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Executive Summary

The objective of this project was to evaluate and quantify the emission impacts of commercially
available hybrid medium- and heavy-duty vehicles relative to their non-hybrid counterparts. This
effort will allow the California Air Resources Board (CARB) and other agencies to more
effectively encourage development and commercial deployment of the most efficient, lowest
emitting hybrid technologies needed to meet air quality and climate goals.

Hybrid technology has the potential to provide significant greenhouse gas and criteria pollutant
emission reductions, particularly in urban, stop-and-go duty cycles. California’s Hybrid and
Zero-Emission Truck and Bus Voucher Incentive Project (HVIP) has provided $38 million since
its launch in 2010 to help California fleets purchase about 1,700 hybrid trucks and buses. These
early hybrid truck deployments, mostly in the Classes 4 through 7 delivery vehicle vocations,
provide a critical role in enabling consumer acceptance and technology transfer needed for the
advanced hybrid and zero-emission heavy-duty vehicles California will need to meet its long-
term air quality and climate challenges. This study provides a unique opportunity to evaluate the
emission impacts of the nation’s first commercially available hybrid trucks, and is intended to
help inform effective policies to accelerate advanced hybrid truck and bus deployment.

This project was executed by the National Renewable Energy Laboratory (NREL) under an
agreement with CARB (#11-600). It examined the in-use performance of more than 120 vehicles
across four vocations: beverage delivery, parcel delivery, uniform and linen delivery, and food
distribution. More than 80 of these vehicles were hybrid electric vehicles (HEVs) that had
received vouchers through HVIP. The remaining vehicles were selected as conventional
comparisons to benchmark performance. A sub-set of these vehicles was also selected for chassis
dynamometer testing and on-road emissions testing. It is important to note that despite efforts to
include baseline conventional vehicles equivalent to hybrids in this study, this was not possible
in all cases and, as such, some data may not provide an accurate comparison between hybrid and
conventional vehicles due to potentially important differences in vehicle build and engine model
year. However, the in-use, chassis testing data from the Class 5 parcel delivery vehicles offered
solid opportunities for isolating the effects of the hybrid system compared with a conventional
vehicle, as both vehicles had the same 2011 Cummins ISB engine with a 200 HP rating and
calibration CPL#3070. Both the conventional and hybrid vehicles were built on a Freightliner
MT45 chassis with a 4.10 final rear-axle ratio. Results from vocational analysis, chassis testing,
and on-road testing for the complete data set showed a 10%—-27% increase in average fuel
economy from the HEVs, but actual gains from individual driving days varied widely depending
on the route and drive cycle characteristics. This reinforced the importance of proper route
selection when deploying an HEV in order to maximize fuel economy benefits.

Almost all of the HEVs in this study exhibited a decrease in carbon-dioxide (CO;), carbon-
monoxide (CO), and hydrocarbon (HC) emission, but an increase in oxides of nitrogen (NOy)
emissions, relative to their conventional counterparts. It should be noted that all of the hybrids in
this study were parallel HEVs. This NOy emissions issue requires further investigation to
pinpoint the exact cause of this increase, but preliminary results have indicated that this is a
complex interaction involving the integration of engine, transmission, and final driveline. Factors
affecting tailpipe emissions include catalyst temperature, space velocity, and engine operating
point. Decisions on transmission gearing and final drive axle ratio can heavily influence engine
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operation and, in turn, tailpipe emissions. A comparison of aftermarket hybrid and vertically
integrated solutions is required to better understand how these two design pathways will
ultimately affect emissions across California fleets that use hybrid technology. That is, the
conclusion is not that all medium- and heavy-duty HEVs lead to higher NOy emissions, but that
this was observed for specific hybrid configurations included in this study and as such, when
future hybrids are designed and integrated for the vocational market segment, close consideration
and accounting for both fuel economy and emissions benefits need to be taken into account. This
balancing of fuel consumption and emission reduction trade-offs in planning the design and
deployment of future medium- and heavy-duty hybrids, which includes engine downsizing,
emission control system calibration/conversion optimization, and optimized integration and
control of the electric drive system, will lead to vehicles that are able to reduce fuel use and
criteria pollutant emissions simultaneously. Therefore this technology for medium-duty and
heavy-duty vehicles is still considered an important pathway that will provide fuel consumption
and greenhouse gas reductions and will also act as a bridging technology to battery electric and
fuel cell vehicle deployment.

In addition, it is also important to view these results in the context of the goals for this project
and not extrapolate the results beyond the vehicles that were included in the study. As such, this
should be considered a limited dataset—vehicles were selected based on availability and are not
necessarily representative of the in-use vehicle population. Also, the focus was to include HEVs
participating in HVIP that are not representative of all vehicles—or even all hybrids—operating
in California. Because the study focused on HEVs, comparison data on conventional vehicles
were available on only a small sample size, and data on 2010 certification conventional vehicles
were difficult to acquire because of limited vehicle availability. In addition, some vocations and
vehicle classes were excluded by design—the focus was on vocations with the highest
representation in HVIP, so this should not be considered a comprehensive dataset. That said, the
observations from this study indicate a need for improved electric drive integration and
optimization for the medium-duty and heavy-duty vehicle markets. In addition, the observations
show that deployment of these vehicles should be approached with an open mind with regard to
their potential for fuel reduction and the potential for unintended adverse impacts from the
criteria emission perspective if they are not properly designed and certified. Additional analysis
is needed to fully understand all of the data and observations gathered during this study in order
to fully understand the potential of these vehicles.

The initial impression is that the observed issue related to the increase of NOx emissions
associated with the hybrid vehicles has the potential to be easily solved. CARB is currently
working with NREL on a second phase of this work to identify the root cause of this issue and
recommend solutions for both current and future hybrid vehicles. To better understand the issue,
this future project will monitor emissions-control systems for differences in urea dosing and
changes in engine operation (e.g., injection timing and exhaust gas recirculation rates), examine
the composition of the selective catalytic reduction (SCR) feed gas (NO, to NOx ratio), and look
at tailpipe constituents (NHs, N,O, HNCO) to better understand SCR operation, among other
things. This will be done by using a well-paired conventional and hybrid vehicle (same MY
engine calibration/certification, etc.) on NREL's chassis dynamometer (including the Hino
hybrid/conventional vehicle vertically integrated platform) and using representative cycles that
are known to show fuel economy benefits and NOy increase. In addition, the future project will
explore the potential to tune for fuel economy and low emissions simultaneously by working
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with industry partners (e.g., engine, transmission, and hybrid-system developers) to
adjust/optimize control strategies and provide recommendations for the next generation of

hybrids to ensure that fuel economy benefits continue to be realized without sacrificing
emissions.
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Introduction

The objective of this project was to evaluate and quantify the emission impacts of commercially
available hybrid medium- and heavy-duty vehicles relative to their non-hybrid counterparts. This
effort will allow the California Air Resources Board (CARB) and other agencies to more
effectively encourage development and commercial deployment of the most efficient, lowest
emitting hybrid technologies needed to meet air quality and climate goals.
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Project Background and Objective

Hybrid technology has the potential to provide significant greenhouse gas and criteria pollutant
emission reductions, particularly in urban, stop-and-go duty cycles. California’s Hybrid and
Zero-Emission Truck and Bus Voucher Incentive Project (HVIP) has provided $38 million since
its launch in 2010 to help California fleets purchase about 1,700 hybrid trucks and buses. These
early hybrid truck deployments, mostly in the Classes 4 through 7 delivery vehicle vocations, fill
a critical role in enabling consumer acceptance and technology transfer needed for the advanced
hybrid and zero-emission heavy-duty vehicles California will need to meet its long-term air
quality and climate challenges. This study provides a unique opportunity to evaluate the emission
impacts of the nation’s first commercially available hybrid trucks, and is intended to help inform
effective policies to accelerate advanced hybrid truck and bus deployment.

Previous efforts to intelligently deploy or place vehicles into fleets, including testing and analysis
conducted by the National Renewable Energy Laboratory (NREL) and the U.S. Department of
Energy (DOE), have illustrated the relationship between duty cycle, fuel economy, and
emissions. This initial work has shown that knowledge of real-world vocational drive cycles and
vehicle operation is the key to selecting the right technology for a given application. Gathering
these data is critical in understanding the performance of various technologies under different
operating conditions. Without these fundamental data, chassis dynamometer-derived emissions
and fuel economy results may not be representative of real-world performance, and vehicle and
deployment models cannot be optimized for real-world vocational conditions. NREL and the
DOE have initiated a project called “Fleet DNA” to capture and characterize data from various
vocations for further vehicle design and strategic deployment.

This project used the Fleet DNA framework and dataset to supplement this “California-specific”
study and effectively provide CARB, original equipment manufacturers (OEMs) producing
HEVs, and the various fleets that are purchasing vehicles in California information about the
effectiveness of the technology under real-world conditions. Specifically, the objectives of this
project were to:

1. Obtain the necessary data from HVIP-eligible vehicles (and their diesel equivalents,
when available) on relevant vehicle uses and vocations in California

2. Provide testing and analysis showing the performance of technology on the measured
uses and vocations

3. Provide a framework, dataset, and methodology to estimate fuel consumption and
emissions of current and future deployments of HVIP vehicles and other advanced
technology vehicles in California.

2

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Project Summary

The specific objective of this study was to better understand the use of medium- and heavy-duty
vehicles in California by estimating the real-world benefits of implementing advanced
technologies. This effort will enable CARB and other California agencies to strategically match
advanced propulsion systems and duty cycles to optimize for fuel economy, emissions
reductions, and return on grant funding or capital investment.

This project used:

¢ (Chassis dynamometer-based testing of vehicles over a focused set of duty cycles that
yielded relevant data and helped with the estimation of vocational emissions inventories
and fuel consumption metrics.

¢ A methodology that will output simulated fuel economy values based on specific
vocational duty cycles. This will provide additional estimation capabilities for future
deployments.

e Data collection activities to further define a database to capture known and specific
characteristics of vocational duty cycles that will allow for improved assessment of
powertrain tradeoffs, such as energy storage capacity and component sizing.

This project provided CARB data to:

e Characterize the relative emissions contribution of various medium- and heavy-duty
vocations operating in California

e Develop a methodology to create a “strategic roadmap” to initiate research, development,
demonstration, and deployment programs that will deploy the highest impact low-
emissions vehicle technology within the most appropriate fleet vocations and duty cycles
or routes

e Strategically achieve the largest criteria and greenhouse gas (GHG) emissions reductions
when using deployment funding

e Provide data to more accurately forecast vocational emissions inventories in California.

This project was executed by NREL under an agreement with CARB (#11-600). It examined the
in-use performance of 129 vehicles across four vocations: beverage delivery, parcel delivery,
uniform and linen delivery, and food distribution. Eighty-nine of these vehicles were HEVs that
had received vouchers through HVIP. The remaining 40 vehicles were selected as conventional
comparisons to benchmark performance. Daily drive cycle information was analyzed using
NREL’s Drive-cycle Rapid Investigation, Visualization and Evaluation (DRIVE) Tool and
results were incorporated into Fleet DNA, where they could be compared against hundreds of
other vehicles. This analysis also allowed the most representative standard test cycles to be
selected for chassis dynamometer testing, which was performed at the University of California
Riverside Center for Environmental Research and Technology (CE-CERT). Results from
vocational analysis have shown a 10%—-27% increase in overall fuel economy from the HEVs,
but actual gains from individual driving days varied widely depending on the route and drive
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cycle characteristics. This reinforced the importance of proper route selection when deploying an
HEV.

Most HEVs also exhibited an increase in tailpipe oxides of nitrogen (NOy) emissions, but it
should be noted that all of the hybrids in this study were parallel HEVs. This issue requires
further investigation to pinpoint the exact cause, but preliminary results have indicated that this
is a complex interaction involving the integration of engine, transmission, and final driveline.
Factors affecting tailpipe emissions include catalyst temperature, space velocity, and engine
operating point. Decisions on transmission gearing and final drive axle ratio can heavily
influence engine operation and tailpipe emissions. A comparison of aftermarket hybrid and
vertically integrated solutions is required to better understand how these two design pathways
will ultimately affect emissions across California fleets that use hybrid technology.

This project was divided into six primary tasks:

Coordination and implementation of fleet partner agreements
Drive cycle data collection

Fleet drive cycle analysis and characterization

Chassis dynamometer emissions and fuel economy measurement

Portable emissions and fuel economy measurements

AN AN I

Vocational analysis and methodology development.

The following sections will detail the six key project tasks, the execution of these tasks, and the
resulting data.
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Project Descriptions and Results by Task

Task 1: Coordination and Implementation of Fleet Partner Agreements
Under this task, NREL recruited private fleets for participation in this project for access to
vehicles for the execution of Tasks 2, 3, and 4. This effort also included the coordinated third-
party fleet agreements as appropriate. Target fleets were operating in California; the project
focused on fleets that have participated or are currently participating in the HVIP or in DOE’s
National Clean Fleet Partners Program. The fleets and vocations that were recruited for
partnering in this project have implemented—or are interested in implementing—advanced
technology in their fleets. Key vocations that were initially targeted for this project were:

e C(lass 4-6 parcel delivery fleets

e C(Class 4-6 service vans

e (lass 7-8 tractor/trailer beverage delivery fleets

e (lass 7-8 intercity tractor/trailer fleets

e School bus fleets

e (lass 8 refuse vehicle fleets

e C(lass 8 transit bus fleets

e (lass 67 intercity box truck fleets

e (lass 8 intercity delivery tractor/trailer

e (lass 67 shuttle bus fleets

e C(lass 3 delivery vans.
CARB planned that three to four of these vocations would be selected for the data collection
efforts and that a subset would be used for the two emissions and fuel economy measurement

tasks. Once the project was initiated, CARB decided to focus the fleet recruitment on the
vocation that had the highest participation level in the HVIP.

Table 1 includes details related to HVIP participation by vocation to date. These data (provided
by CARB) show that four of the five largest vocations that are participating in the HVIP are
parcel delivery, beverage delivery, uniform and linen delivery, and food distribution. As such,
this task concentrated on recruiting fleets in these four vocations; the primary focus was on
parcel delivery, beverage delivery, and uniform and linen delivery. Priority was also given to
data collection on vehicles with model year 2010 or newer engines.
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Table 1. HVIP Participation Statistics

- Voucher Total Average % of % of Total
Vehicle Type s Issued Voucher Voucher Total Voucher
Funds Amount | Vouchers Funds
Parcel Delivery 621 $15,968,000 | $25,713 37% 34%
Beverage Delivery 410 $13,502,000 | $32,932 24% 29%
Other Truck 333 $8,092,000 $24,300 20% 17%
Food Distribution 56 $1,593,000 $28,446 3% 3%
Uniform & Linen Delivery 112 $2,800,000 $25,000 7% 6%
Tow Truck 73 $2,327,000 $31,877 4% 5%
Pick-up & Delivery 27 $690,000 $25,556 2% 1%
Refuse Hauler 23 $934,000 $40,609 1% 2%
School Bus 13 $390,000 $30,000 1% 1%
Shuttle Bus 13 $276,776 $21,290 1% 1%
Utility Truck 5 $181,000 $36,200 0.3% 0.4%
Urban Bus 7 $285,000 $40,714 0.4% 0.6%
Dump Truck 4 $103,000 $25,750 0.2% 0.2%
Total 1,697 $47,141,776 | $27,779 100.0% 100.0%

In fulfillment of this task, NREL secured agreements from eight companies across all four
vocations (two per vocation) to participate in drive cycle data collection activity. These third-
party agreements provided access to 89 hybrid trucks (2010 certification, Classes 4 through 8)
and 40 conventional trucks (2010 or 2007 certification, classes 4 through 8), across a wide
geographic distribution (San Francisco Bay area, Sacramento, Los Angeles [LA] area, and the
central valley) (see Figure 1). A subset of fleets from two companies (one beverage delivery and
one parcel delivery) also agreed to participate in the chassis dynamometer and portable
emissions measurement system (PEMS) testing portion of the project and provide access to
HEVs and conventional trucks for emissions testing.

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

6




-~ ~

A L2 -

\ 2 Brwacifree

2 a 4 LTahog,
Lo

Beverage Delivery
Food Distribution
Linen/Uniform Delivery
Parcel Delivery

% o

N
B
Hasfora;

R Vil ¢ Ay
% | {Porenile (@)
%
Délano
\ =
e,n..,,\’ e v
"

%,
¥ fpusoones N
dordy,
a “>Bakgrsfield
76an Luis Obispo .
l Iy
P

3, 'santa Maria
" v /
glancaster ~ ’ Luke
: \ e

Seon Yog ay iz ~ (Mespera b )
tura al h s S
e IR ncs S

Figure 1. Fleet locations by vocation

For the beverage delivery vocation (Class 7 day cabs), 46 vehicles were recruited (39 HEVs and
7 conventional vehicles), from two beverage delivery companies across four locations (Bay area,
LA area, Fresno, and San Diego). For the parcel delivery vocation (Classes 3—5 step vans),

40 vehicles (27 HEVs and 13 conventional vehicles) across three locations and two companies
(all in the LA area) were recruited. This was the only vocation in which comparable 2010
certification conventional diesels were included. For the uniform and linen delivery (Class 5

and 6 step vans), 31 vehicles (14 HEVs and 17 conventional vehicles) were recruited across ten
locations (five in the Bay area, four in the LA area, and one in Sacramento) across two
companies. For the food distribution vocation (Class 7 day cabs and Class 5 delivery), which was
the lowest priority of the four target vocations, 12 vehicles (9 HEVs (including 2 Hino 195h’s),
and 3 conventional vehicles) were recruited across three locations (all Bay area) from two
companies. Appendix A provides a complete list of all 129 vehicles recruited under this task for
this project.
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Task 2: Drive Cycle Data Collection
Data collection hardware supplied by NREL was used to collect data from the fleets and

vocational vehicles recruited in Task 1. The following is a list of the specific data targeted (from
SAE J1939 broadcast data, analog instrumentation, field records, or manufacturer information/
specification sheets) for collection on each vehicle:

e Vehicle speed (1 hz)

e Engine speed (1 hz)

e Actual engine—percent torque

e Nominal friction—percent torque

e Actual maximum available engine—percent torque

e Reference torque

e Hybrid battery system current measurement

e Motor speed and torque

e Wheel-based vehicle speed

¢ Engine intake manifold #1 pressure

¢ Engine intake manifold #1 temperature

¢ Engine coolant temperature

¢ Engine exhaust gas temperature

e Engine oil temperature #1

e Engine fuel rate

e Diesel particulate filter (DPF) status

e DPF regeneration

e Emission control system exhaust temperatures (optional, based on availability of
proprietary data)

e Average cargo load

e Vehicle description including, at a minimum, laden and unladen gross vehicle weight
(GVW), engine make, engine model year (MY), engine displacement, engine horsepower
rating, transmission type and number of forward speeds, tire size, and rear axle ratio

e Hybrid system description including, at a minimum, manufacturer, MY, model, motor,
motor controller, transmission, energy storage information, and system voltage.

Instrumentation of the vehicles for this task lasted for approximately 3 weeks per vehicle. The
project plan was to instrument at least 30 vehicles from three separate locations or depots for
three vocations, for a total of 90 vehicles. In the end, this exact deployment strategy was not
possible for all vocations because vehicles were not available, but the plan was implemented for

8
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two vocations. In several cases, more vehicles were instrumented than were originally planned
and 129 vehicles were instrumented across all vocations, leading to more activity data collected
under this task than anticipated (see the Appendix for a complete list of all vehicles instrumented
and vehicle data). This resulted in approximately 2,000 days, 5,500 driving hours, and 150,000
vehicle miles of operating data from a breadth of operations that were used to characterize each
vocation.

The goal was to collect the key engine and emissions control system data for all 129 vehicles in
this task. Unfortunately, many vehicle vintages and manufacturers were involved, so not all
targeted data were available for all vehicles. After reviewing the data from the first deployment,
NREL noticed a few channels that were not recording or were not accurate. Some of the
important parameter channels that had issues included DPF status, exhaust temperature, and
reference torque. There are several reasons why data from some channels were not received;
these are usually related to either how the OEMs set up their sensors and referenced them to
particular J1939 code or parameter group numbers (which can vary by engine MY or family for
the same OEM) or the channel was being restricted by the OEM. Because the setup of the
controller area network (CAN) files was for 2010 or newer vehicles, we did not receive all the
expected channels when we had vehicles with 2009 MY engines installed. As such, we did not
receive all the requested data for every vehicle instrumented under Task 2. We were able to
resolve most of the issues identified in the first round of data collection and were able to obtain
most of the priority data CARB had requested during all later deployments. One key change was
that we were able to identify the correct parameter group numbers for the data channels with
which we had issues in the first deployment—this included several of the temperature channels
and the reference torque. Table 2 provides details related to which key data channels were
collected in each vocational vehicle group. It shows that the vocation with the most
comprehensive dataset was the parcel delivery vocation.

Table 2. Data Channels Collected by Vocational Vehicle Group

Parcel

Vehicle Count 22 17 9 10 4 1 15 26 3 9 125
Total Hours 1,052 840 371 1,133 227 748 156 70 1,103 1,435 90 441 7,667
Driving Hours 809 605 279 901 200 380 128 39 597 1,111 62 339 5,450
Idle Ratio 23.1% 27.9% 24.6% 20.5% 12.1% 49.2% 18.0% 44.7% 45.9% 22.6% 31.4% 23.2% [ 28.9%
Total Distance (mi) 25348 16,652 8,85 | 31,548 8575 | 10,241 3,891 1,218 18,575 | 21,859 1,011 7,109 154,852
Total Fuel (gal) 3,167 2,547 1,430 | 1,825 1,328 | 1,058 349 179 1,912 | 2,398 173 238 16,604
Average (mpg) 8.0 6.5 6.2 17.3 6.5 9.7 11.2 6.8 9.7 9.1 5.8 28 [ 93
Stops 30,534 31,196 11,847 | 20,780 2,619 | 21,070 6,524 2,132 27,068 | 86,745 5154 25824 | 271,493
Stops / mi 1.2 1.9 13 0.7 03 21 17 17 15 40 5.1 36 18
Stops / hr 29.0 37.1 32.0 18.3 11.5 28.2 41.7 30.6 24.5 60.4 57.1 58.6 35.4
avg KI (1/mi) 0.39 0.66 0.50 0.42 173 3.65 0.94

216
185
6.80
3.15

251
224
4.57
0.67

215
173

243
196
5.11
1.93

231
193
6.37
2.42

avg DPF Out Temp [C] 253
avg SCR Out Temp [C] 219
avg Nox SCR In [g/kWh] 4.60
avg Nox SCR Out [g/kWh]| 0.88

avg Nox SCR In [g/mi] 7.32 6.39 8.43 8.23 7.40
avg Nox SCR Out [g/mi] 1.39 2.96 1.24 3.11
Total Work [kWh] 40,017 9,569 2,247 23,863 1,666
Driving Work [kWh] 39,896 9,538 2,163 1,537

avg Driving Power [kW] 49.3 25.1 56.1 24.8

”H” = hybrid, “C” = conventional, “F” = full data set, “L” = limited data set
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The result of this task was a large dataset of vocationally based drive cycles (speed and load) and
engine information, collected at 1 hz on each vehicle. All the detailed second-by-second

(1 hz) data in engineering units from this task have been provided to CARB. Some data have
been aggregated to protect the anonymity of the participating fleets. A CAN channel dictionary
was also developed for each specific setup and is included with the raw data that was provided to
CARB as part of this project.
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Task 3: Fleet Drive Cycle Analysis and Characterization

NREL used its in-house software and data analysis capabilities to analyze the real-world drive
characteristics and vehicle operation data collected in Task 2 to produce vehicle performance
metrics and representative drive cycles. These metrics generated for each set of vocational data
were provided to CARB. NREL also used these data to select three to four representative drive
cycles (standard cycles) for use in tasks 4 and 5 and to develop custom duty cycles. The drive
cycles were selected to “bracket” the range or operation expected from each vocation and enable
testing to explore the range of performance of the new technology. NREL’s Drive-Cycle Rapid
Investigation, Visualization and Evaluation (DRIVE) Tool was used for this exercise. A
discussion of the development and selection of these cycles for each vocation follows.

The duty cycle selection for the beverage vocation was based on data logging from 46 vehicles
from four locations (Bay Area, LA area, San Diego, and the central valley) (Figure 2). This
figure shows the relationship between driving speed and cycle aggressiveness for this vocation.
The relative aggressiveness of a drive cycle for this and all vocations can be represented by
kinetic intensity, which represents the ratio of energy consumed from acceleration and
deceleration to the energy consumed via aerodynamics. High values of kinetic intensity correlate
to cycles with high ratios of stop-and-go energy consumption to aerodynamic energy
consumption. Consequently, it is cycles with high kinetic intensity that tend to correspond with
the highest benefits of technologies that can recapture vehicle kinetic energy such as regenerative
braking and flywheel storage systems found in modern hybrid vehicles. The standard duty cycles
that matched the observed activity for this vocation and were chosen for use for the chassis
testing were the West Virginia University City (WVU CITY) (Figure 3); the Heavy-Duty Urban
Dynamometer Driving Schedule (UDDS) (also referred to as UDDS Schedule D) (Figure 4); and
the CARB Heavy Heavy-Duty Diesel Truck (HHDDT) with 65 mph variant and U.S.
Environmental Protection Agency (EPA) GHG rule weightings (Figure 5). These cycles plotted
against the observed activity data for this vocation are shown in Figure 2.

HVIP Beverage Delivery Average Speed vs. Kinetic Intensity

25

Beverage Delivery
W EPAGHG
+ WVU City
@ UDDSHD (UDDS SCHEDULE D)

Kinetic Intensity (1/mile)
o

——Power (Beverage Delivery)

0.5

v = 12762624
R*=0.8519

0 5 10 15 20 25 30 35 40 45 50
Average Driving Speed (mph)

Figure 2. Beverage delivery vocation cycle selection
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Figure 5. Revised EPA GHG (HHDDT) cycle for all chassis tests
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The duty cycle selection for the parcel delivery vocation was based on data logging from

40 vehicles from three locations in the LA area (Figure 6). For this vocation, the standard duty
cycles that matched the observed activity and were chosen for chassis testing for this vocation
and vehicle set were the CARB HHDDT with 65 mph variant and EPA GHG rule weightings
(Figure 5); the New York City Composite (NYCC) (Figure 7); the UDDS (Figure 4); and the
Hybrid Truck Users Forum Class 4 Parcel Delivery Driving Schedule (HTUF4) (Figure 8).
These cycles plotted against the observed activity data for this vocation are shown in Figure 6.

HVIP Parcel Delivery Average Speed vs. Kinetic Intensity
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W EPG GHG
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Figure 6. Parcel delivery vocation cycle selection
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Figure 7. New York City composite cycle (NYCC)
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The duty cycle selection for the uniform and linen delivery vocation was based on data logging
from 31 vehicles from ten locations in the Bay area, Sacramento and LA area (Figure 9). The
standard duty cycles that matched the observed activity and were chosen for chassis testing for
this vocation and vehicle set were the CARB HHDDT with 65 mph variant and EPA GHG rule
weightings (Figure 5), the NYCC, (Figure 7) and the UDDS (Figure 4). These cycles plotted
against the observed activity data for this vocation are shown in Figure 9.

HVIP Linen Delivery Average Speed vs. Kinetic Intensity
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Figure 9. Uniform and linen delivery vocation cycle selection

For the Hino 195h (vertically-integrated HEV) testing, three standard duty cycles were chosen to
replicate the use of the Hino HEV in the parcel delivery application. The duty cycle selection for
the Hino trucks was based on the data collected for this project on parcel delivery vehicles in the
LA area, past studies performed by NREL in Phoenix and Minneapolis, and other factors. The
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cycles used were the Orange County Transit Authority (OCTA) Cycle (Figure 10), the UDDS
(Figure 4), and the HHDDT run as the EPA GHG Cycle (HHDDT, Figure 5).

Figure 11 through Figure 13 show plots of the Hino daily truck activity with Figures 11 and
Figure 12 showing activity compared to the HHDDT, UDDS, and OCTA standard drive cycles.
These activity data were taken from the two trucks that were included in Task 2 operating in the
food distribution vocation in Newark (northern California, East Bay).
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Figure 10. Orange County Transit Authority cycle (OCTA)

Hino Hybrid Average Driving Speed vs. Kinetic
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Figure 11. Hino 195h hybrid Class 5 truck in-use operations—
average driving speed versus kinetic intensity
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Hino Hybrid Stops Per Mile vs. Average Driving
Speed
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Figure 12. Hino 195h hybrid Class 5 truck in-use operations—
stops per mile versus average driving speed
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Figure 13. Hino 195h hybrid Class 5 truck in-use operations—
daily mileage versus average driving speed

Table 3 through Table 11 show summary vehicle activity statistics (average speed, kinetic
intensity, stops per mile, etc.) by vocation for all vehicle data collected in Task 2. The results, by
vocation, indicate that the parcel delivery vocation drive cycles reflect significantly more
aggressiveness than do those of the other vocations. This fact is highlighted by the parcel
delivery vocation possessing the lowest average driving speed of all vocations logged (Table 3),
coupled with the highest average accelerations (Table 5 and Table 6).
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In contrast, the beverage delivery vocation displays a low aggressiveness as defined by kinetic
intensity. Table 11 shows that the parcel delivery vocation possesses a kinetic intensity of 1.74
versus values of 0.61 for the beverage delivery vocation. The relatively low values for kinetic
intensity are reflective of the high average driving speed and low acceleration rates over average
beverage delivery cycles.

Table 3 shows the average driving speed by vocation in greater detail. The variation in the
distribution of average driving speeds across all vocations is significant. This large spread
(minimum, median, maximum) is caused by the impact of cycle duration and operating
conditions. A short highway type drive cycle with few stops will display a significantly higher
average driving speed than that of a long urban drive cycle with many stops. The close proximity
of the mean and median values for average driving speed indicates that the minimum and
maximum average driving speed values observed in each vocational dataset are closer to
statistical outliers than true operating data.

Table 3. Average Driving Speed by Vocational Vehicle Group

Vocation Metric Minimum | Average Maximum Median
Parcel Delivery Average ([r’r']'m';g Speed | 4302 19.93 42.26 19.45
Beverage Delivery | AVerage ([r’r']'m';g Speed | 4343 27.58 47.37 26.51
Food Delivery Average 8:2’;’;9 Speed 8.25 30.37 49.07 33.23
Linen Delivery Average (2:2’:]’)‘9 Speed | 46 42 29.59 52.86 29.36

Table 4 shows the vocational breakdown of zero-speed cycle time. A significant amount of daily
drive cycle operational time is spent at “idle.” Independent of vocation, on average, roughly 50%
of vehicle operating time is occurring while the vehicle is not in motion or performing its
vocational duty. Such high zero-speed time suggests an opportunity to reduce fuel use and
emissions by implementing engine off at idle technology.

Table 4. Percentage of Time at Zero Speed by Vocational Vehicle Group

Vocation Metric Minimum | Average Maximum Median
Parcel Delivery % Zero Speed Time 25.46 42.33 64.76 42.63
Beverage Delivery % Zero Speed Time 10.71 55.91 98.67 61.85
Food Delivery % Zero Speed Time 14.28 43.58 7217 43.42
Linen Delivery % Zero Speed Time 11.64 51.58 93.21 51.38

Table 5 shows the vocational distribution of maximum driving speeds. Outside of outliers, the
average maximum driving speeds observed independently of vocation all correlate with
operating at highway speed limits. The significant vehicle size difference between the beverage
delivery and other vocations may limit the larger beverage delivery vehicles in their average
maximum speeds because of engine power and aerodynamic limitations.
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Table 5. Maximum Driving Speed by Vocational Vehicle Group

Vocation Metric Minimum Average | Maximum Median
Parcel Delivery MaXim“m(ggxi)”g Speed | 5757 63.69 74.78 67.11
Beverage Delivery MaXim”m(ggxi)”g Speed | 56 99 56.55 68.05 56.77
Food Delivery MaXim“m(ggxi)”g Speed | 44 74 65.61 79.15 67.26
Linen Delivery MaXim“m(ragxi)”g Speed | 44 37 64.82 75.04 65.10

Of all vocations examined as part of this project, the parcel delivery vocation had the highest
acceleration and deceleration rates. This can be partly attributed to the small vehicle size
compared to the food and beverage delivery vocations; however, the aggressiveness of the cycle
as identified by acceleration rates can also be attributed to the vocational drive cycle behavior
associated with parcel delivery. Parcel delivery vehicles in comparison with similarly sized linen
delivery vehicles make many more stops over the course of their daily operation, typically
resulting in more aggressive stop-and-go behavior.

Table 6. Average Acceleration Rates by Vocational Vehicle Group

Vocation Metric Minimum | Average | Maximum | Median
Parcel Delivery Average Acceleration (ft/s/s) 0.79 1.76 2.56 1.73
Beverage Delivery Average Acceleration (ft/s/s) 0.27 0.89 1.59 0.90
Food Delivery Average Acceleration (ft/s/s) 0.53 1.06 1.53 1.05
Linen Delivery Average Acceleration (ft/s/s) 0.53 1.18 1.82 1.17

Table 7. Average Deceleration Rates by Vocational Vehicle Group

Vocation Metric Minimum Average | Maximum Median
Parcel Delivery A"erage(ft?:/g‘)a'erat'on —2.98 ~1.99 —0.85 ~1.96
. Average Deceleration
Beverage Delivery (f/sls) -2.02 -1.03 -0.28 -1.03
Food Delivery A"eragjﬂ[};‘;‘;'erat"’” 1,69 118 ~055 ~119
. . Average Deceleration
Linen Delivery (ft/sls) -2.19 -1.34 -0.59 -1.32

The average vocational operating times observed were 4.3—6.53 hours, so the vocations
examined as part of this study exhibit relatively high utilization rates. Table 8 shows low
operating time values for the parcel delivery vocation compared to the other captured vocations.
This can be attributed to industry-wide standards of keying off the ignition during deliveries and
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while evaluating inventory. These data also correlate strongly with the lower percentage of zero-
speed time observed for the parcel delivery vocation data shown in Table 4.

Table 8. Operating Time by Vocational Vehicle Group

Vocation Metric Minimum Average | Maximum Median
Parcel Delivery Operating Time (h) 0.41 4.33 8.12 4.26
Beverage Delivery Operating Time (h) 0.32 6.52 23.29 5.88
Food Delivery Operating Time (h) 1.14 5.56 13.65 4.68
Linen Delivery Operating Time (h) 0.48 5.13 12.27 4.70

When examining the vocational daily distance traveled, it is interesting to note the range of
average driving miles by vocation. Table 9 shows the observed average daily driving distance
range between 48—102 miles per day. This is a fairly tight grouping compared to the maximum
driving range observed within each vocation during the study. A maximum daily driving distance
range of 113-568 miles suggests that, during extreme operating days, the daily driving distance
could have a factor of two to five times the typical mileage incurred by a vehicle. This is
significant when examining the potential for all electric vehicles as replacements for HEVs and
conventional vehicles.

Table 9. Daily Distance Traveled by Vocational Vehicle Group

Vocation Metric Minimum Average | Maximum Median
Parcel Delivery Dismr}ﬁg‘;"e'e" 8.98 48.00 113.07 44.30
Beverage Delivery Dismr}ﬁg‘;"e'e" 2.51 70.07 339.25 57.62
Food Delivery DiStaQ‘rﬁlg‘;“’e'Ed 5.41 102.17 568.84 86.34
Linen Delivery DiSta"(ﬁﬁllS"e'ed 1.18 68.65 261.74 64.91

Variation in driving speed is the measure of the variability of a drive cycle. It can be thought of
as how much the instantaneous speed of a drive cycle varies compared to its cumulative average
speed. Cycles with high variation typically will have higher average speeds and more stops per
mile. Table 11 shows that the parcel delivery vocation is regarded as the most aggressive of the
vocations; however, the variability in its driving speed, as shown in Table 10, is lower than all
the other vocations. This can be attributed to the significantly lower average driving speed and
percentage of zero-speed time contained within an average parcel delivery cycle compared to the
other vocations examined.
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Table 10. Variation in Driving Speed by Vocational Vehicle Group

Vocation Metric Minimum | Average | Maximum | Median
Parcel Delivery Standard D?XJSE;’” of Speed 9.98 - 28.00 15.57

Standard Deviation of Speed

Beverage Delivery (mph) 2.82 16.81 25.73 16.76
Food Delivery Standard D‘(ar‘]’q'gﬁ;’” of Speed 5.74 20.54 2850 | 22.26
Linen Delivery Standard D?%'Sﬁ;’” of Speed 5.48 1965 | 2842 19.99

As discussed previously, the parcel delivery vocation possesses the highest average kinetic
intensity and the linen and beverage delivery vocations possess the lowest. However, Table 11
shows significant variability in the daily drive cycle aggressiveness by vocation, as evidenced by
the spread between the average and median kinetic intensity values by vocation.

Table 11. Kinetic Intensity by Vocational Vehicle Group

Vocation Metric Minimum | Average | Maximum | Median
Parcel Delivery Kinetic Intensity (1/mile) 0.19 1.74 4,95 1.31
Beverage Delivery Kinetic Intensity (1/mile) 0.07 0.61 2.41 0.45
Food Delivery Kinetic Intensity (1/mile) 0.16 0.77 6.62 0.37
Linen Delivery Kinetic Intensity (1/mile) 0.14 - 2.26 0.50

Examples of the stops per miles versus kinetic intensity and stops per mile versus fuel economy
for each vocation are shown in Figure 14 and Figure 15, respectively.

HVIP Vocational Stops Per Mile vs. Kinetic Intensity

+ Linen Delivery
™ Food Delivery

Beverage Delivery

Kinetic Intensity (1/mile)

® Parcel Delivery

Stops Per Mile

Figure 14. Stops per mile versus kinetic intensity by vocation
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HVIP Vocational Stops Per Mile vs. Fuel Economy

#Linen Delivery
B Food Delivery

& Beverage Oeliery
# Parcel Delivery

Tatal Fual Economy (mpg)

Figure 15. Stops per mile versus fuel economy by vocation

Figure 16 shows the average kinetic intensity for each vocation included in this task relative to
that of several standard drive cycles. This analysis was based on over 120 HEV's and
conventional vehicles from four vocations and numerous locations across California. This
included 46 beverage delivery vehicles, 31 uniform and linen delivery vehicles, 40 parcel
delivery vehicles, and 12 food distribution vehicles.
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Kinetic Intensity by Vocation

M Data Set W standard Chassis Test Cycle WVocational Median Vocational Mean MEPA GHG Hybrid Vocational Weighted Cycle

Kinetic Intensity (1/mile)

& N N <
8 0‘6:" & & &\e“ & 630- ‘t\éf ‘{s‘ & ‘;9&# bd\& & o ‘&a'a“ ‘*&e“ é\@*‘" “g;? ‘)Lé“ < (9‘,‘5 \‘xf &
& & & & & S &S R
F & T & @ & & F & g & i & & & F & bid

G & 8 odz & & &L‘ 0# & 05' 05‘ \d‘ @\ 9’) \)\‘

F & & (S SR & I P &

&% q?-"" *® f & & ,399 2 eé“
< §§5’ \gﬁgx & &

Figure 16. Kinetic intensity by vocation relative to standard drive cycles

Task 4: Chassis Dynamometer Emissions and Fuel Economy
Measurement

NREL coordinated the procurement, transportation, and testing of one HEV and one
conventional vehicle for comparison purposes from the beverage, linen and uniform, and parcel
delivery vocations—in addition to one Hino 195h Class 5 delivery truck, but data results from
this vehicle are not included in this report due to issues with the vehicle hybrid drive during
chassis dynamometer during testing (Table 12).

Table 12. Vehicles Included on Task 4—Chassis Dynamometer Testing

Vehicle Type Vocation Vehicle Class Model Year
Freightliner Beverage Delivery Class 7 Day Cab 2012
M2106
Freightliner Beverage Delivery Class 7 Day Cab 2010
M2106 Hybrid
Hino Hybrid Parcel Delivery Class 5 Delivery 2014
195h*
Isuzu Reach Parcel Delivery Class 3 Delivery 2012
Freightliner Parcel and Class 5 Step Van | 2012
MT45 Linen/Uniform

Delivery
Freightliner Parcel and Class 5 Step Van | 2011
MT45 Hybrid Linen/Uniform

Delivery

*Data results not included in this report due to issues with vehicle electric drive during chassis dynamometer testing.

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

22




Vehicles were obtained from local fleets participating in Task 2 or were rented. All vehicles
tested on the chassis dynamometer in Task 4 had model year 2010 or newer engines and were
tested using SAE J2711 test procedures. All vehicles were transported to the CE-CERT
laboratory in Riverside, California, for chassis dynamometer testing (Figure 17).

Figure 17. CE-CERT chassis dynamometer

Each vehicle was tested over the three or four duty standard cycles identified in Task 3 and
shown in Table 13. Fuel economy, gaseous emissions (including nitric oxide [NO], nitrogen
dioxide [NO;], carbon monoxide [CO], carbon dioxide [CO;], hydrocarbons [HC], ammonia
[NH;], methane [CH4], and nitrous oxide [N>O]), and particulate matter (PM) by gravimetric
filter analysis, following procedures in Title 40 Code of Federal Regulations Part 1065, were
performed. All gaseous emissions were measured in real time except N,O, which was measured
in bags. Exhaust temperatures were measured ahead of the first emissions control system
component and after the last emissions control system component by thermocouple or engine
controller unit data channel. In addition, current into and out of the battery pack was measured
on the HEVs. CARB ultra-low sulfur diesel was used during testing.
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Table 13. Test Cycles Used for Chassis Dynamometer Testing

. . Number of
Vehicle Type Vocation Test Cycles Repetitions
Freightliner Beverage WVU. UDDS. and EPA GHG 3-4
M2106 Delivery ’ ’

Freightliner Beverage WVU. UDDS. and EPA GHG 3.4

M2106 Hybrid | Delivery ’ ’

Hino Hybrid | Parcel OCTA, HHDDT, and EPA GHG 3-4

195h Delivery

Isuzu Reach Parpel NY Comp, HTUF-4, UDDS, and EPA 3.4
Delivery GHG

Freightliner Parcel NY Comp, HTUF-4, UDDS, and EPA 3.4

MT45 Delivery GHG

Freightliner Parcel NY Comp, HTUF-4, UDDS and EPA 3.4

MT45 Hybrid Delivery GHG

Freightliner Linen/Uniform

MT45 Delivery NY Comp, UDDS and EPA GHG 3-4

Freightliner Linen/Uniform

MT45 Hybrid Delivery NY Comp, UDDS and EPA GHG 3-4

*Data results not included in this report due to issues with dynamometer testing with this vehicle

Coast Downs

Based on feedback from CE-CERT about the development of coast-down coefficients for the
chassis dynamometer testing, it was decided that a calculation method would be used in place of
in-use coast-down measurements for this testing.

An alternate method to physically coasting down the vehicles was developed by WVU and has
been used for past CARB chassis testing projects. The methodology calculates the coast-down
times from the frontal area, coefficient of drag, rolling resistance, and ambient conditions. Some
believe this method is less accurate than physical coast-down data, but practical experience
shows in-use coast-down testing may be difficult where slight grade and wind directions can
have a significant impact on the results.

To validate this method, CE-CERT performed coast-down tests for a Class 7 conventional
beverage delivery truck with a fully loaded 59,200 GVW trailer and an empty 26,320 GVW
trailer. The GVWs were based on certified scale measurements.

The average in-use coast-down times are shown in Table 14. Each speed bin represents the
average of triplicate north and triplicate south runs at both test weights. North/south runs were
averaged to minimize the effects of grade, wind, and other in-use conditions. There was a
significant difference between north and south runs, which suggests that coast-down data may
vary for different locations.
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Table 14. Field Coast-Down Data

Vehicle Weight (Ib) Seconds to Coast Down for mph Range
65-55 5545 45-35 35-25 25-15
59,200 NA' 38.4 45.2 61.0 78.1
26,320 NA' 21.4 27.2 35.8 55.5

! Governed to 55 mph

CE-CERT interpolated between the heavy- and lightweight coast-down times to determine the
dynamometer coefficients shown in Table 15. The example coefficients correspond to a trailer
being 75% full and 25% full, respectively.

Table 15. Dynamometer Coefficients for the Tests

Load A B C hp @ 50
Test Cycle
Ib Ib/mph Ib/mph Ib/mph
Heavy (75% full) 38,975 38.117 11.772 0.0043 85.00
Light (25% full) 30,858 39.860 9.827 0.0231 78.53

A comparison between in-use coast-down measurements and the calculation method is shown in
Figure 18 (fully loaded Class 7 tractor) and Figure 19 (unloaded Class 7 tractor). The error bars
for the north and south triplicate runs represent one standard deviation. The figures show the
calculation method lies between the north and south coast-down data and is below the average of
the north/south combined results for the loaded and unloaded trailer. This suggests the
calculation method provides a reasonable result that is within the range of conditions found
during in-use coast-down measurements. The calculation method did not provide the same in-use
coast-down average time result and was consistently low. The reason for the low calculation
method is unclear, but the large swing between directions suggests the in-use coast-down data
may be less reliable. As such, the calculation method may be more precise and, thus, more
repeatable for “A” to “B” comparisons. Therefore, it was decided to use the calculation method
for all chassis dynamometer emissions testing under this task, in lieu of doing in-use coast-down
measurements of the HEVs and conventional vehicles planned for this project.
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Figure 18. Loaded trailer coast-down data for a Class 7 tractor
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Figure 19. Unloaded trailer coast-down data for a Class 7 tractor

The details of this method for determining coast-down coefficients (1) are as follows. Typical
coast-down procedures assume that vehicle loading force is a function of vehicle speed, drag
coefficient, frontal area, and tire rolling resistance coefficient and takes the form of equation 1:

av. 1 .
M—= E’DACDVZ + uMgcos(8) + Mgsin(0) {1}

Where:

M = mass of vehicle in Ib

p = density of air in kg/m’

A = frontal area of vehicle in ft*

Cp = aerodynamic drag coefficient (unitless)

V = speed vehicle is traveling in mph.
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u = tire rolling resistance coefficient (unitless)
g = acceleration due to gravity = 32.1740 ft/s’

0 = angle of inclination of the road grade in degrees.

Constant parameters for equation 1 (2)

u 0.007
Cob 0.75 for truck

0.79 for bus

0.80 for refuse truck
g 32.1740 ft/s’

Assuming that the vehicle loading is characteristic of this equation, speed-time data collected
during the coast down test can be used with static measurements (mass, air density, frontal area,
and grade) to solve for drag coefficient (Cp) and tire rolling resistance coefficient (p).

However, experience with vehicles equipped with automatic transmissions has shown that on-
road loading is also affected by the transmission characteristics, especially when reverse
pumping losses at low speed begin to dominate. Therefore, WVU uses a characteristic coast-
down equation with a measured vehicle frontal area (per SAE J1263 measurement
recommendations); a p of 0.007; and a Cp, 0.75 (Truck), 0.79 (bus), and 0.80 (refuse truck) in the
above equation to calculate coast-down times to be used for calculating the A, B, and C
coefficients in equation 2 for the chassis dynamometer operation parameters (2).

Y =C(x}) +B(x) + A {2}

The measurement of the frontal area is shown in Figure 20.

BODY
Mirror ’ Width B

Width 2
1

Miror | O BODY
“"f'“‘ L Height

BODY
Height
1

N .
BODY

— Width
= 1

Figure 20. Measurement of frontal area diagram
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Test Fuel

The fuel used for this task was California ultra-low sulfur diesel pump fuel, all from the same lot.
The test fuel sample was collected on November 5, 2013, from the fuel used for all the chassis
dynamometer tests. All the fuel properties are shown in Table 16; some fuel properties were
analyzed by Southwest Research Institute and some by NREL’s in-house laboratory using
various ASTM test methods.

Table 16. Fuel Properties of Test Diesel Fuel

ASTM Test Method \ Fuel Property Result Units
Southwest Research Institute
D445* Viscosity 2.878 cSt
Aromatics
Polyaromatics 2.1 mass %
D5186 Monoaromatics 16.0 mass %
Total aromatics 18.1 mass %
Carbon 85.86 wt %
D5291 Hydrogen 13.64 wt %
D5453* Sulfur 6.5 ppm
NREL
D240 Net heating value 42.879 MJ/kg
D4052 Density 0.8396 glcm®
D5773* Cloud point -8.3 C
D6890* Derived cetane number 57.6

*Indicates method is part of ASTM 975, diesel fuel specification

Results

The chassis dynamometer testing results by vocational set are discussed in the following
sections.

Class 7 Day Cab

The chassis dynamometer testing was started on June 11, 2013, with the Class 7 day cab
beverage delivery trucks. The HEV was borrowed from a fleet that had agreed to loan a vehicle
for this vocation and the conventional truck was leased from a rental company. Because
accessing an appropriate 2010 certification baseline conventional Class 7 day cab was difficult, a
2010 certification similarly powered, straight truck was used as a surrogate. Table 17 includes
details for both vehicles included in this round of testing. Table 19 shows the emission results
from these two vehicles. As shown in this table, the average NOy increase for HEVs was 122%
(81%—166%) on a per-mile basis and the average fuel economy increase for HEVs was 11%.
That said, the observed results for this vehicle set are limited and need to be viewed with caution
due to the differences in the horsepower rating (Table 17) and emission model year and
certification levels (Table 18) for the engines used in these two vehicles. CARB Executive
Orders for all the engines tested in vehicles as part of this task are included in Appendix B.
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Table 17. HEV/Conventional Beverage Delivery Chassis Test Truck Details

Vehicle MY 2010 2012

Make Freightliner Freightliner
Model M2106 M2106
Fuel Type Diesel/electric HEV Diesel

Vehicle Description

Class 7, 16 bay route power

Class 6, straight truck, tested as
Class 7

Cargo Mass Assumptions

23,000-30,000 Ib

23,000-30,000 Ib

Chassis Test Weight 32,500 Ib 31,500 Ib
Engine MY 2010 2012

Engine ISB - 325 6.7L ISB - 220 6.7L
GVWR 34,700 26,000

Axle Ratio 5.63 -

Engine Family ACEXHO0408BAH CCEX0408BAH
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Table 18. HEV/Conventional Beverage Delivery Chassis Test Truck Engine Certification Levels

2010 Cummins ISB 6.7L Engine Family: ACEXH0408BAH
g/bhp-hr NMHC NOx NMHC+NOx | CO PM HCHO

FTP | EURO |FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO
STD 014 | 0.14 NA | VA N/A | N/A 155 | 155 0.01 | 0.01 N/A | N/A
FEL NA | N/A 033 | 033 N/A | N/A NA | N/A NA | N/A N/A | NIA
CERT 001 |0 0.17 | 0.18 N/A | N/A 0 0 0 0 N/A | N/A
NTE 0.21 05 N/A 19.4 0.02 N/A
2012 Cummins ISB 6.7L Engine Family: CCEXH0408BAH
g/bhp-hr NMHC NOx NMHC+NOx | CO PM HCHO

FTP | EURO |FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO
STD 014 | 0.14 02 |02 N/A | N/A 155 | 155 0.01 | 0.01 N/A | N/A
FEL NA | N/A 033 | 033 N/A | N/A NA | N/A NA | N/A N/A | N/A
CERT 001 |0.001 |017 |o0.18 N/A | N/A 0 0 0 0 N/A | N/A
NTE 0.21 05 N/A 19.4 0.02 N/A

The emissions were measured while the vehicles were operated on a heavy-duty chassis
dynamometer over three cycles, as discussed in Task 3 and shown in Table 13, in triplicate. The
cycles used were the WVU City (Figure 3), the UDDS (Figure 4), and the EPA GHG (Figure 5).

All the raw and modal data from this testing for the HEV and conventional Class 7 day cab
trucks were provided to CARB. In these provided files, the “Integrated” sheet contains the
emissions of total hydrocarbons (THC), CH4, non-methane hydrocarbons (NMHC), CO, NOy,
CO,, NH3, and PM in g/cycle for all the tests. The fuel consumption reported in g/cycle was
measured by both carbon balance and the readings from the electronic control module. The N,O
emissions were collected in Tedlar bags over the full cycle and the results are reported in ppm.
CE-CERT did not have enough bags to collect samples for every cycle and several bags leaked,
so there are no valid results for those samples. Average emissions in g/mi and fuel economy in
mpg are reported in Table 19 and average emissions in g/bhp-hr are reported in Table 20.

Table 19. HEV/Conventional Average Emissions and Fuel Economy Data
for Beverage Delivery Chassis Testing by Cycle

Average Emissions and Fuel Consumption Over the Cycles in g/mi — Conventional
Cycle Miles NO, NO CO, mpg |
UDDS 5.72 0.60 0.43 1247 7.76
EPA GHG 14.80 0.22 0.15 1042 9.34
WVU City 3.41 1.39 1.09 1674 5.63
Average Emissions and Fuel Consumption Over the Cycles in g/mi — HEV
UDDS 5.75 1.09 0.72 1123 8.63
EPA GHG 14.59 0.58 0.41 1109 8.82
WVU City 3.46 3.05 2.32 1347 7.12
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Table 20. HEV/Conventional Average g/bhp-hr Emissions
for Beverage Delivery Chassis Testing by Cycle

Average Emissions Over the Cycles in g/bhp-hr— Conventional
Cycle Miles NO, NO CO,
UDDS 5.72 0.30 0.21 620
EPA GHG 14.80 0.16 0.11 767
WVU City 3.41 0.53 0.42 639
Average Emissions Over the Cycles in g/bhp-hr — HEV
UDDS 5.75 0.66 0.43 671
EPA GHG 14.59 0.44 0.31 836
WVU City 3.46 1.77 1.35 785

The “Integrated” sheet also contains averages over the cycle of several temperatures and several
engine parameters. The following naming convention was used for all tests: yyyymmddhhmm.
The modal results, dynamometer parameters, and Hioki voltage and current measurements (when
testing an HEV) are stored in separate folders with the same name as the integrated results. The
sheets have the same name as the original file with a suffix at the end to indicate which data are
in the file. The sheets are in the order of the file name on the integrated sheet. The suffix for the
modal files is MW for the WVU city cycle, MU for the UDDS cycle, and ME for the EPA GHG
cycle. The suffix for the dynamometer files is D and for the Hioki files is H.

The modal files contain all the second-by-second data that are used to calculate the information
reported in the “Integrated” sheet. The dynamometer files contain all the second-by-second data
on the dynamometer operation. The Hioki files contain all the second-by-second data determined
from measuring the battery current and voltage.

To compare emissions from HEVs to conventional vehicles per SAE J2711" “the data from the
hybrid vehicle must be corrected so that the net energy change (NEC) in the rechargeable energy
storage system (RESS) is essentially zero.” The calculation of NEC? is outlined on the sheet
labeled “NEC Calc” and the calculation for each test is at the end of each Hioki sheet. If the NEC
divided by the total cycle energy (TCE) is between 1% and 5%, the emissions data were
corrected. If it is less than 1%, no correction was required. If it is greater than 5%, the data were
void and the cycle was repeated. The NCE/TCE was less than 1% for all tests except
201306121247 over the first phase of the EPA GHG cycle.

'SAE 12711, “Recommended Practice for Measuring Fuel Economy and Emissions of Hybrid-Electric and
Conventional Heavy-Duty Vehicles”, Issued 2002-09. Per the scope: “This SAE Recommended Practice was
established to provide an accurate, uniform, and reproducible procedure for simulating use of heavy-duty hybrid-
electric vehicles (HEVs) and conventional vehicles on dynamometers for the purpose of measuring emissions and
fuel economy. This document defines a hybrid vehicle as having both a rechargeable energy storage system (RESS)
capable of releasing and capturing energy and an energy-generating device that converts consumable fuels into
propulsion energy. RESS specifically included in the recommended practice are batteries, capacitors, and flywheels,
although other RESS can be evaluated utilizing the guidelines provided in the document. Further, the recommended
practice provides a detailed description of state of charge (SOC) correction for charge sustaining HEVs.”

2 Per SAE 1271 1, the Net Energy Change (NEC) for a battery = (SOCinai — SOCipitial) Vsystem =
chcle([l Battery]At)VSystem Where SOC = State of Charge; Ipawery = the current flow at the battery system in

amperes; A, At = the period between successive current measurements in seconds; Vsygem = the battery’s nominal
system voltage as specified by the manufacturer in volts.
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During the third run of the UDDS cycle for the HEV truck, a DPF regeneration occurred. The
vehicle was operated until the regeneration completed. After a 20-minute hot soak the UDDS
cycle was repeated. The NO, was approximately 30% higher than for the first two UDDS cycles.
The post-DPF temperature over the first 350 seconds ranged from 42.4 °C higher than the
average of the first two runs at the start of the test to a maximum of 73.9 °C at 115 seconds, to
27.5 °C at 350 seconds, and was less than 5 °C from 477 seconds to the end of the cycle at 1061
seconds; the average temperature of the first two runs at the above times were 191, 214, 164,
194, and 263 °C, respectively. It was concluded that the higher NO, might be related to this and
decided that the results from this run should be considered an outlier and not used.

The data and the sum of the NOy over the first 300 seconds and over the next 500 seconds
showed that higher NO emissions were primarily in the 300- to 800-second region for both files
where the post-DPF temperatures are essentially the same from all three UDDS cycles.
Therefore, the high NOj for the “third” run of the UDDS cycle for the HEV truck was not
considered an outlier because of the high post-DPF temperature.

Class 5 Hino

For this project, a Hino 195h hybrid Class 5 delivery truck was also included in the chassis
dynamometer emissions testing. This truck was included because it is one of the few vertically-
integrated HEVs available in the medium-duty class. Table 21 shows the vehicle specifications.

Table 21. Hino 195h Hybrid Class 5 Delivery Truck Specifications

Model Hino JO5E-UG (Hybrid)
D L e
Combustion System Direct injection type
Maximum Output (SAE Gross) 210 hp at 2,500 rpm
Maximum Torque (SAE Gross) 440 Ib-ft at 1,500 rpm

Piston Displacement 5L

Intake System Turbocharged and intercooled
Gvw 19,500 Ib

Ni-MH Battery 288V

Traction Motor Maximum Power 36 kW/1,000 rpm

Traction Motor Maximum Torque 258 ft-1b/1,000 rpm

Figure 21 shows a photograph of a Hino hybrid truck during data logging of the Hino 195h
hybrids being used in the food distribution vocation in Newark, California.
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Figure 21. Hino 195h hybrid Class 5 truck during data logging for
in-use operation in the food distribution vocation

On September 10, 2013, NREL rented a Hino 195h hybrid truck and sent it to CE-CERT for
emissions testing on its chassis dynamometer. The emissions were measured while the vehicle
was operated on a heavy-duty chassis dynamometer over three cycles in triplicate. Figure 22
shows a photograph of the rented Hino hybrid 195h truck on the chassis dynamometer at CE-
CERT during emissions testing. Unfortunately, it was not possible for data results from this
vehicle to be included in this report due to issues with the vehicle hybrid drive during chassis
dynamometer testing. There are current plans to re-test this vehicle along with a conventional
version of the Hino 195.

Figure 22. Hino 195h hybrid Class 5 truck during chassis
dynamometer testing at CE-CERT

Class 5 Step Vans

The final three vehicles (the hybrid step van, conventional step van, and the Isuzu Reach) were
also tested at CE-CERT between November 5 and November 22, 2013. The hybrid and
conventional step vans were tested under two different weight conditions to represent the parcel
delivery and uniform and linen delivery vocations. The detailed vehicle information is provided
in Table 22. As is shown in Table 22 and Table 23, the hybrid and conventional Freightliner step
vans provided the best hybrid versus conventional vehicle comparison set for this study in terms
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of chassis characteristics and engine rating, power, vintage, and certification. The certification
levels for the Isuzu Reach are shown in Table 24.

Table 22. Step Van Vehicle Information

My 2012 2011 2012
Make Isuzu Freightliner Freightliner
Model Reach W700HY/MT45 W900/MT45
Fuel Type Diesel Diesel/electric HEV Diesel
Vehicle Description Class 3 step van Class 5 step van Class 5 step van
Cargo Mass — Parcel 3,000 Ib 4,000 Ib 4,000 Ib
Cargo Mass — N/A 7,000 Ib 7,000 Ib
Uniform/Linen
Chassis Test Weight — | 1 g35 ), 14,790 Ib 13,550 Ib
Parcel
Chassis Test Weight — | 17,790 Ib 16,550 Ib
Uniform/Linen
Engine MY 2012 2011 2011
Engine NPR diesel ISB - 200 ISB — 200

19,500 (tested as
GVWR 12,000 17,000 17.000)
Axle Ratio 5.125 41 41
Engine Family CSZXDO03.03FA BCEXH0408BAH BCEXH0408BAH

Table 23. HEV/Conventional Step Van Parcel and Linen/Uniform Delivery Chassis Test Truck
Engine Certification Levels

2011 Cummins ISB 6.7L Engine Family: BCEXH0408BAH
g/bhp-hr NMHC NOx NMHC+NOx | CO PM HCHO

FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO
STD 014 | 0.14 02 |02 NA | NA 155 | 155 0.01 | 0.01 N/A | N/A
FEL NA | NA 033 | 0.33 NA | N/A NA | N/A NA | N/A NA | N/A
CERT 0.01 | 0.001 017 |o0.18 N/A | N/A 0 0 0 0 N/A | N/A
NTE 0.21 05 N/A 19.4 0.02 N/A
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Table 24. Conventional Isuzu Reach Parcel Delivery Chassis Test Truck
Engine Certification Levels

2012 ISUZU NPR Diesel 3.0L Engine Family: CSZXD03.03FA

NMOG NMHC [g/mi] | CO [g/mi] NOx [g/mi] | HCHO PM [g/mi] Hwy NOx
[g/mi] [mg/mi] [g/mi]
CER | ST | CERT | STD CERT | STD | CERT | STD | CERT | STD | CERT | STD | CERT | STD
T D

@ N/A N/A | 0.005 | 0.167 | 0.06 |7.3 | 04 04 |5 21 0.004 | 0.06 | 0.02 |08

Useful

Life

The emissions were measured while the vehicles were operated on the CE-CERT heavy-duty
chassis dynamometer over four cycles in triplicate. As discussed previously, the cycles used

were the EPA GHG (Figure 5), the NYCC (Figure 7), the UDDS (Figure 4), and the HTUF4

(Figure 8).

Table 25 through Table 29 show the NOy and fuel economy results for the step van and Reach
vehicles. For all cycles, the NOy emissions were higher for the HEV (in some cases more than
double) and the fuel consumption was lower for the HEV under all cycles except the EPA GHG
cycle under the carbon balance method. For the step vans under the parcel delivery vocation
cycles and weight, the average NOy increase for HEVs was 111% (20%—243%) and the average
fuel economy increase for HEVs was 27%. For the step vans under the uniform and linen
delivery vocation cycles and weights, the average NOy increase for hybrids was 146% and the
average fuel economy increase for HEVs was 10.4%. For the Reach conventional delivery van,
the average NOy was 1.1 g/mi and the average fuel economy for was 13.3 mpg.

Table 25. Average NO, Emissions and Fuel Economy for Hybrid/Conventional
Freightliner Step Van by Drive Cycle for Parcel Delivery

Average Emissions and Fuel Consumption Over the Cycles in g/mi — Conventional
Cycle Miles NO, NO CO, mpg
EPA GHG 18.72 0.52 0.44 712 13.25
NY Comp 2.53 3.40 3.03 1,308 7.12
HTUF-4 7.40 1.63 1.37 1,011 9.27
uUDDS 5.59 0.84 0.77 819 11.46

Average Emissions and Fuel Consumption Over the Cycles in g/mi — Hybrid
EPA GHG 18.77 1.07 0.85 733 13.24
NY Comp 2.52 5.92 5.38 873 11.21
HTUF-4 7.31 1.96 1.56 800 12.33
uDDS 5.61 2.88 2.22 723 13.55

35

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Table 26. Average NO, Emissions g/bhp-hr for Hybrid/Conventional

Freightliner Step Van by Drive Cycle for Parcel Delivery

Average Emissions Over the Cycles in g/bhp-hr — Conventional

Cycle Miles NO, NO CO,
EPA GHG 18.72 1.06 0.89 1445
NY Comp 2.53 2.11 1.88 825
HTUF-4 7.40 1.29 1.09 799
UDDS 5.59 0.69 0.63 673
Average Emissions Over the Cycles in g/bhp-hr — Hybrid
EPA GHG 18.77 1.02 0.81 695
NY Comp 2.52 9.20 8.36 1356
HTUF-4 7.31 2.82 2.26 1156
UDDS 5.61 3.51 2.71 883

Table 27. Average NO, Emissions and Fuel Economy for Hybrid/Conventional

Freightliner Step Van by Drive Cycle for Uniform/Linen Delivery

Average Emissions Over the Cycles in g/mi — Conventional

Cycle Miles NO, NO CO, mpg
EPA GHG 18.648 0.500 0.439 744 12.6
NY Comp 2.531 3.399 3.251 1386 6.8
HTUF-4 - - - - -

UDDS 5.599 0.863 0.789 925 10.3

Average Emissions and Fuel Consumption Over the Cycles in g/mi — Hybrid

EPA GHG 18.68 1.04 0.74 765 12.7
NY Comp 2.51 6.17 5.68 960 10.2
HTUF-4 - - - - -

UDDS 5.59 3.03 2.44 761 12.9
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Table 28. Average NO, Emissions g/bhp-hr for Hybrid/Conventional
Freightliner Step Van by Drive Cycle for Uniform/Linen Delivery

Average Emissions Over the Cycles in g/bhp-hr — Conventional
Cycle Miles NO, NO CO,
EPA GHG 18.648 0.90 0.79 1345
NY Comp 2.531 1.84 1.76 751
HTUF-4 - - - -
UDDS 5.599 0.59 0.54 636
Average Emissions and Fuel Consumption Over the Cycles in g/bhp-hr — Hybrid

EPA GHG 18.68 0.95 0.68 703
NY Comp 2.51 8.17 7.52 1271
HTUF-4 - - - -
UDDS 5.59 3.23 2.61 813

Table 29. Average NO, Emissions and Fuel Economy for Conventional Reach
Delivery Vehicle by Drive Cycle

Average Emissions and Fuel Consumption Over the Cycles in g/mi
Cycle Miles NO, NO CO, mpg
EPA GHG 18.66 0.36 0.27 765.00 12.7
NY Comp 25 2.59 2.03 962.00 10.2
HTUF-4 7.34 0.62 0.49 646.00 15.7
uUDDS 5.54 0.90 0.62 641.00 14.7

The emission test results, including raw and modal data were provided to CARB with separate
files for HEVs and conventional vehicles, and for the Reach vehicle. For all vehicles, the
summary sheets contain tables summarizing the emissions and fuel consumption in g/engine
bhp-h and g/mi. Each summary table cell links to an appropriate cell in other sheets where the
results are calculated. The other sheets include: (1) “Integrated”, which contains the emissions of
THC, CH4, NMHC, CO, NOy, CO,, NH3, and PM in g/cycle for all tests over the complete cycle.
The fuel consumption is reported in g/cycle based on carbon balance and the readings from the
electronic control module. The N,O emissions were collected in Tedlar bags over the full cycle
and the results are reported in ppm. An “NS” for N»O indicates no sample was collected. The
N,O analysis for the first vehicle and two cycles of the second vehicle was performed by Peter
Wong at the CARB El Monte laboratory. For these tests, the emissions samples were analyzed
by both FTIR and GC-ECD, as he had discovered that water content caused high N,O readings
and decided that the GC-ECD method gave more reliable results. Therefore, only his GC-ECD
results are included in this report; (2) Modal (Run No. followed by an M), which contains the
second-by-second data from which the integrated data were calculated; (3) The dynamometer
data (Run No. followed by a D), from which one obtains the dynamometer horsepower applied
to the rear wheels; and (4) The Hioki data for the HEV (Run no. followed by an H), from which
the NEC of the battery is obtained. There is also a sheet labeled “NEC Calc,” which shows the
method to calculate NEC.
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The “Integrated” sheet also contains averages over the full cycle of several temperatures and
several engine parameters, which are tabulated in the “summary” sheet. The following naming
convention is used for all tests: yyyymmddhhmm. The modal results, dynamometer parameters,
and Hioki measurements are stored in separate folders with the same file name as the
“integrated” results. The sheets have the same name as the original file with an appendage at the
end to indicate which data are in the file. The sheets are in the order of the file name on the
“Integrated” sheet. The first appendage for the modal files is M, for the dynamometer files it is
D, and for the Hioki files it is H, and the second appendage for each file is U for the UDDS
cycle, H for the HTUF4 cycle, E for the EPA GHG cycle, and N for the NYCC cycle. Step van
emissions tests were conducted for two vehicle test weights, 14,000 Ib and 17,000 Ib. These test
weights are listed in bold type under the column headed Run No. and all results following these
bolded headings are for these test weights.

The modal files contain all the second-by-second data that are used to calculate the information
reported in the “Integrated” sheet. The dynamometer files contain all the second-by-second data
on the dynamometer operation. The Hioki files contain all the second-by-second data determined
from measuring the battery current and voltage.

Again, to compare emissions from HEVs to conventional vehicles, the data from the HEV must
be corrected so that the NEC in the RESS is essentially zero. The calculation of NEC is outlined
on the sheet labeled NEC Calc and the calculation for each test is at the end of each Hioki sheet.
The “summary” sheet contains all the information used to calculate the NEC and the NEC
divided by the TCE. For all cycles, the NCE/TCE was less than 1% for all tests.

The results for the conventional vehicle are presented in the same format as described above for
HEV. However, this was a conventional vehicle, so there are no Hioki results. This vehicle’s
emissions tests were conducted for two vehicle test weights, 13,500 Ib and 16,500 Ib. These test
weights are listed in bold type under the column headed Run No. and all results following these
bolded headings are for these test weights.

The results for the Reach are presented in essentially the same format as for the other vehicles.
However, for this vehicle, there was no access to engine data, so we could not calculate the
emissions in g/engine bhp-h. Therefore, the emissions and fuel consumption by carbon balance
are presented in g/dynamometer bhp-h. To have an independent measurement of fuel economy,
the drum of fuel was placed on an electronic digital scale and the weight of the drum was taken
at the beginning and end of the test cycle from the meter and hand recorded to determine the
grams of fuel used over the total test cycle.
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Task 5: Portable Emissions and Fuel Economy Measurements

To supplement laboratory test results, NREL coordinated on-road emissions testing under real-
world driving and environmental conditions of three vehicles: one HEV and one conventional
vehicle from the parcel delivery vocation, and one HEV from the beverage delivery vocation.

e One Class 7 day cab hybrid (3 days, 46 hours each day of in-use/route on road-
operation)

e Two Class 4 step van conventional/HEVs (2 days, 4-6 hours each day of simulated in-
use/route on-road operation).

NREL’s Semtech DS unit was used along with data collected from fleets in Task 2 to test 2—3
days of simulated on-road operation on each vehicle and compare the results to those obtained in
the laboratory to validate the laboratory testing results. All testing was completed on vehicles
with model year 2010 or newer engines. Vehicles were tested on routes similar to those
measured in Task 2, and tests were conducted with fleet operator or contracted drivers. Only
gaseous emissions were collected during this task. Exhaust temperatures and hybrid system data
were recorded using the same data logger CAN interface as used in Task 2.

Test Setup

The PEMS used in this project was a Sensors, Inc. Semtech DS. This unit can analyze raw
exhaust emissions, measure exhaust flow rates, and log vehicle and engine operating parameters
broadcast on J1939 CAN bus. Additional data on the CAN bus were also logged by an
independent data logger during this task. The Semtech analyzers were calibrated with zero air
and the following span gases: one bottle of a quad mix gas containing 12% CO,, 1000 ppm CO,
200 ppm NO, 20 ppm propane, and a separate bottle containing 100 ppm NO,. Leak checks were
performed daily.

One day cab hybrid and two step vans (hybrid and conventional) were selected for testing (all
Freightliner chassis ISB-powered vehicles). Table 30 and Table 32 provide detailed vehicle
specifications. The vehicles were also equipped with the DPF/selective catalyst reduction
emission control packaged under the passenger side floor for the step vans and under the cab
deck for the day cabs. The turnout tailpipe was removed and the flow tube was fitted under the
vehicle bodies. For the step vans, the remaining PEMS equipment was placed inside the rear
cargo space with all the required cables and hoses threaded through an opening acquired by
removing an electronic lock sensor on the back corner of the cargo body. For the day cab, the
remaining PEMS equipment was placed on the cab deck. For the step vans, the vehicles were
loaded with sandbags to achieve the desired test weight of a curb weight of 10,790 1b (hybrid)
and 9,550 Ib (conventional) plus 4,000 Ib of cargo for a total test weight of 14,790 Ib (hybrid)
and 13,550 Ib (conventional) in order to be representative of the parcel delivery vocation.

For the day cab, the testing was done during revenue operation with actual cargo, so no ballast
was needed. The nominal test cargo mass for the day cabs was 23,000 to 30,000 1bs. The step
vans were tested off-duty, with a contracted driver, on an actual route representing a typical
parcel delivery duty cycle. The in-use route replicated the UDDS cycle in terms of average speed
and kinetic intensity, as discussed in the next section. For the step van each delivery stop was 90
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seconds long with the engine off. The stop and engine off time for the day cab varied based on
the in-use operation.

Each morning, prior to testing, the PEMS unit was warmed up and the analyzers repeatedly
calibrated until they exhibited stabilized operation with no appreciable drift. The sample lines
were purged with zero air and leak checks were performed. The vehicles were tested on the same
route every day for the step vans, with one stop at roughly midday designated for recalibration
and line purge. As such, the data from each day were split into two portions. Each vehicle was
tested on two days for the step vans and three days for the day cab. The following photos were
taken during PEMS testing in August 2013 in Buena Park and November 2013 in Costa Mesa,
and show the Semtech set up for the step van and day cab, calibration activities in progress, step
van with ballast, and flow tube installation on step van underbody (Figure 23 through Figure 27).

Figure 24. Class 7 hybrid day cab beverage delivery truck PEMS field testing
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Figure 26. Step van parcel delivery truck PEMS with ballast

Figure 27. Step van parcel delivery truck PEMS flow tube
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Route Selection

For the Class 7 day cab hybrid testing, the route was selected based on in-use data collected on
vehicles in the beverage delivery vocation during Task 2. Figure 28 shows the in-use kinetic
intensity data plotted against average speed along with data points for kinetic intensity versus
average speed for three standard drive cycles. A route from the Task 2 in-use data was selected
that matched the midpoint of the observed in-use data and was relatively close to the UDDS
drive cycle (Figure 4). The route for the PEMS testing is shown as an orange bar on Figure 28.
Figure 29 shows a trace of the actual route used during PEMS testing for the Class 7 hybrid day
cab from the depot in Buena Park (LA area).
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Figure 28. Class 7 day cab PEMS testing route selection

Figure 29. Class 7 day cab PEMS testing route
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For the Class 4 parcel delivery step van hybrid and conventional testing, the route was selected
based on in-use data collected on vehicles in the parcel delivery vocation during Task 2. Figure
30 shows the in-use average speed data plotted against kinetic intensity along with data points
for average speed versus kinetic intensity for four standard drive cycles. The routes from the
Task 2 in-use data were selected that matched the midpoint of the observed in-use data and were
close to the NY Comp and UDDS drive cycles. The routes for the PEMS testing are shown as
orange and blue bars on Figure 30. Figure 31 shows a trace of the actual route used during PEMS
testing for the Class 4 step vans out of a depot in Costa Mesa in Orange County. Figure 32 shows
a comparison of the target drive trace and the actual PEMS drive trace.
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Figure 30. Class 4 step van PEMS testing route selection

43

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



3 4 O
; micosta Mesa

» 2013 Gooale iik

Figure 31. Class 4 step van PEMS testing route

o Sample Parcel Delivery Vocation PEMS Testing Drive Cycle Comparison
=]
A T
I / Il |
Ic ' ‘ |
I If W |
= Ity | ! \ 1
£ \" ‘I|‘ _.il' }" 1 ' f .
LA 1"y .
==L |17 1 |
i I
[ “‘ | I \ ‘\ || | 1|
n":fllJ‘ I"’.|‘|‘| |‘ \
T ‘ ‘l I \l | ‘
Ul | .l - [
i \'"‘ M | ] HJ M ]
||5[ ‘ H ‘ ‘- [} I ‘ l\ ‘M |
il LLTAR:
p B s Wl g 1] -, Un - L a0
‘ * “ Tlmw:(s) * "

Figure 32. Class 4 step van PEMS testing route target and actual drive trace
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Portable Emissions Measured System Results
Class 7 Day Cab Hybrid

NREL performed the PEMS testing using the Semtech DS PEMS on a Class 7 hybrid day cab
from a Buena Park beverage delivery fleet for this project. For this testing, three days of on-road
emissions data for only the hybrid truck were collected. The conventional truck was not
available, and was not included for the Class 7 day cab PEMS testing. The vehicle details are

provided in Table 30.
Table 30. PEMS Class 7 Day Cab Vehicle Specifications
MYy 2010
Make Freightliner
Model M2
Fuel Type Diesel/Electric HEV
Vehicle Description Class 7, 16 Bay Route Power
Cargo Mass 23,000-30,000 Ib
PEMS Test Weight Actual
Engine MY 2010
Engine ISB — 325
GVWR 34,700
Axle Ratio 5.63
Engine Family ACEXHO0408BAH

For this hybrid truck, the average NOy emissions were 3.2 g/mi and the average fuel economy
was 8.32 mpg. For comparison, the average NOy emissions for the hybrid truck on the chassis
dynamometer were 3.05 g/mi on the WVU City cycle and 1.09 g/mi on the UDDS cycle. The
average fuel economy was 7.12 mpg on the WVU City cycle and 8.63 mpg on the UDDS cycle.
The PEMS on-road emissions results for this truck are shown in Table 31 and all the raw and
modal data were provided to CARB.

Table 31. Class 7 Day Cab Hybrid Beverage Delivery Truck
PEMS Emissions Data

Class 7 Hybrid Day Cab Day 1 Day 2 Day 3
Total Distance Traveled (mi) 33.00 45.20 47.50
FE (mpg) 8.28 8.66 8.02
CO; (g/mi) 1233 1,178 1,275
CO (g/mi) 3.40 3.29 3.46
NOy (g/mi) 3.73 3.08 3.03
NO, (g/mi) (corrected NO,) 3.67 3.00 2.94
THC (g/mi) 0.04 0.03 0.02
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Step Van Hybrid and Conventional

Two step vans in the parcel delivery vocation—conventional and hybrid (two days each, 4-6
hours each day, of in-use/route on-road operation)—were also tested in Costa Mesa, California,
under this task. The vehicle details are provided in Table 32 and engine certification levels in
Table 33. CARB Executive Orders for all the engines tested in vehicles as part of this task are

included in Appendix B.

Table 32. PEMS Step Van Vehicle Specifications
MYy 2011 2012
Make Freightliner Freightliner
Model W700HY/MT45 W900/MT45
Fuel Type Diesel/electric HEV Diesel
Vehicle Description Class 5 step van Class 5 step van
Cargo Mass 4,000 Ib 4,000 Ib
PEMS Test Weight ~14,790 Ib ~13,550 Ib
Engine MY 2011 2011
Engine ISB — 200 ISB — 200
GVWR 17,000 19,500
Axle Ratio 4.1 41
Engine Family BCEXH0408BAH BCEXH0408BAH

Table 33. HEV and Conventional PEMS Step Van Engine Certification Levels

2011 Cummins ISB 6.7L Engine Family: BCEXH0408BAH
g/bhp-hr NMHC NOx NMHC+NOx | CO PM HCHO

FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO | FTP | EURO
STD 014 | 0.14 02 |02 N/A | N/A 155 | 155 0.01 | 0.01 N/A | N/A
FEL NA | NA 033 | 0.33 NA | N/A NA | N/A NA | N/A N/A | N/A
CERT 0.01 | 0.001 017 |o0.18 N/A | N/A 0 0 0 0 N/A | N/A
NTE 0.21 05 N/A 19.4 0.02 N/A

The average NOy emissions for the hybrid step van over both days were 3.6 g/mi; the average
NOy emissions for the conventional van were 2.4 g/mi. That is, an observed NOy emissions
increase for the hybrid of 50% (the average NOy increase during chassis testing was 20%—243%
depending on the duty cycle). NOy measurements were corrected for humidity and temperature.
The average fuel economy for the hybrid step van over both days was 9.0 mpg; the average fuel
economy for the conventional step van was 8.1 mpg, which is an observed fuel economy
increase for the hybrid of 10%. Table 34 includes a summary of all the preliminary emissions
results from the step van PEMS testing for the hybrid and the conventional step vans over both
test days.
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Table 34. Step Van PEMS Emissions Data

Hybrid Step Van Conventional Step Van

Day1 | Day1 | Day2 | Day2 | Day1 | Day1 | Day2 | Day 2
Test1 | Test2 | Test1 | Test2 | Test1 | Test2 | Test1 | Test 2

Total Distance Traveled (mi) 15.4 21.5 14.5 23.4 14.4 20.7 14.4 20.8

Overall Fuel Economy (mpg) 9.1 8.6 94 8.9 8.3 8.1 8.1 8.1
CO; (g/mi) 1,131 1,194 | 1,090 | 1,155 | 1,233 | 1,265 | 1,255 | 1,252
CO (g/mi) 3.4 3.5 3.4 3.4 3.6 29 3.7 3.2
NO, (g/mi) 4.1 3.9 3.7 3.9 22 2.6 2.1 29
NO, (g/mi) (corrected NO,) 3.9 3.6 3.4 3.6 21 25 21 29

Measured fuel economy and emissions from each vehicle type during a typical day of operation
were collected to confirm laboratory results. Dynamometer drive cycles accurately predicted
vehicle performance in operation and the performance improvements of the HEVs compared to
the diesel equivalents. Detailed second-by-second (1 hz) data were provided to CARB.
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Task 6: Vocational Analysis and Methodology Development

For this task, NREL applied measured fuel usage and emissions data from Task 4 to vocational
activity data from Task 2 to develop weighted vocational emissions and fuel consumption
inventory estimates for current HVIP fleets that can be applied to vocations from this study and
to future HVIP deployments of medium- and heavy-duty HEVs in California.

A methodology was developed and validated using the initial results gathered here. This will
enable future projections of additional technology, vocations, and fleet characteristics. The
methodology developed will be used to:

e [Estimate the emissions and fuel consumption reduction potential of low emissions
technologies deployed on specific routes (drive cycles)

e Develop vocational correlations between duty cycle kinetic intensity, fuel economy, daily
vehicle miles traveled, and criteria emissions

¢ Provide a methodology for future analysis of technology options versus variable
vocations and drive cycles.

The approach and methodology under this task was intended to develop a predictive NOy
emissions and fuel economy tool based on the data collected in Task 2. It uses a simple high-
level methodology to minimize user input requirements. The tool requires a limited set of vehicle
and duty cycle inputs from the fleet owners. The vehicle inputs are limited to rolling resistance,
drag coefficient, frontal area, total mass, engine type and power, auxiliary loads, transmission
efficiency, and, for hybrids, motor power and efficiency and battery energy.

The drive cycle requirements are a second-by-second speed versus time trace that is from
representative in-use data or surrogate vocational data. The fleet data for an HVIP applicant can
be run through the NREL-developed power-based vehicle model to predict and match NOy
emissions and fuel economy for the applicant vehicle or fleet based on data from this study. The
results can then be used to estimate the relative benefit of including the applicant vehicle or fleet
of vehicles in the HVIP. The methodology also includes an aggregate function that will allow
CARB to assess (i.e., mine) data from the current data set to estimate the NOy and fuel
consumption impacts from future and existing fleets based on the number of vehicles in a given
fleet or vocation.

This tool uses fuel consumption and engine power data from the vehicles instrumented in Task 2
as the basis for the mpg estimates, as shown in Figure 33. The tool then takes the user input
information for the vehicle and duty cycle, as discussed above, and matches it to vehicles
(average for one vehicle for all activity) or vehicle days (average for one vehicle over one day of
activity) in the HVIP data set in terms of kinetic intensity and average speed (Figure 34). These
matched vehicles are then used to assess the performance of the modeled vehicle in terms of
emissions or other parameters.
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Figure 33. Fuel consumption versus engine power relationship for HVIP instrumented trucks
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Figure 34. Kinetic intensity versus average speed for HVIP instrumented vehicles

Figure 35 shows the validation of the simulated vehicles with data from the chassis testing part
of this project, Task 4, using this tool for four different duty cycles.
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Figure 35. Validation of modeled/simulated fuel economy

Using this tool and the data from Task 2 allowed an assessment of the fuel displacement
potential of HEVs operating in the vocations included in this study. Figure 36 shows the average
percentage of fuel economy improvement observed from HEV's and the gallons of fuel displaced
each week from HEVs in each vocation. The parcel delivery vocation has the highest fuel
economy improvement of the four vocations, but does not have the highest fuel displacement
figures. This is due to the fuel economy improvement over the baseline and the average trip or
daily miles driven for a given vocation. The parcel delivery vocation has the lowest daily
mileage (Figure 37), so the fuel displacement is low. Conversely, the food distribution vocation
has the highest daily mileage. When combined with the fuel economy improvement for that
vocation, this results in the highest fuel displacement potential through hybridization.
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Figure 36. Percent fuel economy improvement and fuel displacement through
hybridization for four HVIP vocations
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Figure 37. Average weekly miles driven per vehicle by vocation
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Conclusions, Analysis of Results, and
Recommendations

The objective of this project was to evaluate and quantify the emission impacts of commercially
available hybrid medium- and heavy-duty vehicles relative to their non-hybrid counterparts. This
effort will allow the California Air Resources Board (CARB) and other agencies to more
effectively encourage development and commercial deployment of the most-efficient, lowest
emitting hybrid technologies needed to meet air quality and climate goals.

Through this project, NREL captured in-depth duty cycle, emissions and fuel consumption
information on key HVIP vocational fleets operating in California. HEVs operating in these
fleets consistently showed lower fuel consumption and higher NOy emissions compared to
similar conventional vehicles in similar operating environments. This trend was observed for on-
road engine controller unit data, as well as PEMS and chassis dynamometer testing data.

Figure 38 through Figure 40 show the average driving speed versus fuel economy for the in-use
data from Task 2 and the chassis dynamometer data from Task 4 for the beverage, uniform and
linen, and parcel delivery vocations. A consistent fuel economy improvement trend is seen for
both datasets and across all three vocations. Figure 41 shows the fuel economy improvement for
all datasets from this project, including the PEMS data, across five duty cycles or in-use cycles
that were similar to the standard cycles. The same fuel economy improvement trend can be seen
in this figure as well, but for the EPA GHG drive cycle the improvement was consistently small
or nonexistent.

Figure 42 shows the NOy emissions for the same five cycles for all the project datasets. This
figure shows the consistent trend of higher NOy emissions across all the datasets and duty cycles.
This higher NOy trend was observed for both engine-out and tailpipe emissions measurements.
These higher emissions trends are likely the result of complex engine, vehicle, and emissions
control system strategy interactions and not just exhaust temperatures differences.
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HVIP Beverage Delivery Average Speed vs. Fuel Economy
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Figure 38. Average speed versus fuel economy for beverage delivery vocation

HVIP Linen Delivery Average Speed vs. Fuel Economy
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Figure 39. Average speed versus fuel economy for uniform and linen delivery vocation
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HVIP Parcel Delivery Average Speed vs. Fuel Economy
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Figure 40. Average speed versus fuel economy for parcel delivery vocation

14 T T T T T
A‘ ‘
2 B A ]
A :
1ol QA |
g [ 4
g |On A 2 ®
> gk ﬁ- | i
€
5] I @
c
8 a
8 6 o i
s &
=}
T g4l i
2l i
0 1 1 1 1 1
EPA GHG UDDS HTUF4 WVU City NY Comp
Drive Cycles
[ ] conventional (outiine) D Chassis (green)
B Hybrid (solid) . PEMS (purple)

A Parcel Delivery (triangle) . ECU-On Road (blue)
D Beverage Delivery (square) . ECU-Chassis (red)

O Linen Delivery (circle) |:| ECU-PEMS (yellow)

Figure 41. Average fuel economy across all datasets by drive cycle
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Figure 42. Average NO, emissions across all datasets by drive cycle

To investigate this issue further a sub-set of the project data was analyzed more thoroughly. The
chassis testing of the Class 5 parcel delivery vehicles offered one of the best opportunities for
isolating the effects of the hybrid system compared with a conventional vehicle, as both vehicles
had the same 2011 Cummins ISB engine with a 200 HP rating and calibration CPL#3070. Both
the conventional and hybrid vehicles were built on a Freightliner MT45 chassis with a 4.10 final
rear axle ratio. However, the engines operated differently due to differences in internal
transmission gearing and control strategies, as well as interaction of the hybrid system. Figure 43
shows the region of engine operation for the hybrid (left) and conventional (right) vehicles over
the EPA GHG cycle.

Hybrid Diesel: EPA GHG Cycle Conventional Diesel: EPA GHG Cycle

Brake Engine Torgue [Nm]
Brake Engine Tergue [Nm]

800 1000 1200 1400 1600 1800 2000 2200 2400
Engine Speed [rpm]

-1
080-(} 800 1000 1200 1400 1600 1800 2000 2200 2400
Engine Speed [rpm]

Figure 43. Engine operation over the EPA GHG chassis cycle, hybrid (left), conventional (right),
J1939 torque curves (red), and constant power lines (green) for comparison
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The two regions of high operation on the right side of each graph are the 55 mph and 65 mph
steady-state sections of the cycle. From the constant power lines shown in green, it can be seen
that both engines are operating with a similar power output; however, there is a shift to higher
engine speed and lower torque for the hybrid vehicle. The conventional diesel was equipped with
an Allison 1000HS series transmission with a top (fifth) gear ratio of 0.71, whereas the hybrid
vehicle was equipped with an automated manual Eaton Hybrid EH-6EX06B series transmission
with a top (sixth) gear ratio of 0.78 accounting for the ~10% shift. On a more transient cycle
such as the UDDS, hybrid engine operation still spends a significant amount of time at higher
engine speeds due to the gearing just discussed, but also at lower average engine power due to
the contribution of the hybrid system, which is directly related to the 18.2% fuel economy
savings realized over the cycle (Table 25). Figure 44 shows the engine operation for the
conventional and hybrid vehicles over the UDDS cycle along with the 30% power and torque
lines which bracket the lower bound of the NTE zone.
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Figure 44. Engine operation over the UDDS chassis cycle, conventional (left), hybrid (right)

Figure 45 below shows the engine-out brake-specific NOy emissions as measured by the OBD
NOxy sensors averaged over all parcel delivery chassis dynamometer test cycles for the
conventional and hybrid step vans. Comparing the UDDS operation with corresponding brake-
specific NOy emissions, it can be seen that the areas circled below both see a significant amount
of operation during the UDDS cycle, but have drastically different emission levels. It is
important to note that these are engine-out levels that can be reduced over the SCR system;
however, due to insufficient temperature, NO,/NOx ratio, and sensor/calibration constraints, it
may not be possible to maintain a high level of conversion under all conditions, particularly for
hybrids. Therefore, these high engine-out emissions may contribute significantly to the large
increase in tailpipe NOx emissions observed, but the root cause for the lack of SCR conversion
still requires further investigation.
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Figure 45. Composite engine-out brake-specific NO, maps for parcel delivery vehicles

This trend was also observed during in-use data collection. Figure 46 shows a composite of all
Cummins ISB data collected from parcel and linen delivery vocations. It can be seen that a

significant portion of the hybrid vehicle operation occurred at higher engine speeds and lower
engine torque in a region that suffers from higher engine-out NOy emissions.
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Figure 46. In-use operation and engine-out brake-specific NO, from Cummins ISB-equipped parcel
and linen delivery vehicles
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Due to the significant amount of operation at lower torque values, one might consider engine
downsizing for the hybrid application. However, there are a number of performance
considerations, especially with vocational vehicles, where a long pull with a heavily-loaded
vehicle up a steep grade might be common. This type of drive cycle could rapidly deplete the
energy stored in the hybrid system, forcing the vehicle to quickly rely on the smaller engine as
the only source of tractive force. Under these conditions, the smaller engine would still need to
meet the minimum performance requirements for the task. Additionally, for engines in intended
service class medium heavy-duty and heavy heavy-duty applications, there are design
requirements to allow for engine rebuilds such as piston sleeves and useful life requirements that
would have to be met without the assistance of a hybrid system. Currently, the U.S. market does
not have many small displacement engines which meet these requirements.

It is important to view these results in the context of the goals for this project, which were to
characterize duty cycles and quantify the emissions and fuel use of some HVIP-funded vehicles
in California. As such, this should be considered a limited dataset—vehicles were selected based
on availability and are not necessarily representative of the in-use vehicle population. Also, the
focus was to include HEVs participating in HVIP that are not representative of all vehicles—or
even all hybrids—operating in California. Because the study focused on HEVs, comparison data
on conventional vehicles were available on only a small sample size, and data on 2010
certification vehicles were difficult to acquire because of limited vehicle availability. In addition,
some vocations and vehicle classes were excluded by design—the focus was on vocations with
the highest representation in HVIP, so this should not be considered a comprehensive dataset.
That said, the observations from this study indicate a need for improved electric drive integration
and optimization for the medium-duty and heavy-duty vehicle markets and show that
deployment of these vehicles should be approached with an open mind with regard to their
potential for fuel reduction and the potential for unintended adverse impacts from the criteria
emission perspective if they are not properly designed and certified. Additional analysis is
needed to fully understand all of the data and observations gathered during this study in order to
fully understand the potential of these vehicles.

The initial impression is that the observed issue related to the increase in NOx emissions
associated with the hybrid vehicles has the potential to be easily solved. CARB is currently
working with NREL on a second phase to this work to identify the root cause of this issue and
recommend solutions for both current and future hybrid vehicles. To better understand the issue,
this future project will monitor emissions-control systems for differences in urea dosing and
changes in engine operation (e.g., injection timing and exhaust gas recirculation rates), examine
the composition of the selective catalytic reduction (SCR) feed gas (NO, to NOx ratio), and look
at tailpipe constituents (NHs, N,O, HNCO) to better understand SCR operation, among other
things. This will be done by using a well-paired conventional and hybrid vehicle (same MY
engine calibration/certification, etc.) on NREL's chassis dynamometer (including the Hino
hybrid/conventional vehicle vertically integrated platform) and using representative cycles that
are known to show fuel economy benefits and NOy increase. In addition, the future project will
explore the potential to tune for fuel economy and low emissions simultaneously by working
with industry partners (e.g., engine, transmission, and hybrid system developers) to
adjust/optimize control strategies and provide recommendations for the next generation of
hybrids to ensure that fuel economy benefits continue to be realized without sacrificing
emissions.
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Appendix A: Vehicles Instrumented in Task 2

Table 35. List of All Vehicles Instrumented in Task 2 (Hybrid in Green, Conventional in Black)

Vocation | MY Make Model | Fuel Type De\gi?ii;l?on %Iaargg EnhﬁiYne Engine Location |GVWR
D;il?\f’;ry 2012 | Freightiiner | MT55 | Desel 120 Wgt')kdiyn Vanl 70001b | 2011 Cummins 6.7 ISB Pittsburg
D"eilri‘f;ry 2010 |Work Horse| W62 | Diesel |1 ng)kd'; Van! - 7600 1b Max Force 7 Pittsburg
D"eilri‘f;ry 2010 |Work Horse| W62 | Diesel |1 ng)kd'; Van! - 7600 1b Max Force 7 Pittsburg
Dléil?\?;ry 2009 | Freightliner | MT45 | Diesel |'° ngkd'; van! 7000 1b Max Force 7 Hayward
D';ilri‘f:ry 2010 | Work Horse| W 62 Diesel | 18 WSLkdI; Vani 2600 Ib Max Force 7 Hayward
D'éil?f;ry 2012 | Freightliner | MT 55 Eleziﬁie#Ev 20 Wg(';g‘ Van! 70001b | 2011 Cummins 6.7 ISB Hayward
Dlzailri]\?;ry 2012 | Freightliner | MT 55 Eleﬂﬁii’Ev 20 Wg(';g‘ Van! 70001b | 2011 Cummins 6.7 ISB Hayward
leai|?\/e:ry 2011 | Freightiner| MT45 | Diesel |10 ng"d'y” Van| 70001 | 2010 | Cummins6.7ISB | Sacramento
Dlzailri]\?;ry 2012 | Freightliiner | MT 55 Ele[giﬁie:Ev 20 Wg(';g‘ Vanl 70001b | 2011 Cummins 6.7 ISB | Sacramento
B[fgl‘fvrg?ye 2011 | Freightliner | M2 Ele[giﬁze:Ev Route Power 320?,’6%%0[b EPA 10 | 6.7L - ISB6.7 Cummins | Hayward
ngl‘fvrg?ye 2011 | Freightiiner | M2 |, Desel | Route Power 320?6%%0|_b EPA 10 | 6.7L - ISB6.7 Cummins | Hayward
Route Power Engine, Diesel

B[fglfvr:?ye 2012 |International| 4400 4X2 | g, 1eo% 50001 | EPA T {C'\(/';;’z‘ggrg%a%g?bf'ff Hayward
Route Power Eng-irnoe;,qlgei)esel

nglfvrg?ye 2012 |International| 4300 4X2 Ele'g{ﬁze# oy 32()??6%%0[b EPA 10 {Eﬂ@a;’z‘ggr;ia%gg?bﬂff Hayward

Torque
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Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location |GVWR
Diesel {International
Beverage . . 23,000- MaxxForce DT} 300 HP
Delivery 2010 |International| 4400 4X2 Diesel Route Power 30,000 Ib EPA 07 860 Ib-ft Torque @ 1400 Hayward
RPM
Beverage o Diesel/ 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Rout Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins Hayward
Beverage I Diesel/ 23,000- :
Delivery 2011 | Freightliner M2 Electric HEV Route Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins Hayward
Beverage I Diesel/ 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Route Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins Hayward
Engine, Diesel
Beverage . Diesel/ 23,000- {MaxxForce DT} 260 HP
Delivery 2012 |International| 4300 4X2 Electric HEV Route Power 30,000 Ib EPA 10 @ 2200 RPM, 660 Ib-ft Hayward
Torque
Diesel {International
Beverage . . 23,000- MaxxForce DT} 300 HP
Delivery 2010 |International| 4400 4X2 Diesel Route Power 30,000 Ib EPA 07 860 lb-ft Torque @ 1400 Hayward
RPM
Diesel {International
Beverage . . 23,000- MaxxForce DT} 300 HP
Delivery 2010 |International| 4400 4X2 Diesel Route Power 30,000 Ib EPA 07 860 Ib-ft Torque @ 1400 Hayward
RPM
Diesel {International
Beverage . . 23,000- MaxxForce DT} 300 HP
Delivery 2010 |International| 4400 4X2 Diesel Route Power 30,000 Ib EPA 07 860 Ib-ft Torque @ 1400 Hayward
RPM
Diesel {MaxxForce DT},
Beverage . . Route Power 32' 270 HP @ 2200 RPM,
Delivery 2011 |International| 4400 4X2 Diesel Bulk EPA 10 860 lb-ft Torque @ 1300 Buena Park
RPM
Beverage - Diesel/ 16 Bay Route | 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - 1ISB6.7 Cummins | Buena Park | 34,700
Engine, Diesel
Beverage . TK10BAY Diesel/ 10 Bay Route {International MaxxForce
Delivery | 2009 |Internationall “5o o | Electric HEV|  Truck EPAO7 1™ DTy225 HP 560 Ib-ft | Duena Park

Torque
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Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location |GVWR
Beverage N Diesel/ 16 Bay Route 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins | Buena Park | 34,700
Engine, Diesel
Beverage . TK10BAY Diesel/ 10 Bay Route {International MaxxForce
Delivery | 2009 |Internationall “55 s | Electric HEV Truck EPAO7 1™ DTy225 HP 560 Ib-ft | Suena Park
Torque
Beverage I Diesel/ 16 Bay Route | 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins | Buena Park | 34,700
Beverage I Diesel/ 16 Bay Route | 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins | Buena Park | 34,700
Beverage I Diesel/ 16 Bay Route | 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins | Buena Park | 34,700
Beverage I Diesel/ 16 Bay Route | 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - ISB6.7 Cummins | Buena Park | 34,700
Beverage I Diesel/ 16 Bay Route | 23,000- .
Delivery 2011 | Freightliner M2 Electric HEV Power 30,000 Ib EPA 10 | 6.7L - 1ISB6.7 Cummins | Buena Park | 34,700
Food T370 - Diesel/ :
Distribution 2011 | Kenworth Hybrid |Electric HEV 2 Ax Tractor 2011 P6 /1SB San Francisco
Food T370 - Diesel/ .
Distribution 2011 | Kenworth Hybrid |Electric HEV 2 Ax Tractor 2011 P6 /1SB San Francisco
Food T370 - Diesel/ .
Distribution 2013 | Kenworth Hybrid |Electric HEV 2 Ax Tractor 2013 P6 /1SB San Francisco
Food T370 - Diesel/ o oA .
Distribution 2012 | Kenworth Hybrid |Electric HEV B" 24' St Tk 2012 P6 /1SB San Francisco
Food T270 - Diesel/ R .
Distribution 2011 | Kenworth Hybrid |Electric HEV C"24' St Tk 2011 P6 /1SB San Francisco
Food T370 - Diesel/ T i
Distribution 2012 | Kenworth Hybrid | Electric HEV B" 24" St Tk 2012 P6 /1SB San Francisco
Food T370 - Diesel/ .
Distribution 2011 | Kenworth Hybrid | Electric HEV 2 Ax Tractor 2011 P6 /1SB San Francisco
Food T660 Ext. . 3 Ax Ext Day .
Distribution 2013 | Kenworth Day Cab Diesel Cab 2013 ISX-15 500V San Francisco
Food 15443 | kenworth | T980DaY | pigsel | 3 Ax Day Cab 2013 ISX-15 455V San Francisco
Distribution Cab
Food " 15413 | kenworth | T980DaY | pigsel | 3 Ax Day Cab 2013 ISX-15 455V San Francisco
Distribution Cab
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Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location |GVWR

Beverage | 5011 | Kenworth | T370 Diesel/ 35' trailer P6 - 280 Fresno | 34,700

Delivery Electric HEV

Beverage | 5011 | Kenworth | T370 Diesel/ 35' trailer P6 - 280 Fresno | 34,700

Delivery Electric HEV

Beverage Diesel/

Delivery 2011 | Kenworth T370 Electric HEV 18-bay P6 - 280 Fresno 34,700

Beverage Diesel/

Delivery 2011 | Kenworth T370 Electric HEV 18-bay P6 - 280 Fresno 34,700

Beverage Diesel/

Delivery 2011 | Kenworth T370 Electric HEV 18-bay P6 - 280 Fresno 34,700

Beverage | 5411 | kenworth | T370 |_ Diese/ 35' trailer P6 - 280 Fresno | 34,700

Delivery Electric HEV

Beverage Diesel/

Delivery 2011 | Kenworth T370 Electric HEV 18-bay P6 - 280 Fresno 34,700

Beverage Diesel/

Delivery 2011 | Kenworth T370 Electric HEV 18-bay P6 - 280 Fresno 34,700

Beverage Diesel/

Delivery 2012 | Kenworth T370 Electric HEV 18-bay P6 - 280 Fresno 34,700

Beverage | 5q41 | k h| T Diesel 40 trail 201 P MX - 4 F 2

Delivery 0 enwort 800 iese 0' trailer 010 accar -430 resno 52,000

BS‘;’I?\::%G 2011 | Kenworth | T600 Diesel 40 trailer 2010 Paccar MX - 430 Fresno | 52,000

Beverage Diesel/ A 13-17k Ib,

Delivery 2012 | Kenworth T370 Electric HEV 35' trailer up to 20k 2011 P6 - 280 Fresno 34,700

Beverage o Diesel/ .

Delivery 2011 | Freightliner | M2106 Electric HEV 18-bay ISB San Diego | 34,700

Beverage o Diesel/ .

Delivery 2011 | Freightliner | M2106 Electric HEV 18-bay ISB San Diego | 34,700

Beverage . Diesel/ _— 13-17k Ib, .

Delivery 2011 | Freightliner | M2106 Electric HEV 35" trailer up to 20k ISB San Diego | 34,700

Beverage o Diesel/ :

Delivery 2011 | Freightliner | M2106 Electric HEV 18-bay ISB San Diego | 34,700

Beverage —_ Diesel/ . 13-17k Ib, .

Delivery 2011 | Freightliner | M2106 Electric HEV 35" trailer up to 20k ISB San Diego | 34,700

Beverage —_ Diesel/ . 13-17k Ib, .

Delivery 2011 | Freightliner | M2106 Electric HEV 35" trailer up to 20k ISB San Diego | 34,700
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Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location | GVWR
B[‘)z’lfvr:?ye 2011 | Freightliner | M2106 Ele':c){ﬁie#Ev 18-bay ISB San Diego
B[?;?vr:?ye 2011 | Freightliner | M2106 Elefc)iﬁie#Ev 35' trailer L?F’):Z';('ﬁ( 2010 ISB San Diego | 34,700
B[?;?vr:?ye 2011 | Freightliner | M2106 Elefc)iﬁie#Ev 35' trailer L?F’):Z';('ﬁ( ISB San Diego | 34,700
B[‘)e;?vr:?ye 2011 | Freightliner | M2106 Ele[giﬁie#Ev 35' trailer L?F’):Z';('ﬁ( 2010 ISB San Diego | 34,700
BS;?J:?; 2011 | Freightliner | M2106 Eletc)ifiie#EV 18-bay ISB San Diego | 34,700
B[‘;gl‘fvr:?ye 2011 | Freightliner | M2106 Eletc){fize#Ev 18-bay 2010 ISB San Diego | 34,700

DF;?i:,C:rly 2011 | Freightiiner - etc){fiie,:/Ev StepVan | 40001b | 2010 Cummins ISB-10 Aliso Viejo

DF;?i:,C:rly 2011 | Freightiiner - etc){fiie,:/Ev StepVan | 40001b | 2010 Cummins ISB-10 Aliso Viejo

DF;?i:,C:rly 2011 | Freightiiner - etc){fiie,:/Ev StepVan | 40001b | 2010 Cummins ISB-10 Aliso Viejo

DZ?i:,C:r'y 2011 | Freightliner Eleg{ﬁie#Ev Step Van 40001b | 2010 Cummins ISB-10 Aliso Viejo

DPe?i:/C:rly 2011 | Freightliner coel | Stepvan | 40001 | 2010 |  CumminsISB-10 | Aliso Viejo

Dpeal‘ir\f’;'y 2011 | Freightliner ol | Stepvan | 40001 | 2010 Cummins ISB-10 | Aliso Viejo

Dpeal‘ir\f’;'y 2011 | Freightliner ol | Stepvan | 40001 | 2010 Cummins ISB-10 | Aliso Viejo

Dpeal‘ir\f’;'y 2011 | Freightliner ol | Stepvan | 40001 | 2010 Cummins ISB-10 | Aliso Viejo

DF;?ir\f’:r'y 2011 | Freightliner Comel | Stepvan | 40001 | 2010 Cummins ISB-10 | Aliso Viejo

DF;?irf:rly 2011 | Freightliner Elelgiﬁiell{EV Step Van 40001b | 2010 Cummins ISB-10 Aliso Viejo

DF;?i?:rly 2011 | Freightliner E|e2l?iie|1|/Ev Step Van 40001b | 2010 Cummins ISB-10 Aliso Viejo

DF;?i?:rly 2011 | Freightliner E|e2l?iie|1|/Ev Step Van 40001b | 2010 Cummins ISB-10 Aliso Viejo
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Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location |GVWR

Parcel o Diesel/ . . -
Delivery 2011 | Freightliner Electric HEV Step Van 4000 Ib 2010 Cummins ISB-10 Aliso Viejo

Parcel e Diesel/ . . -
Delivery 2011 | Freightliner Electric HEV Step Van 4000 Ib 2010 Cummins ISB-10 Aliso Viejo

Parcel e Diesel/ . . -
Delivery 2011 | Freightliner Electric HEV Step Van 4000 Ib 2010 Cummins ISB-10 Aliso Viejo

Parcel Diesel/

. 2012 | Freightliner Hydraulic Step Van 4000 Ib 2010 Cummins ISB-10 Aliso Viejo

Delivery HEV
Dpe"l‘ir\f’:r'y 2009 | Freightliner Diesel Step Van 40001b | 2007 Cummins 1SB-07 Aliso Viejo
Dpe"l‘ir\f’:r'y 2009 | Freightliner Diesel Step van 40001b | 2007 Cummins 1SB-07 Aliso Viejo

Linen 1 5911 | Freightliner| MT45 |_ DieselV_ | ClassSStep | 20501, | 2010 |  cummins ISB-200 Novato | 19,000
Delivery Electric HEV Van

Linen 1 5911 | Freightliner| MT55 |_ DieselV_ | Class6Step | 74550, | 291 Cummins ISB-200 | SanJose | 25,500
Delivery Electric HEV Van

Linen 15011 | Freightliner | MT55 |_ Diesel/_ | Class6Step | 2645, | 2911 |  cummins ISB-200 Concord | 25,500
Delivery Electric HEV Van

Linen 1 5411 | Freightliner| MT55 |_, DieselV_ | Class6Step | 25501, | 2011 | Cummins ISB-200 Concord | 25,500
Delivery Electric HEV Van

Linen . Diesel/ Class 6 Step .
Delivery 2011 | Freightliner | MT55 Electric HEV Van 7000 Ib 2010 Cummins 1SB-200 Hayward 25,500

Linen . Diesel/ Class 6 Step .
Delivery 2011 | Freightliner | MT55 Electric HEV Van 7000 Ib 2011 Cummins 1SB-200 Hayward | 25,500

Linen 15011 | Freightliner | MT45 |_ Diesel_ | ClassSStep | 7644, | 2011 | Cummins ISB-200 | Paramount | 19,000
Delivery Electric HEV Van

Linen 1 5411 | Freightliner| MT45 |_ DieselV_ | ClassSStep | 205015 | 2911 | Cummins ISB-200 Riverside | 19,000
Delivery Electric HEV Van

Linen 1 5411 | Freightliner| MT55 |_ DieseV | Class6Step | 70501 | 2010 |  Cummins ISB-200 | SantaAna |25,500
Delivery Electric HEV Van

Linen 1 5911 | Freightliner| MT45 |_ DieselV_ | Class SStep | 7450, | o911 Cummins ISB-200 | SantaAna | 19,000
Delivery Electric HEV Van

Linen 1 5408 | Workhorse | W62 Diesel Class 6 Step | 766q1, | 2008 Workhorse A-200 Sylmar | 23,500
Delivery Van

Linen 1 5409 | Freightliner| MT55 Diesel Class 6 Step | 76691, | 2009 Cummins 1SB-200 Sylmar | 25,500
Delivery Van

65

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.




Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location |GVWR
Linen 15010 | Freightliner| MT55 | Diesel | C1@86S©P | 76001, | 2009 | Cummins ISB-200 Sylmar | 25,500
Delivery Van
Linen 15009 | Freightliner| MT45 | Diesel | C1@85S©P | 76001, | 2008 | Cummins ISB-200 Novato | 19,000
Delivery Van
L|r_1en 2008 | Workhorse W62 Diesel Class 6 Step 7000 Ib Workhorse San Jose |23,500
Delivery Van
Linen 15007 | Freightliner| MT55 | Diesel | C1@36S©P | 26001, | 2006 | CumminsISB-200 | Paramount | 25,500
Delivery Van
Linen 15009 | Freightliner| MT45 | Diesel | C1@85S%P | 760015 | 2009 | CumminsISB-200 | Paramount | 19,000
Delivery Van
Linen 15007 | Freightliner| MT55 | Diesel | C1@36S©P | 760015 | 2006 | CumminsISB-200 | Riverside | 25,500
Delivery Van
Linen 15010 | Freightliner| MT55 | Diesel | C1@86S©P | 260015 | 2009 | CumminsISB-200 | Riverside | 25,500
Delivery Van
Linen 15010 | Freightliner| MT45 | Diesel | C1@86S©P | 260015 | 2009 | CumminsISB-200 | SantaAna | 19,000
Delivery Van
Linen 15009 | Freightliner | MT45 | Diesel | C1@85S%P | 76001, | 2008 | Cummins ISB-200 Concord | 19,000
Delivery Van
Dé'l?f;ry 2013 | Freightliner | M2 Diesel | Straight Truck 2012 Cummins ISB-220 Novato | 26,000
Food . Diesel/ . .
Distribution 2013 Hino 195h Electric HEV Class 5 Delivery 2011 Hino JOSE-TP Newark 19,500
Food . Diesel/ . .

Distribution 2013 Hino 195h Electric HEV Class 5 Delivery 2011 Hino JOSE-TP Newark 19,500
DF;?ir\f:r'y 2012 | Isuzu | Reach | Diesel StepVan | 4000 Ib NPR Diesel Costa Mesa | 12,000
DF;?ir\f:r'y 2012| Isuzu | Reach | Diesel StepVan | 4000 1Ib NPR Diesel Costa Mesa | 15 509
DF;?ir\f:r'y 2012| Isuzu | Reach | Diesel StepVan | 4000 b NPR Diesel Costa Mesa | 15 509
DF;?ier:rly 2012 | Isuzu | Reach | Diesel StepVan | 4000 Ib NPR Diesel CostaMesa | 15 500
DF;?ier:rly 2012 | Isuzu | Reach | Diesel StepVan | 4000 Ib NPR Diesel CostaMesa | 1, 599

Parcel . . W700HY / Diesel/
Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 Costa Mesa | 17,000
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Vehicle

Cargo

Engine

Vocation | MY Make Model | Fuel Type Description Mass MY Engine Location |GVWR

Parcel N W700HY /| Diesell

Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 Costa Mesa | 17,000
Parcel s W700HY /| Diesell

Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 Costa Mesa | 17,000
Parcel S W700HY /| Diesell

Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 Costa Mesa | 17,000
Parcel | 5012 | Freightiiner | W200/ | piesel StepVan | 40001b | 2011 | CumminsISB-200 | Costa Mesa | 19,500

Delivery MT45
Parcel | 5012 | Freightiiner | W200/ | piesel StepVan | 40001b | 2011 | CumminsISB-200 | Costa Mesa | 19,500

Delivery MT45

Dpe"’l‘ir\f:r'y 2012 |  Isuzu Reach Diesel Step Van 4000 Ib NPR Diesel Sun Valley | 12,000

DF;?ier:rly 2012 |  Isuzu Reach Diesel Step Van 4000 Ib NPR Diesel Sun Valley | 12,000

DF;?ier:rly 2012 | lIsuzu Reach Diesel Step Van 4000 Ib NPR Diesel Sun Valley | 12,000
Parcel I W700HY /| Diesell

Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 Sun Valley |17,000
Parcel Lo W700HY /|Diesel/Electri Sun Valley

Delivery 2011 | Freightliner MT45 c HEV Step Van 4000 Ib 2011 ISB - 200 17,000
Parcel I W700HY /|Diesel/Electri Sun Valley

Delivery 2011 | Freightliner MT45 c HEV Step Van 4000 Ib 2011 ISB - 200 17,000
Parcel o W700HY /| Diesell Sun Valley

Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 17,000
Parcel o W700HY /|Diesel/Electri Sun Valley

Delivery 2011 | Freightliner MT45 c HEV Step Van 4000 Ib 2011 ISB - 200 17,000
Parcel o W700HY /|Diesel/Electri Sun Valley

Delivery 2011 | Freightliner MT45 c HEV Step Van 4000 Ib 2011 ISB - 200 17,000
Parcel o W700HY /| Diesell Sun Valley

Delivery 2011 | Freightliner MT45 |Electric HEV Step Van 4000 Ib 2011 ISB - 200 17,000
Parcel I W900 / . .

Delivery 2013 | Freightliner MT45 Diesel Step Van 4000 Ib 2012 Cummins ISB-200 Sun Valley | 19,500
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Appendix B: CARB Executive Orders for Engines
Tested as Part of Task 4 and 5

i EXECUTIVE ORDER A.021.0828
Gttt sl Promessos
CUMMING INC, New On-Road Heavy-Duty Engl
AlR RESOURGES BOARD Fago 1 of 2 Pages

Pursuant (o the authority vested in the Air Resaurces Board by Health and Safety Code Division 28, Part 5, Chapter 2;
anrd pursuant to the authority vested In the undarsigned by Heath and Safety Cods Sactions 39515 and 39516 and

Executive Order G-02-003;
1T 1S ORDERED AND RESOLVED: The engine and emigsion contral systems produced by the manufaecturer ere cerfified
as described below for usa in on-road r vehicles with a manufacturer's over 14,000 pounds. Production
anginas shall be in all material respacts the same as those for which certification is granted.

T s T | avaRbRAGE — R -
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See attachmant for engine models and ratings
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Ell'mr'w BT I 13 CCR IRSE MaNGja)}1; g3 phe NG 11 LR 1858 WalG 4T APS ~mar s conbospcn mo| power aptierm; ALT-alemsfee e
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1 EMBewngine nmrdact i Gpveay i (13 COR 1971} OBO= 00l "= Sapio e e (13 COR 1971.1) .

Foliewing are: 1) the FTP exhaust amigssion standards, or family emigsion limit{s) a5 applicable. under 13 CCR 19558,

2} the EUROC and NTE limits under the applicable California exhaust emission standards and test Pfocquures for raavy-
duty diesel engines and vehicles {Test Procedures); and 3} the cormesponding cerfification levels. for this engine family.
“Diesel’ CO, EURQ and NTE cerfification compliance may have been demenstrated by the manufacturer as provided
under the spplicabla Test Procadures in ligu af testing. [rrgarngxiu- and dusl-fueled engines, the CERT values in bredeets [ | are those
whan tasted qnpuv;nbudbﬁ fusl, For mutifueled gngines. ihe 5T0 ang CERT values for dedaul pperation pamitted in 3 CCR 19568 s n

parnthesas.).

In NMHC NOx NMHC+H0x ) »~ HEHO
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B 0.01 DOD | 447 0.8 4 S T 000¢  aoab |+ |
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pEhphregr o FiP=Fuders Ted Procedus;, BURD=Eum 1| Eutseer Sty Sate Cpoe, ind.dr cpom misph srmmas
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BE IT FURTHER RESOLYED: Certfication to tha FEL{s) listed abave, as applicable, is subject to the following terms,
limitations and condltions. Tha FEL{s) is the emisslon level daclared by the manufacturer and sarvas in lieu of an
emission standard for certification purposas in any averaging, banking, ortradrn% ABT) progrems. It will be used for
determining comphance of any engine in this family and compliance with such ABT pregrams.

BE IT FURTHER RESOLVED: Except in vehicle applications exm&ud per 13 CCR 195E.8(a)(6)(8}. anglnes In this
engine family certified under 13 CCR 1956.8(a)( CL[SD %n;r NCx] and section 35.B.4 of the incorporated “California
Exhaust Emissions Standards and Tast P ures for 2004 and Subssquent Modal Heavy-Duty Diesel Engines and
Vehiclas' gHDDE Test Procedures) adopted Dac. 12, 2002, as last amended sgﬁ 1, 2006. shall ba provided with an
approved “Centified Clean Idle® label that shall be affixed to the vebicle into which the engine is instalied.
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Es Ayl Prorctios Army " "EXECUTIVE DRDER A-031.0560-1 |
| @L— CUMMINS INC., Mew On-Road o Y
435 AIR RESOUACES BOART ) et o 2 Foget.

Pursuart to the authonity vestad in the Air Resources Board by Heath and Safety Code Division 26, Part 5, Chapter 2
and pursuant fo the autI{or vested in the undarsigned by Health and Safaty Cad ' ' ] '
i 6-02—003,” ig by afaty e Sections 39515 and 38516 and

IT |3 ORDERED AND RESOLVED: The 2ngine and emisslon cortrol systems produced by the rmarufacturer are certified
a& described below for usa in on-road motar vehicles with a manufaciurer's GVIWR wel}‘ 14,000 pounds. Production
engines shafl be in gl material respects the same as those for which certfication is aranted.

Moe- | ENGME FamLY e, FLEL TYPE | STAN AR HL ) [ ——— P
PROCEDLRE | cLAsS nbI, TC, CTAT, ECM, EGR, OC ZMD
(¥ Diagsl “Dezal | WSO | PTCX, SCR.U =
— —
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1 ESS=e g ne eh.io0n oy e jpur 12 JCR ©26E.21u0ENAE | 30g=20 % N3 o 13 UCR TRSS §apli0; APS = moml comi-.aetin ) e dony 20w 5p5ne T ALT 0 Honalve rat-an
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Fallowing are: 1} the FTP exhaust emission standards, or family ermission limit{s) as applicable, under 13 CCR 1956.8;

2] the EURO and NTE limits under the applicable Califomia exhaust emisston standards and test procedures for heawy-
duty diesel engires end vehicles (Test Procedures); and 3) the corresponaing certification levals. far this engina family.
"Digsel’ CO, EURO and NTE certification compliance may heve been demonstrated by the manufacturer as prewvided
under tha applicable Tast Pracaduras in |2u of testing. (For fexble- 314 dual-‘usied argines, tie CERT values in trackets [ | am thase
when tesled onpnﬂnﬁmd lesl fuel. Fer mult-fueleg =ngines, the STD and CERY walues for defauit oparation pemitisd In 13 CCR 1956.8 ara in

PamMNDSAs.),

in [T NMHCNOx co P wena |
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BE IT FURTHER RESOLVED: Certification to the FEL(s) listad abave, as applicable, is subject to the following terms,
Emitaticns and conditions. Tha FEL(S) is tha emission lavel declarad by the mnu‘acturar and sarvas In lleu of an
emission standard for certificaton pu-poses in any averaging, barking, or vaam%%_ABT] programs. |t will be used for
determining complance of any engine in this family and compliance with such ABT pragrams.

BE [T FURTHER RESOLVED: Excaptin vehicle applications exempted per 13 CCR 19586.8(a)(8)(3). engines in this
angine family certified under 13 CCR 1855.8{a}{B)(C) [30 g/hr NOx] and saction 35.8.4 of the incorporated *California
Exhaust Emisslons Standa‘ds and Test Proceduras for 2004 and Subseqguent Modal Heavy-Duty Diesal Enginss and
Venhicles” [HDDE Test Procedures) adopted Dec. 12, 2002, as last amended Sep. 27, 2010, shall be provided with an
approved "Certified Clean idle” label that shall oe afficed ta the vehicle inta which the engine is installed.

BE IT FURTHER RESOLVED: That the manufacturer has elected te nclude engine madals in this engine famity which are
identified for *emergency vehicle use only®, These *emergency vehicle use oné ( engines are exempt from requirements
imposed pursuant to Califomia law and the regulations edopted pursuant thereio for motor vehicle pollution control
devicas per Califcrnia Vehicle Cada Saction 27158.2. Tha manufacturer must clearly labal these anginas “or

‘emergency vehicle use only” on the engines' emiss:on control label.

BE IT FURTHER RESOLVED: Far the listed engine models the manufacturer nas submitted the materials to demanstrate
certification compliance with 13 CCR 1855 (amission contral labels). 13 CCR 1871 (sngina manufaciurer diagnostic)
and 15 CCR 2035 et seq. (emission control wasranty}.
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| p——————— . EXECUTIVE ORDER A-021-0560-1
! Calgarwka Farusamanis Prowchan Aoy

CUMMINS INC. Mew Dn-Road * -Duty Engines
" @Ak RESOURCES BOARD I R M pae 131 2 Pages
Pursyant ta the autharity vested ir the Air Resources Scard by Health and Safety Cede Divison 28, Part 5. Cranter 2,

ard pursuant to the authority vested in the undersigned by Hea'th and Safety Code Secticns 39515 and 34515 and
Executive Order G-02-003.

1T 1S ORDERED AND RESOLVED: The engira and amission control systams goduce:l vy the manutaciurer ara cenfiad
as described below for use in on-road motor vehicles with a manufacturer's GVAWR over 14,000 pounds  Preduction
angines shall be in all material respects the same as those for which certification is grantad,

1N [ ——— ENZINE PLeL TYPE | V{'%’:“’ “s:;Emn..;!E ECB & SP=CIAL FEATUREE DLANTETC '
b HeE PROCEOURE | suass ~ [5OT TC, CAG ECMLEGR.OC. | gnp |
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Fallgwing sre: *) the FTP exhaust 2mission standards, ar family emission limit(s) as applicable, under 13 CCR 1956.8;
2} the EURO and NTE limits under the applizable Califarnia sxFaust emission standards and test procedures for heawy-
duty ﬂlcseienlﬂ;nes and vehxcles { Test Procedures). ard 3) the corraspond ing cartificatior levals, far this engine fami'y.
"Diesel CO EURO and NTE centification compliance may have been demonstraled by the manufactuser as providad
undgr the applicable Test Procedures ir tieu of tesiing, (- or fexible- ar1 dus-fua'ed engites. Ihe SERT valuea i orackels [ | are Mose
when tapled or servanlionel bsst sl For mut-higled engnes. 1he 5TD ane CERT valuzs for defeull operalion peanitled ir 13 COR 18583 e in

parerihesas.).

R e - R 9CHD
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BE |T FURTHER RESOLVED: Ceificaton 1o the FEL(s) listed above, as applicabla. is subject to the fallowing tarms,
limitatizns and cond'tons. The FEL(s} ‘s the emission vel declared by the manufacturer ard serves in liew of an
emission standard far cerification purposes in any averaging, banking, or trading (ABT) orograms. It will be used fer
determining ccmpliance of ary 2ngine in this family and compliance with such ABT programs.

BE IT FURTHER RESOLVED: Excegt in wehicle applications exempied per *3 CCR 1956 &{5)(6)(B), engines n thiz
engine fam'ly certifed under 13 CCR 1956.5(a){ ,»(cgo{ao l%'hr NOx] and section 35 B.4 of tha incorparated "Caiifarnia
Exhaust Emissions Standards and Test Procedures for 2004 and Subsegueant Modei Haav -Duly Drasel Enginas and
Vehicles” {HDDE Test Pracedures) sdopted Dec. 12, 2092, gs fast amended Sep. 27, 20°C, sha'| be provided with an
approved “Cartfad Clean Idle” label that snall be aff xad fo the vehicle inta which the engine is installed,

BE IT FURTHER RESQLVED: That the manJfacturer has elected to include engine mode!s in th:t engine family which are
identified for “emercency vahicle use only”. Thase “emergency vehicle use (Jnlzq engines are exempt from requirements
Imocsed pursuan (o Califorria law and the regulatiors adopted pufsuant theratc for motor venicle pal'ution contral
devices per California Veh<cle Code Secton 27156.2. The mar ufacturer must clearly label thase engines for
‘emergancy vehicle use only” an the engines’ emission control label.

BE IT FURTHER RESOLVED: For tha lsted engine —oedale tha mandfacturer has submritted the matesials to demanstrate
cerification compllance with 13 CCR 19585 (emisgion control lakels;, *3 CCR 1871 {angine manufacturer diagnosic;
and “3 CCR 2035 et seq. {emission confrol wamranty).
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Pursuant to the authority vestad in the Air Resources Board by Health and Safety Cade Otvision 26, Part 5 Chapter 2;
and pursuant 1o the autherity vasted in the undessigned by Haatth and Safety Cade Seciians 3655 and 2655 and
Executive Order G-02-003;

IT|1S ORDERED AND RESOLVED: The engine and emission control systems produced by the manufacturer are certifed
as described below for use » en-road motor vahicles with @ manufacturer's GVWR over 14,000 pounds  Production
engines shal be in all material respects the same as those for which cetification is granied.
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ElBayr anicn ttae spaany TWGDE=tr sewmnoorior-y cutsbysl, NAS=MD« wdazipacn odutes; SCR-U | SO heselsing calehe s nesudic s — ama 7 - aems: WU [prafls) swom-
<3'a:allml: D= insal ray ot e m%amw:wu-ga-t HOZEDIG TR epL o 20700 HAFBUAFE e ATl 1982 S0n¥0d (5.0 3. uifesesed ¢ inel -1 Sulimt |
TEIShonl: o gezdon, BRMAzo08n 1 por fod inge2ion DO 0o posc s il on. BCARS-guiwo. 3 catzuibon 10U G-0 wttcnws s i-edn=; 1 oI55 sube!
e i g, Cals i e il EGA | EOA-C=urtui sl gisr wonou ol fuou i SCR PAIRAIR= u seltarcormiiny wr apnde: -, BPL=smces pull arew  ESMYG Mo - poras ryam
gl o, EMew e o e 2 |prakzjspe-ulsl (2] jaufizien wcex
' ESSew - w i ki>wn wy a3 DO ThEA S AY T S0geI0 gt M (w12 OE1T 1958 BaliSG) APS = ireccel eneed e i i Scarer )T ALT=N=nra marhc s
(e 13 O0R 1852 HunElD) Excimgiiaesn puoc pof 12 SCR 1550 Ma)EIE] 240 CHOANG ol pmcive, NUG-nol eoul vt (0.0, CLO w/g itk a7 i Chint

EMD=er i~ mon faciure d 0 0uo tyskr (13 GO 16713 OBDGR) iF) ' ily=)0 | 2amis ) oorka wbh fine ! oot 20 203 0mic |0 gt

Feliowing are. 1} the FTP exhaust emissien standards, or family emisslon limitis} as aoplicabie. undar 13 CCR 1058 8,
2} the EURQ and NTE iimits under the applicable Califaria exhaust emisssan standards and test procedures for heavy-
duty oiesel arll_glnes and vehicies (Test Procedures); and 3} the cormesponding certificatian levela for this engine family
‘Diesal’ CO, EURD and NTE cartification compliante may have pean denonstratad by the manufacturar as pravided

under the applicable Test Proceduses in lieu of testing. (For Nexiale- ard cusl-ualeag 2rgines, the CERT valuas I orackeds [ ] 8¢ {hose
when lested on gorvertional teet fLal. For mullFusled erpinge. (Pe STD ane CERT values for defaut aparalon aenvilled ir, 13 CCR 1854.5 are n

parermesas.)

in NWHE T T =) ™ T Hcho
phbhpde | *10 UND 18 EURD G EURD “Tp ELmO -1 ) T
E) 0.4 [0 0.2 025 . : 144 1645 0.1 (13 D
TR I B N . . . . . . v . ,_":_—‘.
CERT 0201 0.0 247 Diw * ‘ 0.3 1.0 050¢ | 0a0M N J' '
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PUhe = Jroms pai Troke hosopowr 0w, FTP=Feds 2| T2s Procedys; EURD=Ewa i Evoccan Bierdy Sive Cycle, boluzing AMCSET="d0r %0 codl> 3.9 omoial amissien
g WTEsfcbo-Secwsd  STD=stmihed o srooecs el g FELslardy wormnws wr, CEAT=ca-tbzal v level WNHOSO=-ar-rsl'e-alinessoebsn  Misscordee s nmasn
CO-pabon ironzoite, PM-peneus main'. HCHO i Taideade _|Nare.: 100702287

BE IT FURTHER RESOLVED: Certification ta the FEL(s) listed above, as %glicaale. 18 subject to the following lerme,
limitations and condions. The FEL{s) is the emission level declared by ine manuiactarer and serves in neu of an
emission standard for cerificalion purpesss in anﬁ' averaging, banking. or tradin ‘ABT) programes. It will be used for
determining complisnce of any ergine in tis famlly and comoliance with such ABY programs.

BE [T FURTHER RESOLVED: For the listed engine medels the manufacturer ~es supmitted the maierials to demonstrae
certfication complianca with 13 CCR 1935 (@mission control labels), ©3 CCR 1971 {engine manufacturer diagnpstic
system). and 13 CCR 2035 el seq. (emission contio! warranty).

BE IT FURTHER RESOLVED: Except in vehicle soplicsfions exempied per 13 CCR 1355 &{a)(€)(B}, engines in this
engine family cartified under 13 CCR 1956.8(3){E)(C} 3D g/hr NO)g and saction 35.B.4 of the incarporated "Califarnia
Exhaust Emlssions Standards anc Test Procedures for 2004 and Subsaquent Model Heavy-Duty Diesal Engines snd
Vehicles" adopted Dec. 12 2002, as last emended Mar 22, Z01Z, shali be provided with an aporoved "Cerifled Clean
Idle” labal that shall be affixed te iha vehicla irto which the engine is installed.

Engines certified under this Executive Order must conform to all applicable Calfornia e-nission regulatiens.
The Buresu of Automative Repair will be notfied by copy of this Exec.tive Order.
This Executive Order hereby supersedos Executve Order A-031-0071-1 dated Cctober 1. 2012,

Exgcuied st El Monte, Califgrniz an this __

day of Novemoer 2012,

—

Annette Hebert, Chief
Mohile Sourte Operations Division
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Pursuat 1o the guthorty vested n tha Air Resourcas Board oy Health and Sa'ety Code (HSC), D, 28, Pail 5. Chap. 2;
and oursusnt o the authaity vasted |1 tna undorslgnad by HEC Sections 38515-305818 and Skace tive Order G 02, (:02:

IT 15 ORDERED AND RESOLYED: That the following exrauvst and evaperative emissiz controi systems produsac oy the
rranJfacures are ceriied as descrbed bsiow. Proouction vehicles shall be in all material “aspects tha same ae thosa
for whick certiflcaton is granted

woom | P TTE . EXHAUST EVESSION BTANDARD | exhallsiCRor | FUEL TYPE
h . i CATEGDRY  |LSvelo# bniMon | ' EYAFDRASIUL EHGN G empm !
YEag |, TEST GROWR e ioads g e T rmitons LB Ve LEE | Aquetiad Wil 93
C o e UEEU LB SIS perlL | HILIRE T ) eRemastnd g gt
2013 CEDIDOLOIFA TADA 1 B00-2400% BN LEY KLULEY 120K | L
N EVAPDRATIVE EP!ﬂ FEA'URE; [ N .. ﬁnmnm‘g ¥ el ADITWC=pdeawbing TR I
“"_' EAMLY EVAF) EMIB3ION CONTROL SYSVEMS (ECB| not sppicam ?m.-“-'-wwja{.’ ogl-ms-gmu. e M 1%
£ g DE1 HOZA, EGR, NOS|2), CAC, TC, OC. PTOY, SCR, 0RO P 7 FBIHARS- s dus) 1w o ,,ﬂ.,ﬂ‘“mw, |
] v v . [Fimanl injachicn CPF=Riasg] Fatizulsts Rle Fi0K= .
i e = = = e — — — — P U oufl e ARF AR Suconicmy Bl imedeon!
a " Pousod MR WRISHe Aslupee. sl njiconwsgrrtis
4 " - Al TEe= Buoitie bocy Inmctian  TEMSC=taron fups-
e e e e e e . {EhEQer CACTCRVGE NI copir NIG=HOE baeaor .
. - . BCR UzsoMad e Claly 1o educlonurtu O30 |F) (P =hal.
[ I A, L e — o — —— anasal G boes. Oy a1
[] i - |
CE | EMGINE VEHICLE VEMICLES SUBJECT 10 SF P °
_Mo.__ | Ho. | SUER) . MAKES & MIDELS | STANDARDS ARE NER . ____ . _
. 1 3.0 FSUZY: PR DIBEEL, WALK IN VAN
o — .l— :—] . o — .J

The exhaust and evaparative amission standards (5100 ard certifcation em-esicn Isvals (CER™) for the |'sted wehicles
are as foliaws (complianes with e 59 °F tesing requiremert (for TLEY, LEV, ULEY, SULEY; inay 1ave baen rei .
oesed on the manuRacturer's submitted complla:\c:jplan i lieu cf tesfing). Any dektit (v the man.facturers "NMOG Flect
Average’ 1P and LDT) or "Wehicle Frusvalent Cradit® {MOY) no pliance plan shail be equalizad as recuired  (For b-
dual- or flexsble-fusled vehicles, the STD and CERT in parentzsses are thosa apolicable to testing on casol ne test fuelh
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BE IT FURTHER RESOLYED: That for *4 ligtad vahicle models, the manufacturer has attested Lo comollznce with Tite
13, Califarnia Cade of Ftogu..la\lors. 113 CCR} Secticns *9E5 [smission control labzlg], 1962.2 [an-brare diagnostic, full
of pariai comolianes], 2035 at seq&emisswn contal war'a:ﬂé'lé 2235 (fuel tank fill pipes end coenings] (gaszline and
slzahat fusied vehleles only), anc “High-Altitude Requirements™ and “Inspaction and Mainteance Emission Stawards”
iGalfarmia “xhaust Emission Standarda end Test Pracad ares for 2001 and Subsequant Medel PC, LDT and MOV).

3EIT FURTHER RESCOLYED: That tha lisiad vehile mudels arg conditional®y cerified ir accordance with * 3 CCR Secion
1968 27k) (deficlancy and fines provisions for cerification of malfunztion and ciagnestic system) because the yr-bpard
diagnoetic 11 (OB systar of ire Fated yehicle mndels has been determinac ta have nine deficiercies The listec
vehica Inodels are approved subject to the manufacturer payirg a fine of $150 per veh <l for tha fourth 1hrpu%1h mirth
saficiencias in the liatad "est group that i= produced and dalivered for sale in Califomiz. On a quanerly basis. the
~anufacturer shall submit 1 the Alr Resaurcas Boa-d "epcrts of he number of vehcles producad and dzlive-ed for sale
in California and pay the full fne owed fo- hat quarter sursuapt - this canditional certification. Faymen: sha'. be medc
oeyabia to the Sta\e Traasu-er for Seposit in the Air Pellution Control Fund no latar than tharty ¢33) days after tha énd of
sach za'endar quarter during the 2012 modsbyear production pefoc. Failure to pey the auanery fine in ful, I the time
stevidec, may be cause for tha Exacutive Oficer to rescind this conditional certificstion. sifective rom the start of tne
aacter i guestian, in wheh cass all vehices covered under *his npnditional ceriicatisn ior that uarer 2nd 2%l frurs
guanem would te desmed uceitlfivd and subject w a civi penalty of up fo $S00C per vehizle pusuart o P50 Secticn
3154,

72

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



	List of Acronyms
	Table of Contents
	List of Figures
	List of Tables
	Executive Summary
	Introduction
	Project Background and Objective
	Project Summary
	Project Descriptions and Results by Task
	Task 1: Coordination and Implementation of Fleet Partner Agreements
	Task 2: Drive Cycle Data Collection
	Task 3: Fleet Drive Cycle Analysis and Characterization
	Task 4: Chassis Dynamometer Emissions and Fuel Economy Measurement
	Task 5: Portable Emissions and Fuel Economy Measurements
	Task 6: Vocational Analysis and Methodology Development

	Conclusions, Analysis of Results, and Recommendations
	References
	Appendix A: Vehicles Instrumented in Task 2
	Appendix B: CARB Executive Orders for Engines Tested as Part of Task 4 and 5

