on CT: 265 /-0 Kot
Outer (Green - Red Corrected) 75 psi Stop 5 key off ME- AN 2. ¢
Fuel Type (&= e’ . [Mileage S6lglw | 305,05
[Fuel Gauge Reading Lo if = |StopSkeyon [ 55 IV, 205D
o i Pl By ; 6 [Stop6key off | Ga o od% 75T
-~ i:Analyzer Inspection Start-up . . .- | © . [Mileage: 26747 Y A I B LT
‘ Last:—System:Calibration {date) i =& s Stop 6 key on a9 Q‘;gg'*fgg AT segn
' Anaiyser.-Filter:Cledned (date) . -~ Spod- o . |Stop 7 key off . OG < ggvg. VIR 2 PERE
Battery Charge L35 e/ 7T, {2:5¢4/]|  [Mileage 36265 S 770,17 77
Analyser Turned on for Warm Up (time) . | g7 1Stop 7 key on- LA 7 L2 TGP 72t
Ry % EF DI 1877 I31C shys Stop 8 key ot [ epeyy [, EEIrAr,
Analyser Startyp - - BUy yEi5e ST .. |Mieage BC743 L) 3897, 7] -
- Connect power cable to battery” R b et i - [StopBkeyon OG AR F ¥ Fe s |43
Tum on all 6 switches : Stop 9 key.off | g75p: ST Ft 2t iz o
Follow prompis on screen Mileage 362442 | 32777 313700

This should have You at the data screen

NOO s wn -

Complete the rest of the check list items.

Troubleshooting tips

Allow the sysytem to warm up for 45 minutes

Do not edit any information click Y"."Y" and enter

Verify RPM is reading. If not push "p" key on diesel truck
Verify RPM is reading. If not push "g" key on gas hybrid truck

Verify temperature reading

tarting Runs
- After system warm up:

.- Connect exhuast sampling hose to filters on analysers

.. Start diesel truck and let run for 5 minutes

- Start Hybrid truck and make three laps in the

. Press <ESC> This creates file number

- As you pull through the gate push "+" to create bag number
Record time and mileage at each stop using the time from the

parking lot with

ﬁalyzer - 4 oL eV
D g 4ter FELe
1ding Runs G /4'{' g ",JJ‘;_ZZ‘

Stop at gate push "-" to stop bag 7-?‘3(5 )

ies:

e T
Gots Artaly2h e -
2 /Y 367504

/1/80 05

%{ L P wids Lc/‘m///'dlx;wj &

Stop 9 key on 27537
Stop 10 key off | 7 e

5 % AR 2/ F* ‘ .f-‘i 555"1 2 3
Mileage 26755, -SZ‘m Z:3 3@&{? o
Stop 10 key on
End Time LO IS T08 £i5€e [3.5¢ 37
End Mileage |34 75 5. < 26752. 7=, $09. o
Total Mileage 2727 s 2F | 397 j
Driver Time Keeping L7 2Lee9s
Start Time : ey 3@‘7'%*? 3E25SS
Lunch Start Lunch Stop—’_”—g——:sé 7z ;e:s;
Finish Time £ood —Z
Ending day 567582
1. Press <ESC> to write file 267550
2. Disconnect exhaust sampling hose. z? ¢

- Let sampler run 5 minutes and turn unit off
- Exchange batteries or hook up charger.
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Frito-Lay Hybrid Vehicle Evaluation
Daily Vehicle and Run Checklist

ol D
Wﬁ&ﬂ/f

Date: C3/20/072 Run1 § Run 2 Run 3
Vehicle No.: 207000 File Number | (¥ Ip 2524 |5 76 2340 | 872 330 D
Driver Name: Nt Bag Number ¥ /
Insurance Papers Present Start Mileage ££5 9./ j;}, ff'!f‘- / & ?f; 8
Vehicle Registration Present Route A/ ~f A L
Temperature F s Run start time 06/ YIS7l 651258 | O s LD
Weather (Rainy,( Ctoudy~ Sunny) Stop 1 key off 0L S52' 77| 0X8e24!SUl [ppi s G
L fS Y p Gesz2)|  [Mileage ade3 5 | Iag4t.g | 2366, ¢
PRE-RUN INSPECTIONS AND START-UP Stoplkeyon | 44 /5522 O¢1D7:5¢| f0.0G.4F
Truck Inspection Stop2keyoff | 441523l 48 0 30| /oy 12007
Tire Pressure: Mileage A2 g2l | 24995 S | Id3p¢e. 7
Front Left (Green - Red Corrected) 75 psi Stop 2 key on G2 gi33 | 0523338 /o015 57
Front Right (Green - Red Corrected) 75 psi < Stop 3 key off /7 Lo SEL OS2 7G| (D! X 9
Rear Left Mileage 2Z6S ., 7| 2286 1123079
Inner (Green - Red Corrected) 75 psi ¢ Stop 3 key on ﬁ 2.8 S| £D 7] e
Outer (Green - Red Corrected) 75 psi Stop 4 key off 070K ae-g7:3/] 10! 2. o
Rear Right Mileage Gl % | 225,06 |I209. 4
Inner (Green - Red Corrected) 75 psi . Stop 4 key on NI P S| pe &) | 18 2T ¢k
Quter (Green - Red Corrected) 75 psi .~ StopSkeyoff [ w2125y | ©G gzis 2] fov 3% 6
Fuel Type lpe Mileage 29709 | 22920 | 7273, {
Fuel Gauge Reading V,/g?hr,, StopSkeyon | o 2%./2 | pgeosise]| JO 4/ S0
Stop6keyoft | n7/30¢25| 09 04-20] [0\ 43°¥2
Analyzer Inspection Start-up Mileage 22| 4 nG2.e | 231%. 7
Last System Calibration (date) Stop 6 key on L7235 15 0 gty eyl f o g
Analyser Filter Cleaned (date) Stop 7 key off it Bt LG i ys ) [0v 834 R
Battery Charge [2-4% [Zita Mileage 227564 2798 (| Z2/6, |
Analyser Turned onfor Warm Up (time) TS Yy Stop 7 key on 628650 69229 JpiSh 4P
Stop8keyoff | 4 7. S 2| C¢. 2l 1['03! 3%
Analyser _Start Up 74, g Mileage L i T 2397.8| 23)8, v
1. Connect power cable to battery 5l - Stop8key onlW 7. 53| J9, So:Gl 11633
2. Turn on all 6 switches 0 - % M. W@key o | nel a5 3% 09 .35, 24 /1. 2487
3. Follow prompts on screen |ﬂl"5 I~ ~Mileage L2 T 2238 L 22T L |
4. Do not edit any information click 'Y","Y" and enter ¥ 174 Stop 9 key on
5. This should have you at the data screen Ve Stop 10 key off
6. Allow the sysytem to warm up for 45 minutes ol / Mileage
7. Complete the rest of the check list items. ’%g bl - Stop 10 key on
Sai? End Time A€.05'38] 0954115 17/29:37
Troubleshooting tips End Mileage 2279, 300, { PRB2R. A
Verify RPM is reading. If not push "P" key on diesel truck Total Mileage 2y & 20D PXE B
Verify RPM is reading. If not push "S" key on gas hybrid truck Sys Fin— f/z’"zz, A7 ’
Verify temperature reading 536 Driver Time Keeping 07:53 i TIHE drlé
-‘_’,\l 5. Start Time | L/(ﬂ’r;;«:'f “ (/; 2,{4/“ wer
Starting Runs =7 —5 = Lunch Start j‘ Lunch Stop / . 4
1. After system warm up: Finish Time T -
2. Connect exhuast sampling hose to filters on analysers
3. Start diesel truck and let run for 5 minutes Ending day
4. Start Hybrid truck and make three laps in the parking lot with 1. Press <ESC> to write file
5. Press <ESC> This creates file number 2. Disconnect exhaust sampling hose
6. As you pull through the gate push "+" to create bag number 3. Let sampler run 5 minutes and turn unit off
7. Record time and mileage at each stop using the time from the 4. Exchange batteries or hook up charger.
analyzer :
Ending Runs

1. Stop at gate push "-" to stop bag

Notes:
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'Frlto Lay Hybrid Vehlcle Evaluation
Daily Vehicle and Run Checklist

rtlf*/w '@

Date: oL- le- o7 " Run 1 Run2 p Run 3
Vehicle No.: AT File Number |Ba,249 8 | 82z2278|8 702 2.p:7
Driver Name: RV /7¢#| |Bag Number 7 ’ 2 p2
Insurance Papers Present Start Mileage [ 853<) | /575, 3 TS
Vehicle Registration Present Route A —1 Gl | M f
Temperature F__— 24 e Runstarttime | g%/ ipa| 0Gr2d. 20| Jo 22/ 2y
Weather (Ramy{CIoudQ), Sunny) Stop 1 key off . §2f 20| ©F 83 z’»’ 12020
~— &rs v Mileage IS sK 2 | 9757, € {Goi. e
PRE-RUN INSPECTIONS AND START-UP Stoplkeyon |sg:2%20 log /57235 |1/ 3 2
Truck Inspection Stop2 keyoff | s i7g i\ rres i ec|id 7. 2
Tire Pressure: Mileage /Ys B, 2 | /Per. & /Y90 3. o
Front Left (Green - Red Corrected) 75 psi Stop2keyon | m5’id9 45 Ve 0. ustT L oz ~
Front Right (Green - Red Corrected) 75 psi Stop3keyoff |oFx g3./25|/0 9. GRYFJ . YL Yo
Rear Left Mileage LPsF-5 |/ P57 f 1GnF. 7
Inner (Green - Red Corrected) 75 psi Stop3keyon |oFssz. 25 (e j2: 4 /{47 %0
Outer (Green - Red Corrected) 75 psi Stop 4 key off |y g 35,48 | M. iSI20 [P -5¢ 3¢
Rear Right Mileage JFPLi. 0 | J¥VST. 2 /%05 3
Inner (Green - Red Corrected) 75 psi Stopd keyon |e& «/zils \joi/8iz2> (/153 3¢
Outer (Green - Red Corrected) 75 psi Stop5keyoff |&§ SH iS22 2504 | st e T8
Fuel Type e Mileage 1545, ¢ |f8s7 2 |,509.Y
Fuel Gauge Reading Z5344 Stop5keyon |72 5:67:30 (/D 32 (S /2 0C:5e
Stop 6 key off 0@-:@;15 s@ 35 e (7Ll ip9en
Analyzer Inspection Start-up Mileage /565, 7 /957, G £509. 9
Last System Calibration (date) J7Feh ey Stop6keyon |pgra3 /s |j@ 3818 Y
Analyser Filter Cleaned (date) Stop 7 key off |07 g5 sp- |/ & g5t e L1120
Battery Charge P~ /3.4 Mileage /Kep. 3 iYGo.s /G972 5
Analyser Turned on for Warm Up (time) /e Stop7keyon |&9:i8c 00 |fp 48 YD\ /2 2('2¢8
’ Stop8keyoff [e99/20: 7% |fo's¢izo |/ 2107 §¢
Analyser Start Up / F=2 T Mileage $Bo. ¢ Je@ 3. U 79/L G
1. Connect power cable to battery 53 ¢ Stop8keyon |pgc23:35| /€. 8).0c|f2:30:50
2. Turn on all 6 switches ’___________‘_.Z.:-—?-‘ StopOkeyoff |d7¢33:35 | yfeypi2o| #2450t 37
3. Follow prompts on screen Mileage /97252 | IRG7 g |\ f94/P 7
4. Do not edit any information click "Y","Y" and enter Stop 9 key on ’ )
5. This should have you at the data screen q 7.¢ Stop 10 key off
6. Allow the sysytem to warm up for 45 minutes 2¢. 3 Mileage
7. Complete the rest of the check list items. Lb// Stop 10 key on
: qz End Time 02335 | LD g (243757
Troubleshooting tips L End Mileage /P75 | JSEDer | [FEY. T
Verify RPM is reading. If not push "P" key on diesel truck ﬁ/{ Total Mileage 272, 2z _g/;
Verify RPM is reading. If not push "S" key on gas hybrid truck B AL ES z

Verify temperature reading

Starting Runs
After system

NO O R WN A

ana!yzer

Ending Runs
1. Stop at gate

Notes:

warm up:

push "-" to stop bag

sid &

ilW

Connect exhuast sampling hose to filters on analysers

Start diesel truck and let run for 5 minutes

Start Hybrid truck and make three laps in the parking lot with
Press <ESC> This creates file number
As you pull through the gate push "+" to create bag number

. Record time and mileage at each stop using the time from the

Driver Time Keeping

Start Time
Lunch Start
Finish Time

Ending day

S lile <o

#‘}-r’ P AAWAE LN
(574—/«; Af o685 3% I9/74

Lunch Stop

fibozer uf A eioo L

/25 stdnl /A

1. Press <ESC> to write file
2. Disconnect exhaust sampling hose

3. Let sampler run 5 minutes and turn unit off
4. Exchange batteries or hook up charger.

feietoe



Frito-Lay Hybrid Vehicle Evaluation

-

e Daily Vehicle and Run Checklist @ @7}{5
; f/ » 406{
te: WX /5 /7 Run 1 Run 2 Run 3
zhicle No.: (1782 File Number |E 77 7,7 4| [3-Tp2pz6 kS w2
sriver Name: </ /e frsi /a_j y/o5 Bag Number / il /I
insurance Papers Present’ Start Mileage Joef2 7 | fofas, e | Fee B
Vehicle Registration Present Route H-J ) -/
Temperature F [t iS¢ Runstarttime |45 '73°3e| rats57.50| /3,42 ipe
Weather (Rainy, £loudy, Sunny) Stopikeyolt |04:83.30 | /geypsizd 1 3:2° Z :
— Mileage /4535 e AN I?
PRE-RUN INSPECTIONS AND START-UP Stoplkeyon | pe736' 30l jr /¥ Fol /3% q,; gg(_,
Truck Inspection Stop2keyoff | G5:3¢: 2 ,/ 2erez| t72:4/350
Tire Pressure: Mileage S o Jg2., 7 /5 )i.F
Front Left {Greep.- Red Corrected) 75 psi Stop2keyon | peie)iz$| jr022 22| /3:9g.30
Front Right(Greeii~ Red Corrected) 75 psi Stop3keyoff | 27 iefCor | j 72732 23 ‘og 45
Rear Left Mileage 125, G | /4¢3 7| [F1Z- |
Inner (Green + Red Corrected) 75 psi Stop3keyon | 0G:48 o0 | 4y 20 30| /3152545
Outer (Green (Fied Corrected)s 75 psi Stopdkeyoff | G145 «5| ;4 32:4<| 755245
Rear nght Mileage Jdss b6 | 14 pd. o4 | j512.9
Inner (Greens*Red Corrected) 75 psi Stopdkeyon | £§ ‘5 2i¢s] /7y 35«51 /37 i )
Quter (Green Correcte psi Stop5keyolf | s /e /7 3F 08| /3:55.59
|Fuel Tvr»e \—15%4.7 [Mileage ldse % iges. | sere. e |
Fuel Gauge Reading |StopSkeyon | 04! 5¢iyol HugrioN] flozisy
i g S b - & -js/| |Stopbkeyoff |@etosiqel pidéiry fq o i
- -‘Analyzer Inspection Start-up.:v e o Mileage S 57 T | pepgs, s Sy
Last System Calibration (date)" 7B e R Stop6keyon | /oo gigol M iR LS
‘|Analyser Filter Cleaned (date) R R |Stop 7keyoff |/e ;e 7r‘/g' Cpife s ep sl
|Battery Charge  /2/ S /s /3, 1z wa T /2 5s2y]| [Mieage [ LS ’*M*z*ze o A
Analyser Turned:-on for Warm Up (time) ) Frele—| |Stop7keyon- | fo i fp f{:; 1‘711‘\5 Nt A ’j LT Al
\ Bz st-[3.757- Stop8keyoff |s/e /230 plis¥iss| f417 3¢
Analyser Start Up Mileage - L A L e 1516, G
1. Connect power cable to battery Stop8keyon |2é!js 5@ /g od 5 [P0 24
2. Turn on all 6 swnches StopQkeyoft |/py 7, 80| jueipeite| 422118
3. Follow prompts on screen Mileage ]S of | [ T 1S =T
4. Do not edit any information click Y*,"Y" an Stop9keyon |/gi2¢ ‘So| /Z2icdile S < s
5. This should have you at the data screen ~|Stop 10 key off | ¢z /2 S sy | L5ErD
6. Allow the sysytem to warm up for 45 minutes Mileage 5T s/l (S oo 2| A B335
7. Complete the rest of the check list items. Stop 10 key on .
End Time /0o s | 124555 | 15 10 & |
Troubleshooting tips End Mileage 1 7. ef | jsce. 2 | 15335
Verify RPM is reading. If not push "P" key on diesel truck Total Mileage 28, 7 25. & BE g
Verify RPM is reading. If not push "S" key on gas hybrid truck j500. 2
Verify temperature readin Shevsh ‘ Driver Time Keeping .
’ ’ d re-e Start Time (47l 'f ?j; ! /5335
Starting Runs ",'2:3,2 i Lunch Start ’/‘wnch étop Tee3
After system warm up: ) c. ¥ Finish Time 29 7 33 =
Connect exhuast sampling hose to filters on analysers
Start diesel truck and let run for 5 minutes Ending day

Start Hybrid truck and make three laps in the parking lot with
Press <ESC> This creates file number

As you pull through the gate push "+" to create bag number

. Record time and mneage at each stop using the time from the

1. Press <ESC> to write file

2. Disconnect exhaust sampling hose

3. Let sampler run 5 minutes and turn unit off
‘4. Exchange batteries or hook up charger.

i R Ll

ana]yzer
m;/ﬁ?f/ [z =)
Ending Runs /e po:- 7T A i
1. Stop at gate push "-" to stop bag 7 &~ =/ /'p syl _
Notes: /‘/75};”& ﬂf;* " Z?pz,ﬁ& ‘”ff Cw7 L- 4{ M/pnﬁ’ z&;f AT 1ies
/ e *F e
T e § St Affen i Los? Elect fruwe  Ad by

/ds”/" @ﬁs [nﬂi 5 FA~

--’/'ﬂy"/{ 1= 2 g al e ~ =70 51‘_’!—111‘1’&/ g//’:f/{éi' Ve, ’44-/ 4 v
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FAX: (210) 522-3950 1ISO 14001 Certified
May 15, 2007

Mr. Joe Gold

Rolling Frito-Lay Sales, LP
7701 Legacy Dr.
Plano, TX 75024

SUBJECT: SwRI Letter Final Report titled, “Emissions Testing of Various Delivery Trucks,”
Project 03-12163.

Dear Mr. Gold:

This report describes the work completed for Parts 1 and 2 of the chassis dynamometer
testing for this project. Two conventional delivery trucks (Truck 1 and 2) and two different
hybrid-electric drive trucks (Truck 3 and 4) were tested in December 2006 and January 2007 for
Part 1 of this project on the same heavy-duty chassis dynamometer at SWRI.

1.0 INTRODUCTION

The trucks left SwRI and were operated in the field by Frito-Lay from January 2007
through March 2007. The four trucks returned for heavy-duty chassis testing near the end of
March 2007. During that time, Truck 4 received updates for the hybrid system and engine
control to provide better performance and driveablility. Frito-Lay also requested that SwRI
increase the scope of work to test Truck 4 with the hybrid system disabled and test another truck,
Truck 5, which is representative of a conventional, gasoline-powered configuration to compare
to Truck 3. Table 1 is a summary of each truck’s mechanical configuration and test weight.
Exhaust emissions of PM, NOy, HC, CO, and CO, were measured for each truck. The emissions
levels of the hybrid trucks were compared to those of the conventional trucks. Fuel economy
was calculated for each test using the carbon balance method. Energy balance corrections were
performed for each hybrid truck per SAE Recommended Practice J2711 for heavy-duty, hybrid-
drive vehicles.

Hybrid electric vehicles are typically equipped with energy storage devices. It was
recognized that the net energy change (NEC) in the storage device will likely affect the measured
emissions and fuel economy data. SAE J2711 provides a method to correct emissions and fuel
economy data if the energy storage device’s NEC varied by more than 1 percent of the total fuel
energy consumed during the test. SAE J2711 does not recommend correcting data if the NEC is
less than 1 percent. Fortunately, the NEC for each hybrid truck test was less 1 percent, so no
correction was required. The NEC values for each truck are included in this report.

SAN ANTONIO, TEXAS

HOUSTON, TEXAS * WASHINGTON, DC * ANN ARBOR, MI
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TABLE 1. TRUCK CONFIGURATION SUMMARY
Truck Engine Drivetrain Fuel Test W, Ib.
Cummins 3.9L
1 In-line 4, direct-injection, Automatic transmission | Diesel 9,160

turbocharged, intercooled

General Motors, 6.5L
2 V8, indirect-injection Automatic transmission | Diesel 9,180
Naturally aspirated

General Motors, 4.8L
3 V8, port-injected
Naturally aspirated

Series Hybrid Electric,

NiMH battery pack | Gasoline 10,730

Parallel Hybrid

International, 4.5L Electric, NiMH battery

4 V6, direct-injection Diesel 10,530
; . X pack, Automated ’
turbocharged, intercooled manual transmission
5 Ford 5.4L, V8 port-injection, Automatic transmission | Gasoline 9,010

Naturally aspirated

2.0  Vehicle Testing

The purpose of this work was to determine the effect of each type of hybrid drive system
on emissions in comparison to conventional trucks. SwRI conducted five hot-start emission tests
on each of five trucks over the same drive cycle, and the average value for each emission was
used to compare the relative emission levels of the trucks. Rolling Frito-Lay Sales, LP (Frito-
Lay) chose to test the trucks over the light-duty FTP UDDS (LD UDDS) drive cycle, Figure 1.
The test plans for Parts 1 and 2 are given in Tables 2 and 3, respectively . Frito-Lay provided the
test weights used by SwRI using the sum of each truck’s dry empty weight, fuel weight, driver,
and half of the remaining cargo weight capacity. SwRI used this test weight and measured
frontal area to calculate the road load using EPA’s recommended procedure for heavy-duty
chassis testing. The diesel trucks were fueled with ultra-low sulfur diesel with a density of 7.2
Ib/gal. The gasoline truck used commercially-available gasoline with a density of 6.2 Ib/gal.

3.0 TEST RESULTS
The following sections describe each vehicle’s installation, coastdown, and emissions

results. In the case of the hybrid trucks, a table with the NEC value for each test is included in
the corresponding sections.

Report 03-12163
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FIGURE 1. LIGHT-DUTY FTP UDDS (LD UDDS) DRIVE CYCLE

TABLE 2. PART 1 TEST PLAN FOR CHASSIS TESTING

Step Description

1 | Install baseline truck, Truck 1, and isolate fuel system, conduct coastdowns.

2 | Conduct two prep runs.

3 | Perform five hot-start tests for HC, CO, NOy, PM, and CO,.

4 | Remove Truck 1 from dynamometer.

5 | Install second baseline truck, Truck 2, and isolate fuel system, conduct coastdowns.

6 | Conduct two prep runs.

7 | Perform five hot-start tests for HC, CO, NOy, PM, and CO..

8 | Remove Truck 2 from dynamometer.

g |Install the first hybrid-electric drive truck, Truck 3, isolate fuel system, conduct
coastdowns.

10 | Set-up to record battery State of Charge (SOC) for SAE J2711 NEC correction.

11 | Conduct two prep runs.

12 | Perform five hot-start tests.

13 | Remove Truck 3 from dynamometer.

14 | Repeat Steps 9 through 13 for Truck 4.

15 After completing Part 1, release the trucks for durability operation and prepare the
report for Part 1 testing.

Report 03-12163
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TABLE 3. PART 2 TEST PLAN FOR CHASSIS TESTING
Step Description

1 |Install Truck 1, isolate fuel system, conduct coastdowns.
2 | Conduct two prep runs.
3 | Perform five hot-start tests for HC, CO, NOy, PM, and CO,.
4 | Remove Truck 1 from dynamometer.
5 | Repeat Steps 1 through 4 for Truck 2.
6 | Install Truck 3 with test fuel in on-board fuel tank, conduct coastdowns.
7 | Set-up to record battery State of Charge (SOC) for SAE J2711 NEC correction.
8 | Conduct two prep runs.
9 | Perform five hot-start tests for HC, CO, NOy, PM, and CO,.
10 | Remove Truck 3 from dynamometer.
11 | Install baseline truck, Truck 4, and isolate fuel system, conduct coastdowns.
12 | Set-up to record battery State of Charge (SOC) for SAE J2711 NEC correction.
13 | Conduct two prep runs.
14 | Perform five hot-start tests for HC, CO, NOy, PM, and CO..

15 | Disable hybrid drive system on Truck 4
16 | Repeat Steps 13 and 14.
17 | Remove Truck 4 from dynamometer.

=
(0]

Install Truck 5 with test fuel in on-board fuel tank, conduct coastdowns.
Repeat Steps 13 and 14 for Truck 5.
Prepare final report.

[EY
©

N
o

3.1 Truck 1 - Test Results

Truck 1, VIN 5B4HP42P553404763, was powered by a 2005 3.9L Cummins,
turbocharged, intercooled, direct injected diesel engine and was equipped with an automatic
transmission. The truck was installed on the chassis dynamometer, as shown in Figure 2 and
tested at 9,160 Ib. Coastdowns for this truck are shown in Figure 3. The truck was then driven
over the drive cycle twice to condition the vehicle for the hot-start testing. The five hot-start
tests were conducted with a 20-minute soak in between each test to change emission sample bags
and PM filters. The test results for Truck 1 in Parts 1 and 2 are summarized in Tables 4 and 5,
respectively.
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FIGURE 2. TRUCK 1 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER
Truck 1 Coastdown
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FIGURE 3. TRUCK 1 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES
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TABLE 4. EMISSION RESULTS FOR TRUCK 1 OVER LD FTP UDDS
DRIVE CYCLE DURING PART 1

Test HC, CO, NOy, PM, CO,, Fuel,

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
4763-H1 0.15 2.23 6.27 78 715 14.4 1.71 7.53
4763-H2 0.14 2.37 6.30 78 707 14.6 1.70 7.55
4763-H3 0.14 2.32 6.20 74 707 14.6 1.69 7.53
4763-H4 0.16 2.28 6.21 73 701 14.7 1.69 7.59
4763-H5 0.13 2.32 6.07 75 696 14.8 1.68 7.58

Average = 0.14 2.30 6.21 75 705 14.6 1.69 7.56

C.0.V. 6% 2% 1% 3% 1% 1% 1% 0%

TABLE 5. EMISSION RESULTS FOR TRUCK 1 OVER LD FTP UDDS
DRIVE CYCLE DURING PART 2

Test HC, CO, NO, PM, CO,, Fuel,

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
4763B-H1 0.13 2.25 6.14 89 724 14.2 1.73 7.54
4763B-H2 0.12 2.30 6.17 82 727 14.2 1.74 7.54
4763B-H3 0.11 2.26 6.14 86 723 14.3 1.73 7.55
4763B-H4 0.14 2.22 6.19 82 722 14.3 1.73 7.55
4763B-H5 0.12 2.23 6.12 83 722 14.2 1.73 7.54
Average = 0.12 2.25 6.15 84 724 14.2 1.73 7.54

C.0.V. 9% 1% 3% 4% 1% 1% 1% 0%

3.2 Truck 2 - Test Results

Truck 2, VIN 1GBHP32Y8W3304305, was powered by a 1997 6.5L GM naturally-
aspirated, indirect injected diesel engine and was equipped with an automatic transmission. The
truck was installed on the chassis dynamometer, as shown in Figure 4, and tested at 9,180 Ib.
Coastdowns for this truck in each Part are shown in Figure 5. During Part 1, the truck was fitted
with a calibrated mass air flow sensor to record engine air flow to compare with the mobile
emissions measurement device’s air flow estimation. This data is not included in the report, as it
was for reference only. The truck was then driven over the drive cycle twice to condition the
vehicle for the hot-start testing. After five hot-start tests were conducted, the first test appeared
to be an outlier and a sixth test was performed while the truck was still on the dynamometer.
However, after using ASTM-E178 criteria, the first test was not an outlier, so it was decided to
use all six tests for the average and c.o.v. calculations. Part 1 test results for Truck 2 are
summarized in Table 6.

For Part 2, the mass air flow meter data was not recorded, since the mobile emissions
measurement device was not present during Part 2 testing. The truck was only tested five times
in Part 2 and the results for this testing are summarized in Table 7.
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FIGURE 4. TRUCK 2 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER
Truck 2 Coastdown
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FIGURE 5. TRUCK 2 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES
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TABLE 6. EMISSION RESULTS FOR TRUCK 2 OVER LD FTP UDDS
DRIVE CYCLE DURING PART 1

Test HC, CoO, NOy, PM, CO,, Fuel,

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
4305-H1* 0.35 1.59 2.98 218 852 12.1 2.04 7.57
4305-H2 0.30 1.44 3.1 144 847 12.2 2.03 7.55
4305-H3 0.30 1.44 3.68 133 839 12.3 2.00 7.54
4305-H4 0.30 1.48 3.63 158 838 12.3 2.01 7.56
4305-H5 0.31 1.47 3.74 136 840 12.3 2.02 7.60
4305-H6 0.30 1.41 3.64 126 837 12.3 2.00 7.53

Average = 0.31 1.47 3.46 152 842 12.2 2.02 7.56

C.0.V. 6% 4% 9% 22% 1% 1% 1% 0%

* This test was initially thought to be an outlier during testing, but it was not, using ASTM-
E178. This test was used in the average and c.o.v. calculations.

TABLE 7. EMISSION RESULTS FOR TRUCK 2 OVER LD FTP UDDS
DRIVE CYCLE DURING PART 2

Test HC, CoO, NOy, PM, CO,, Fuel,

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
4305B-H1 0.37 1.70 3.52 147 834 12.4 1.99 7.53
4305B-H2 0.33 1.58 3.55 126 830 12.4 1.99 7.55
4305B-H3 0.35 1.68 3.49 135 836 12.3 2.06 7.77
4305B-H4 0.33 1.67 3.50 143 840 12.3 2.03 7.61
4305B-H5 0.33 1.61 3.52 137 835 12.3 1.99 7.52
Average = 0.34 1.65 3.52 137 835 12.3 2.01 7.60

C.0.V. 5% 3% 1% 6% 0% 0% 2% 1%
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3.3 Truck 3 - Test Results

Truck 3, VIN 584KP02V063416051, was powered by a 2005 4.8L GM Vortec, port
injected gasoline engine and was equipped with series hybrid drivetrain using two electric
motors and a nickel metal hydride (NiMH) battery pack. The truck was installed on the chassis
dynamometer, as shown in Figure 6, and tested at 10,730 Ib. Coastdowns for this truck are
shown in Figure 7 for both Parts of testing. For Part 1, the truck was driven over the drive cycle
twice to condition the vehicle for the hot-start testing. As with the previous truck, after five hot-
start tests were conducted, the first test appeared to be an outlier and sixth test was conducted.
Using ASTM-E178, the NOx result from the first test was considered an outlier, so the sixth test
was used in place of the first test for the average and c.o.v. calculations. The emission test
results and NEC values for Truck 3 are summarized in Tables 8 and 9 for Part 1.

For Part 2, Test 3 was determined to be an outlier based on the NOx values using the
ASTM-E178 method. However, the truck was only tested five times, as stated in the test plan.
The emission test results and NEC values for this truck during Pat 2 testing are shown in Tables
10 and 11. As described in the introduction, the percent NEC for this truck were less than 1 for
all of the tests, so no data correction was necessary.

FIGURE 6. TRUCK 3 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER

Report 03-12163



Mr. Joe Gold
Rolling Frito Lay
May 15, 2007
Page 10 of 20

Truck 3 Coastdown
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FIGURE 7. TRUCK 3 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES

TABLE 8. EMISSION RESULTS FOR TRUCK 3 OVER LD FTP UDDS
DRIVE CYCLE DURING PART 1

Test HC, CO, | NO,, PM, CO,, Fuel,

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
F6051-H1 015 | 1.41 1.04 7 765 11.7 1.84 7.59
F6051-H2 012 | 2.21 0.37 10 739 12.0 1.77 7.56
F6051-H3 018 | 2.89 | 0.23 6 739 12.0 1.78 7.58
F6051-H4 0.15 2.51 0.28 5 748 11.9 1.80 7.59
F6051-H5 012 | 259 | 0.13 6 737 12.1 1.77 7.58
F6051-H6 0.17 | 235 | 0.28 8 742 12.0 1.79 7.58
Average = 015 | 251 | 0.26 7 741 12.0 1.78 7.58

C.0.V. 19% | 10% | 34% 27% 1% 1% 1% 0%

* This test was an outlier based on the NOx value using ASTM-E178. This test was not
used in the average and c.0.v. calculations.
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TABLE 9. NEC RESULTS FOR TRUCK 3 OVER LD FTP
UDDS DRIVE CYCLE DURING PART 1

SOC, % Fuel

Test NEC, Energy, NEC,

Code Start End MJ MJ %
F6051-H1 61.0 58.5 -0.28 77.2 0.0
F6051-H2 58.5 58.0 -0.06 74.5 0.0
F6051-H3 58.0 56.5 -0.17 74.8 0.0
F6051-H4 56.5 58.0 0.17 75.7 0.0
F6051-H5 58.0 57.5 -0.06 74.5 0.0
F6051-H6 57.5 61.0 0.39 751 0.0

TABLE 10. EMISSION RESULTS FOR TRUCK 3 OVER LD FTP UDDS
DRIVE CYCLE DURING PART 2

Test HC, CO, | NO;, PM, CO,, Fuel,

Code g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
F6051B-H1 019 | 3.93 | 0.18 10 755 11.7 1.82 7.56
F6051B-H2 014 | 244 | 025 10 756 11.8 1.81 7.54
F6051B-H3* 012 | 167 | 0.95 4 738 12.1 1.77 7.55
F6051B-H4 015 | 248 | 0.25 9 743 12.0 1.78 7.56
F6051B-H5 0.21 3.92 0.21 8 751 11.8 1.81 7.55
Average = 0.17 3.19 0.22 9 751 11.8 1.80 7.55

C.0.V. 18% | 26% | 15% 13% 1% 1% 1% 0%

* This test was an outlier based on the NOx value using ASTM-E178. This test was not
used in the average and c.0.v. calculations.

TABLE 11. NEC RESULTS FOR TRUCK 3 OVER LD FTP
UDDS DRIVE CYCLE DURING PART 2

SOC, % Fuel

Test NEC, Energy, NEC,

Code Start End MJ MJ %
F6051B-H1 | 57.0 56.5 -0.06 79.9 0.0
F6051B-H2 | 56.5 58.0 0.17 79.6 0.0
F6051B-H3 | 58.0 57.5 -0.06 77.7 0.0
F6051B-H4 | 57.5 56.5 -0.11 78.5 0.0
F6051B-H5 | 56.5 58.0 0.17 79.4 0.0
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3.4 Truck 4 — Test Results

Truck 4, VIN 5B4HPD25363412537, was powered by a 2006 4.5L direct-injected
turbocharged diesel engine and was equipped with parallel hybrid drivetrain using an electric
motor between the engine and transmission. The transmission was an Eaton automated manual.
The battery pack was nickel metal hydride (NiMH). For Part 1, Truck 4’s hybrid system was not
completely refined and the engine’s ECU was not using production software and calibrations, so
the results of this truck may not be representative of the final product. The truck was installed on
the chassis dynamometer, as shown in Figure 8, and tested at 10,530 Ib. Coastdowns for this
truck are shown in Figure 9. The truck was driven over the drive cycle twice to condition the
vehicle for the hot-start testing. The emission test results and NEC values for Part 1 are
summarized in Tables 12 and 13, respectively.

Truck 4 was the only truck modified before returning for Part 2 testing. It was noted that
in Part 1 the truck’s hybrid system control software was not fully developed and that the engine’s
ECU did not correctly receive torque commands from the hybrid controller. Both of those issues
were addressed while the truck was operated in the field. The emission test results and NEC
values for Part 1 are summarized in Tables 14 and 15, respectively. As described in the
introduction, the NEC for all of the tests for this truck were less than 1 percent, so no data
correction was necessary. During Part 2, emissions of HC, NOx and PM were reduced by 23,
18, and 2 percent, respectively. Emissions of CO increased by 15 percent. Fuel economy
improved by 5 percent compared to the previous testing in Part 1.

At Frito-Lay’s request, the truck was also tested with the hybrid system disabled.
Although it was recognized that the vehicle would be lighter and the driveline inertia would be
less without a hybrid system, no attempt was made to compensate or correct for the differences.
The hybrid system was disabled by disconnecting the high-voltage battery cable from the pack at
the connector. The testing in this configuration was conducted using the same procedure used in
hybrid mode. The results of this testing is summarized in Table 16. With the hybrid system
disabled, the emissions of HC were nearly identical, however, CO emissions nearly doubled,
NOx increased 20 percent, and PM increased by 38 percent, compared to the hybrid
configuration. Fuel economy was nearly 10 percent worse with the hybrid system disabled.
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FIGURE 8. TRUCK 4 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER

Truck 4 Coastdown
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FIGURE 9. TRUCK 4 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES
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TABLE 12. EMISSION RESULTS FOR TRUCK 4 OVER
LD FTP UDDS DRIVE CYCLE DURING PART 1

Test HC, CoO, NOy, PM, CO,, Fuel,
Code g/mi g/mi g/mi | mg/mi | g/mi | MPG kg Miles

F2537-H1 0.56 2.14 5.04 181 679 | 151 1.62 | 7.50

F2537-H2 0.57 1.94 5.00 158 677 152 | 1.63 | 7.55

F2537-H3 0.53 2.05 5.05 148 671 15.3 | 1.62 | 7.58

F2537-H4 0.49 2.03 4.94 139 654 15.7 | 1.57 | 7.56

F2537-H5 0.50 2.38 4.86 154 654 15.7 | 1.57 | 7.53

Average = | 0.53 2.11 4.98 156 667 154 | 1.60 | 7.54

C.0.V. 7% 8% 2% 10% 2% 2% 2% 0%

TABLE 13. NEC RESULTS FOR TRUCK 4 OVER
LD UDDS DRIVE CYCLE DURING PART 1

sSOC Fuel

Test NEC Energy, NEC

Code Start End MJ MJ %
F2537-H1 51.5 53.0 0.10 71.3 0.0
F2537-H2 53.0 53.0 0.00 71.5 0.0
F2537-H3 53.0 53.0 0.00 71.2 0.0
F2537-H4 53.0 51.5 -0.10 69.2 0.0
F2537-H5 515 53.0 0.10 69.0 0.0

TABLE 14. EMISSION RESULTS FOR TRUCK 4 OVER
LD FTP UDDS DRIVE CYCLE DURING PART 2

Test HC, CO, NOy, PM, CO,, Fuel,
Code g/mi g/mi g/mi | mg/mi | g/mi | MPG kg Miles

F2537B-H1 [ 0.42 | 2.37 4.87 126 632 16.2 | 1.53 |7.60

F2537B-H2 | 0.41 2.32 4.76 124 634 16.2 | 1.53 | 7.58

F2537B-H3 | 0.41 2.49 4.78 123 627 16.4 | 1.51 | 7.57

F2537B-H4 | 0.41 2.49 4.82 135 635 16.2 | 153 | 7.55

F2537B-H5 | 0.40 | 2.48 5.04 132 634 16.2 | 153 | 7.60

Average = | 0.41 2.43 4.86 128 632 16.2 | 153 | 7.58

C.0.V. 2% 3% 2% 4% 0% 0% 1% 0%

Report 03-12163



Mr. Joe Gold

Rolling Frito Lay

May 15, 2007
Page 15 of 20

TABLE 15. NEC RESULTS FOR TRUCK 4 OVER

LD UDDS DRIVE CYCLE DURING PART 2

Test Fuel
Code SOC NEC Energy, NEC
Start End MJ MJ %
F2537B-H1 54.0 52.0 -0.13 67.2 -0.2
F2537B-H2 52.0 54.0 0.13 67.2 0.2
F2537B-H3 57.0 53.0 -0.26 66.5 -0.4
F2537B-H4 53.0 54.0 0.06 67.1 0.1
F2537B-H5 54.0 52.0 -0.13 67.5 -0.2

TABLE 16. EMISSION RESULTS FOR TRUCK 4 WITH HYBRID

SYSTEM DISABLED OVER LD FTP UDDS DRIVE CYCLE

Test HC, CoO, NOx, PM, | CO,, Fuel,

Code g/mi g/mi g/mi g/mi | g/mi | MPG kg Miles
F2537C-H1 | 0.42 5.02 5.74 190 704 145 | 168 | 7.45
F2537C-H2 | 0.40 4.64 5.80 169 698 147 | 1.67 | 7.50
F2537C-H3 | 0.40 4.78 5.78 174 691 148 | 1.66 | 7.50
F2537C-H4 | 0.40 4.75 5.90 181 698 147 | 1.67 | 7.47
F2537C-H5 | 0.40 4.57 5.86 173 693 147 | 1.66 | 7.48
Average= | 0.40 4.75 5.81 177 697 147 | 1.67 | 7.48

C.0.V. 2% 4% 1% 5% 1% 1% 1% 0%

3.5

Truck 5, VIN 1FCJE39L46HB04103, was powered by a 2005 5.4L Ford, port injected
gasoline engine and was equipped with an automatic transmission. The truck was installed on
the chassis dynamometer, as shown in Figure 10 and tested at 9,010 Ib. Coastdowns for this
truck are shown in Figure 11. The truck was then driven over the drive cycle twice to condition
the vehicle for the hot-start testing. The five hot-start tests were conducted with a 20-minute
soak in between each test to change emission sample bags and PM filters. The test results for

Truck 5 — Test Results

Truck 5 in are summarized in Table 17.
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FIGURE 10. TRUCK 5 INSTALLED ON THE HEAVY-DUTY
CHASSIS DYNAMOMETER
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FIGURE 11. TRUCK 5 COASTDOWN RESULTS COMPARED TO
CALCULATED COASTDOWN VALUES
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TABLE 17. EMISSION RESULTS FOR TRUCK 5 OVER
LD FTP UDDS DRIVE CYCLE

Test HC, CO, NO,, PM, CO.,, Fuel,

Code g/mi g/mi g/mi | mg/mi | g/mi | MPG kg Miles
F4103-H1 0.00 1.17 0.21 5 804 11.1 1.91 7.52
F4103-H2 0.05 1.35 0.19 798 11.2 1.90 7.51

4
F4103-H3 0.01 1.86 0.17 3 805 11.1 1.91 7.49
F4103-H4 0.03 1.59 0.16 3 802 11.1 1.91 7.52
3
4

F4103-H5 0.04 1.47 0.08 797 11.2 1.89 7.50
Average = 0.03 1.49 0.16 801 11.1 1.90 7.51
C.0.v. 67% 17% 30% 23% 0% 0% 1% 0%

40 SUMMARY

Parts 1 and 2 of this project were successfully completed. For Part 1, four trucks with
different engine and drivetrain combinations were tested over at least five runs of the same drive
cycle. The emissions and fuel economy results were very different. Table 18 shows the Part 1
average emissions values for each truck. Figure 12 shows the trucks ranked by emission from
lowest to highest. For Part 2, six different truck configurations were tested. Trucks 1, 2, and 3
were tested as they were configured during Part 1. Truck 4, a hybrid, was re-calibrated between
Parts 1 and 2 and was tested as both a hybrid and a conventional truck. Truck 5 was also added
for Part 2. Truck 5 was added to provide a baseline comparison to the gasoline hybrid, Truck 3.
Table 19 shows the Part 2 average emissions values for each truck, and Figure 13 shows the
trucks ranked by emission from lowest to highest.

TABLE 18. PART 1 AVERAGE EMISSION RESULTS FOR
EACH TRUCK OVER LD FTP UDDS DRIVE CYCLE

HC, Co, NOy, PM, CO,, Fuel,
Truck g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
1 0.14 2.30 6.21 75 705 14.6 1.69 7.56
2 0.31 1.47 3.46 152 842 12.2 2.02 7.56
3 0.15 2.51 0.26 7 741 12.0 1.78 7.58
4 0.53 2.11 4.98 156 667 15.4 1.60 7.54
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FIGURE 12. PART 1 RANKING OF TRUCKS BY EMISSION LEVEL

TABLE 19. PART 2 AVERAGE EMISSION RESULTS FOR
EACH TRUCK OVER LD FTP UDDS DRIVE CYCLE

HC, CoO, NOy, PM, CO,, Fuel,

Truck g/mi g/mi g/mi mg/mi g/mi MPG kg Miles
1B 0.12 2.25 6.15 84 724 14.2 1.73 7.54
2B 0.34 1.65 3.52 137 835 12.3 2.01 7.60
3B 0.16 2.89 0.37 8 748 11.9 1.80 7.55
4B 0.41 2.43 4.86 128 632 16.2 1.53 7.58
4C 0.40 4.75 5.81 177 697 14.7 1.67 7.48
5 0.03 1.49 0.16 4 801 11.1 1.90 7.51
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FIGURE 13. PART 2 RANKING OF TRUCKS BY EMISSION LEVEL

The trucks were tested before and after field evaluations to demonstrate each truck’s
durability. The emissions and fuel economy differences between Part 1 and Part 2 were
insignificant. Truck 4 received software modifications to the hybrid system and engine control
system, which explains its improved performance. Therefore the discussion of each truck will be
limited to its performance in Part 2.

All of the trucks produced low HC and CO emissions, which are typically not issues for
diesel engines and gasoline engines with catalyst systems. The gasoline trucks were equipped
with three-way catalyst systems; and therefore, produced very low NOx emissions. However,
the gasoline trucks also produced the worst fuel economy. The diesel trucks produced the
highest NOx emissions and best fuel economy. Of the diesel trucks, Truck 1 produced the most
NOXx, followed by Truck 4, Truck 4C (Truck 4 with the hybrid system disabled), and Truck 2.

The gasoline engines also produced almost no PM, which is typical of gasoline engine

operation, even without aftertreatment. Of the diesels, Truck 4C produced the most PM,
followed by Truck 2, Truck 4, and Truck 1.
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The hybrid systems improved fuel economy between 7 and 10 percent compared to
similar configurations. The NOx emissions of the diesel hybrid was nearly 1 g/mile less, a 16
percent reduction, compare to the diesel baseline. The gasoline hybrid produced 0.21 g/mile
more NOX, a two fold increase than the gasoline baseline.

Prepared by: Reviewed by:

b '
oseph W. Anthony, Senior Research Engineer JayantW. Sarlashkar;vianager
Department of Engine and Vehicle Department of Engine and Vehicle
Technology Technology

aniel W. Stewart, Director of Research
Department of Engine and Vehicle Technology
Engine, Emissions and Vehicle Research Division

This report shall not be reproduced, except in full, without the written approval of Southwest Research Institute™.
Results and discussion given in this report relate only to the test items described in this report.

/mab

Report 03-12163



LOPEZ
GARCIA

Iggroup.com

205120.00 « PHASE 1 « TASK 00500



	7.0 Conclusions
	7.1 Test Validity

	Appendix A.pdf
	August 2006
	Abstract
	Testing Schedule
	On-Road Testing/Data Collection
	Data Collection Plan
	Data Collection Training


	Analysis and Evaluations
	Procedures
	Examples
	Basic Description of the PEMS
	PEMS Features
	System Operation
	System Comparison



	Abstract


	Testing Schedule
	On-Road Emission Data Collection
	Data Collection Training

	Analysis and Evaluations
	Basic Description of the PEMS
	Clean Air Technology PEMS Features

	Montana System Specifications for analyzers, gas benches, an
	System Operation
	System Comparison





	Appendix D.pdf
	1.0 Vehicle Testing
	TABLE 2.  TEST PLAN FOR CHASSIS TESTING

	Appendix F.pdf
	2.0 Vehicle Testing
	TABLE 2.  PART 1 TEST PLAN FOR CHASSIS TESTING
	TABLE 3.  PART 2 TEST PLAN FOR CHASSIS TESTING


