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. INTRODUCTION

On behalf of the U.S. Department of Energy’s Vehicle Technologies Program (VTP), I am pleased to
submit the Annual Progress Report for Fiscal Year (FY) 2012 for the Vehicle and Systems Simulation
and Testing (VSST) team activities.

Mission

The VSST team’s mission is to evaluate the technologies and performance characteristics of advanced
automotive powertrain components and subsystems in an integrated vehicle systems context. These
evaluations address light-, medium-, and heavy-duty vehicle platforms. This work is directed toward
evaluating and verifying the targets of the VTP R&D teams and to providing guidance in establishing
roadmaps for achievement of these goals.

Objectives

The prime objective of the VSST team activities is to evaluate VTP targets and associated data that will
enable the VTP R&D teams to focus research on specific technology areas. The areas of interest are
technologies that will maximize the potential for fuel efficiency improvements, as well as petroleum
displacement, and tailpipe emissions reduction. VSST accomplishes this objective through a tight union
of computer modeling and simulation, integrated component testing and evaluation, laboratory and field
testing of vehicles and systems, vehicle systems optimization, and support for the creation and validation
of codes and standards. VSST also supports the VTP goals of fuel consumption reduction by developing
and evaluating vehicle system technologies in the area of vehicle ancillary loads reduction.

The integration of computer modeling and simulation, component and systems evaluations, laboratory
and field vehicle evaluations, and development and validation of codes and standards for vehicle classes
from light-duty to heavy-duty is critical to the success of the VSST team. Information exchange between
focus area activities enhances the effectiveness of each activity (illustrated in Figure 1)

Components
/Systems
Evaluations

Vehicle
Systems
Optimizations

Codes and
Standards

Lab & Field Vehicle
Vehicle Simulation &
Evaluations Modeling

Industry
Projects

Figure 1. VSST Activities Integration — Arrows represent information flow between activity focus areas that enhances
effectiveness of individual activities.

An example of beneficial data exchange is the increased accuracy of predictive simulation models for
advanced technology vehicles made possible by empirical test data that characterizes a vehicle’s real
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world performance (In the example case Lab & Field Vehicle Evaluations activities feed information to
the Vehicle Simulation & Modeling Activity). Another example is that the credibility and scope of Lab
and Field Technology Evaluation studies benefit from real world performance data that is collected from
thousands of advanced technology vehicles from the Vehicle Electrification Demonstration Projects
(under Industry Projects Activity).

Major Accomplishments FY 2012:

1)

2)

3)

4)

Quantified the Vehicle Mass Impact on Road Force and Energy Consumption for an Internal
Combustion Engine Vehicle (ICE), Hybrid Electric Vehicle (HEV), and a Battery Electric
Vehicle (BEV). Coast down and dynamometer testing was conducted on an ICE, HEV, and BEV
vehicle at several test weights (both above and below curb weight) to determine the impact of
vehicle mass change on road load forces and energy consumption. This was a joint project
completed by Idaho National Lab (INL), Argonne National Lab (ANL), and ECOtality North
America. It was determined that the mass has a slightly non-linear effect on road load forces
(decreased mass resulted in decreased road load force) and powertrain technology (ICE, HEV,
BEV) had no measureable impact on changes road load forces. It was determined that energy
consumption was significantly impacted by change in vehicle mass for stop and go driving (no
significant change for highway driving). The powertrain technology influenced energy
consumption impact. The ICE vehicle which has the lowest powertrain efficiency of the three,
resulted in the highest net energy consumption change from vehicle mass change. (I.e. the more
efficient vehicle means less energy used by the base weight case and therefore less change in
energy consumption for a change in mass). A detailed publication is being prepared for SAE
World Congress 2013.

Performed In-depth Thermal Testing of a Plug-in Hybrid Electric Vehicle (PHEV) and a BEV.
Controlled chassis dyno testing performed on 2012MY Chevrolet Volt PHEV and 2011Model
Year (MY) Nissan Leaf to determine impact on performance and range with cold ambient
temperature (20F) and hot ambient temperature (95F) with solar load. The energy consumption
on a UDDS' doubled for the BEV at 20F with the cabin temperature setting at 72F. The use of
air conditioning at 95F increased the energy consumption by 27%. The research was performed
by ANL and focused on reduction of accessory loads that are critical for market success.
Performed research to improve the fuel economy of class 8 tractor-trailers through the use of
aerodynamics. Lawrence Livermore National Laboratory (LLNL) has designed the most
aerodynamic trailer to date based on their research and development utilizing experiments and
modeling & simulations. When this new trailer is properly integrated into a more aerodynamic
tractor the fuel economy improvements can significantly exceed the DOE target of 10-15%
improvement in mpg. Full adoption of this technology into the US class 8 truck population could
result in fuel savings of much greater than 5 billion gallons of diesel per year.

Developed and performed analysis using the CoolCab Truck Thermal Load & Idle Reduction &
CoolCalc HVAC? Load Estimation Tool. By changing from black to white paint, the National
Renewable Energy Laboratory (NREL) demonstrated a 20.9% decrease in daily long-haul truck
sleeper cab rest period air conditioning electrical energy use — which translates into a 16.7%
reduction from the standard system battery size. This study also measured an 8.1 °C reduction in
cab soak interior air temperature at peak solar load going from black to white paint. These results
closely agreed with simulation results from the CoolCalc rapid HVAC estimation tool. The
validated CoolCalc model was also used to predict a 2.8°C reduction in average interior air
temperature going from blue to an estimated color-matched solar reflective blue paint.  These
findings have laid the foundation for in-progress testing of advanced paints. A new version of

! Urban Dynamometer Drive Cycle (UDDS)
? Heating, Ventilation, and Air Conditioning (HVAC)
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CoolCalc with expanded capabilities was released to industry partners. NREL performed the
work in collaboration with Volvo Trucks, Daimler Trucks, Kenworth Trucks, Oshkosh, E-A-R
Thermal/Acoustic Systems, Dometic Environmental Corp., and PPG.

5) Completed Wireless Plug-in Electric Vehicle (PEV) Charging Development/Demonstration Phase
2. Wireless power transfer (WPT) charging of EV’s is an emerging technology that is finding
widespread and rapid appeal as a safe, convenient and flexible means of charging. Simulation
and experimental results on coupling coil performance and efficiency have been presented that
show the close association of coil diameter to separation and the shielding benefits of ferrite
backed coils. Lessons learned on WPT during the research performed by the Oak Ridge National
Laboratory (ORNL) team show the strong influence that the secondary receiver coil, (especially
its absence,) has on high frequency (HF) power, inverter output current, and Power Factor (PF).

Approach and Organization of Activities

VSST provides an overarching vehicle systems perspective in support of the technology R&D activities
of DOE’s VTP and Hydrogen Fuel Cells Technologies Program (HFCTP). VSST uses analytical and
empirical tools to model and simulate potential vehicle systems, validate component performance in a
systems context, verify and benchmark emerging technologies, and validate computer models. Hardware-
in-the-loop testing allows components to be controlled in an emulated vehicle environment. Laboratory
testing then provides measurement of progress toward VTP technical goals and eventual validation of
DOE-sponsored technologies at the Advanced Powertrain Research Facility (APRF) for light- and
medium-duty vehicles and at the ReFUEL Facility for heavy-duty vehicles. For this sub-program to be
successful, extensive collaboration with the technology development activities within the VTP and
HFCTP is required for both analysis and testing. Analytical results of this sub-program are used to
estimate national benefits and/or impacts of DOE-sponsored technology development (illustrated in
Figure 2.).
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National Benefits and Impacts (DOE/EERE)

Goordination/Collaboration

Modeling & Simulation - LabTesting ™
‘Reference Vehicle Definition APRF/RaFuel
=Analytical Tool Development ~ FleetTesting
sTechnalogy Verfication Industry/Govemment
US Drive Targets
Component & Systems Industry, Govemment, & Lab J
Evaluation ' v S

 Collaboration
=HIL System Integration : .
Technology Vakdation

Laboratory and Field
Vehicle Evaluation

\ehicle Component Testing
“Model Validation

g and rds
Development
+Technical Support
*Enforcement

Hydragen FuslCells
Technology Program

VISION
Fleet NEMS & MARKAL
Benefits Pnakitim Mew Technology Penetration GREET

X Market Alocation Welkto-Wheel
Energy Security Efficency & Emissons =
Petroleum Displacement
Greenhouse Gas Reduction

Figure 2. VSST activities providing estimates of national benefits and impacts of advanced technologies.

VSST activities are organized into the six focus areas. A brief description of each focus area and its major
accomplishment for FY 2012 are outlined below.

1. Modeling and Simulation

DOE has developed and maintains software tools that support VTP research. VISION, NEMS,
MARKAL, and GREET are used to forecast national-level energy, environmental, and economic
parameters including oil use, market impacts, and greenhouse gas contributions of new
technologies. These forecasts are based on VTP vehicle-level simulations that predict fuel
economy and emissions using VSST’s Autonomie modeling tool. Autonomie’s simulation
capabilities allow for accelerated development and introduction of advanced technologies through
computer modeling rather than through expensive and time-consuming hardware building.
Modeling and laboratory and field testing are closely coordinated to enhance and validate models
as well as ensure that laboratory and field test procedures and protocols comprehend the needs of
new technologies that may eventually be commercialized.

Autonomie is a MATLAB-based software environment and framework for automotive control
system design, simulation and analysis. This platform enables dynamic analysis of vehicle
performance and efficiency to support detailed design, hardware development, and validation.
Autonomie was developed under a Cooperative Research and Development Agreement
(CRADA) with General Motors and included substantial input from other original equipment
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manufacturers (OEMs), and replaces its predecessor, the Powertrain Systems Analysis Toolkit
(PSAT). One of the primary benefits of Autonomie is its Plug-and-Play foundation which allows
integration of models of various degrees of fidelity and abstraction from multiple engineering
software environments. This single powerful tool can be used throughout all the phases of Model
Based Design of the Vehicle Development Process (VDP).

2. Component and Systems Evaluation

Hardware-in-the-loop (HIL) simulation provides a novel and cost effective approach to isolate
and evaluate advanced automotive component and subsystem technologies while maintaining the
rest of the system as a control. HIL allows actual hardware components to be tested in the
laboratory at a full vehicle level without the extensive cost and lead time of building a complete
prototype vehicle. This approach integrates modeling and simulation with hardware in the
laboratory to develop and evaluate propulsion subsystems in a full vehicle level context. The
propulsion system hardware components: batteries, inverters, electric motors and controllers are
further validated in simulated vehicle environments to ensure that they meet the vehicle
performance targets established by the government-industry technical teams.

Through the U.S. DRIVE Vehicle System Analysis Technical Team (VSATT), MATT facilitates
interactions between each of the other technical teams by providing a common platform for
component integration and testing. Each specific set of technical targets and their impacts on the
vehicle and systems can easily be studied using the MATT platform.

High energy traction battery technology is important to the successful development of plug-in
electric vehicles (PEVs). To support the evaluation of advanced prototype energy storage
systems, in FY 2012 Idaho National Laboratory (INL), with assistance from Oak Ridge National
Laboratory (ORNL) continued to developed and implement the Electric-Drive Advanced Battery
(EDAB) test platform. This test-bed allows advanced battery packs to be evaluated in real-world
operating conditions in an on-road vehicle that emulates a variety of electric-drive powertrain
architectures.

3. Laboratory and Field Vehicle Evaluation

This section describes the activities related to laboratory validation and fleet testing of advanced
propulsion subsystem technologies and advanced vehicles. In laboratory benchmarking, the
objective is to extensively test production vehicle and component technology to ensure that VTP-
developed technologies represent significant advances over technologies that have been
developed by industry. Technology validation involves the testing of DOE-developed
components or subsystems to evaluate the technology in the proper systems context. Validation
helps to guide future VTP research and facilitates the setting of performance targets.

To date, over 5,400 BEVs, PHEVs, Extented Range Electric Vehicles (EREVs), HEVs,
Neighborhood Electric Vehicles (NEVs), fuel cell and hydrogen internal combustion engine
vehicles, and propulsion subsystem components have been benchmarked or validated by the
VSST team. Combined, they represent more than 100 different electric drive vehicle models. The
VSST team has also evaluated the use of more than 5,200 electric vehicle chargers. The results of
these evaluations have been used to identify needed areas of improvement for these advanced
vehicles and technologies that will help bring them to market faster. They have also been used to
identify the most promising new opportunities to achieve greater overall vehicle efficiencies at
the lowest possible cost.



Introduction FY 2012 Annual Progress Report

The facilities that perform Lab and Field Testing activities include the Advanced Powertrain
Research Facility (APRF), INL Transportation Testing Facilities, NREL’s ReFuel, and Thermal
Test Facilities, and ORNL’s Vehicle Systems Integration Lab (VSI).

e The APRF is equipped with-dynamometers (for testing integrated components such as
engines, electric motors, and powertrains), and a thermal chamber (for testing BEVs,
HEVs and PHEVs in temperatures as low as 20°F, up through 95°F).

e INL’s transportation testing facilities encompass the Advanced Vehicle Testing Activity
((AVTA), for Light Duty Vehicles) Facility, the Heavy Duty Transportation Test Facility,
and the Energy Storage Technologies Laboratory. AVTA’s capability to securely collect,
analyze, and disseminate data from multiple field tests located throughout the US is
critical to VSST Lab & Field activities.

e NREL’s ReFuel facility is equipped with dynamometers (for testing Medium Duty (MD)
vehicles and components). NREL’s Thermal Test Facilities include capabilities for Light
Duty (LD) vehicle cabin thermal studies and outdoor Heavy Duty (HD) vehicle cabin
studies. NREL also has facilities for testing subsystems (such as Energy Storage Systems
(ESS) and Electric Vehicle Supply Equipment (EVSE)) and functions as the VSST data
collection and evaluation hub for MD and HD vehicle fleet tests.

e ORNL’s facilities for integrated testing include the Advanced Engine Technologies ( E.g.
advanced combustion modes, fuels, thermal energy recovery, emissions after-treatment),
Advanced Power Electronics and Electric Machines (E.g. motor drives, components,
power electronics devices, advanced converter topologies), and Vehicle Testing and
Evaluation (E.g. chassis and component dynamometers, integrated powertrain stands, test
track evaluations, field operational testing ).

The AVTA, working with industry partners, conducts field and fleet testing to accurately
measure real-world performance of advanced technology vehicles via a testing regime based
on test procedures developed with input from industry and other stakeholders. The
performance and capabilities of advanced technologies are benchmarked to support the
development of industry and DOE technology targets. The testing results provide data for
validating component, subsystem, and vehicle simulation models and hardware-in-the-loop
testing. Fleet managers and the public use the test results for advanced technology vehicle
acquisition decisions. INL conducts light-duty testing activities. In FY 2012, INL continued
its partnership with an industry group led by ECOtality North America. Accelerated
reliability testing provides reliable benchmark data of the fuel economy, operations and
maintenance requirements, general vehicle performance, engine and component (such as
ESS) life, and life-cycle costs. These tests are described below.

Baseline Performance Testing

The objective of baseline performance testing is to provide a highly accurate snapshot of a
vehicle’s performance in a controlled testing environment. The testing is designed to be highly
repeatable. Hence it is conducted on closed tracks and dynamometers, providing comparative
testing results that allow “apples-to-apples” comparisons within respective vehicle technology
classes. The APRF at ANL is used for the dynamometer testing of the vehicles.

Fleet Testing
Fleet testing provides a real-world balance to highly controlled baseline performance testing.

Some fleet managers prefer fleet testing results to the more controlled baseline performance or
the accelerated reliability testing.
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During fleet testing, a vehicle or group of vehicles is operated in normal fleet (field) applications.
Operating parameters such as fuel-use, operations and maintenance, costs/expenses, and all
vehicle problems are documented. Fleet testing usually lasts one to three years and, depending on
the vehicle and energy storage technology, between 5,000 and 12,000 miles are accumulated on
each vehicle.

For some vehicle technologies, fleet testing may be the only viable test method. NEVs are a good
example. Their manufacturer-recommended charging practices often require up to 10 hours per
charge cycle, while they operate at low speeds (<26 mph). This makes it impractical to perform
accelerated reliability testing on such vehicles.

Accelerated Reliability Testing

The objective of accelerated reliability testing is to quickly accumulate several years or an entire
vehicle-life’s worth of mileage on each test vehicle. The tests are generally conducted on public
roads and highways, and testing usually lasts for up to 36 months per vehicle. The miles to be
accumulated and time required depend heavily on the vehicle technology being tested. For
instance, the accelerated reliability testing goal for PHEVs and BEVs is to accumulate 12,000
miles per vehicle in one year while the testing goal for HEVs is to accumulate 160,000 miles per
vehicle within three years. This is several times greater than most HEV's will be driven in three
years, but it is required to provide meaningful vehicle-life data within a useful time frame.
Generally, two vehicles of each model are tested to ensure accuracy. Ideally, a larger sample size
would be tested, but funding tradeoffs necessitate only testing two of each model to ensure
accuracy.

Depending on the vehicle technology, a vehicle report is completed for each vehicle model for
both fleet and accelerated reliability testing. However, because of the significant volume of data
collected for the HEVs, fleet testing fact sheets (including accelerated reliability testing) and
maintenance sheets are provided for the HEVs.
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4. Codes and Standards Development

A comprehensive and consistent set of codes and standards addressing grid-connected vehicles
and infrastructure is essential for the successful market introduction of Electric-Drive Vehicles
(EDVs). The VTP is active in driving the development of these standards through committee
involvement and technical support by the National Laboratories. The VTP also supports activities
of the U.S. DRIVE’s Grid Interaction Tech Team (GITT), a government/industry partnership
aimed at ensuring a smooth transition for vehicle electrification by closing technology gaps that
exist in connecting vehicles to the electric grid. In FY 2012, GITT worked with Pacific Northwest
National Laboratory (PNNL) and ANL to participate in SAE® and NIST* standards development
for connectivity and communication for grid-connected vehicles.

During FY 2012, VSST supported codes and standards development at the strategic and tactical
levels. To help develop a strategy for addressing the needs of a diverse set of stakeholders, VSST
supported the development of the Electric Vehicle Roadmap V1.0 by the American National
Standards Institute (ANSI). The EV Roadmap V1.0 provides the EV community with a current
status of all PEV charging infrastructure/Smart Grid-related standards (and a prioritized list of
gaps). VSST supported National Laboratory staff led and served on SAE committees that develop
standards including J1772 for connector standards, J2836, J2847, &J2931 for communication
standards, and investigations to support development of EV Wireless Charging Standard J2954.
VSST supported work with the California Public Utilities Commission (CPUC) to create a
framework to implement the accounting for EVs under the Low-Carbon-Fuel Standard
Requirements.

The consumer markets for EVs transcend national boundaries. ANL was employed in
international cooperative initiatives to adopt international EDV standards and promote market
penetration of grid-connected vehicles (GCVs). Many new technologies require adaptations and
more careful attention to specific procedures. ANL supported development of interoperability
validation procedures of ISO’s 15118 Standard. VSST engineers have contributed to the
development of many new standards and protocols which have been presented to a wide audience
such as U.S. DRIVE partners, other government agencies, the European Commission, and are
being adopted as industry standard.

Codes and standards were also developed for sanctioned sporting regulations to stimulate rapid
vehicle technology development and to educate consumers about the benefits of fuel efficient
technologies. The Green Racing Initiative dramatically increased the number of teams using
advanced fuels with significant renewable percentages in ALMS racing to include all but two
Grand Touring category cars and two Le Mans Prototype cars. Green Racing worked with the
American Le Mans Series (ALMS) to strengthen and improve the visibility of the green racing
program through the development of scoring protocols. The Green Racing Initiative supports
technology advancement through motorsports competition, and promotes market acceptance of
advanced vehicle technologies.

3 Society of Automotive Engineers (SAE)
* National Institute of Standards and Technology (NIST)
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5. Vehicle Systems Optimization

This focus area involves research and development on a variety of mechanisms to improve the
energy efficiency of light, medium, and heavy duty vehicles. Projects in this focus area involve
reducing the aerodynamic drag of vehicles, thermal management approaches to increase the
engine thermal efficiency and reduce parasitic energy losses, the development of advanced
technologies to improve the fuel efficiency of critical engine and driveline components by
characterizing the fundamental friction and wear mechanisms, and fast and wireless charging
technology development.

Aerodynamic Drag Reduction

The primary goal of this focus area is improving the freight-efficiency of vehicles. Aerodynamic
drag reduction, thermal management, and friction and wear are the main focuses of this area.
Reduction of aerodynamic drag in Class 8 tractor-trailers can result in a significant improvement
on fuel economy while satisfying regulatory and industry operational constraints. An important
part of this effort is to expand and coordinate industry collaborations with DOE and establish
buy-in through CRADASs and to accelerate the introduction of proven aerodynamic drag reduction
devices into new vehicle offerings.

The primary approach in drag reduction is through the control of the vehicles flow field. This is
can be achieved with geometry modifications, integration, and flow conditioning. During 2012
the goal of the research was to develop and design the next generation of aerodynamically
integrated tractor-trailer.

Thermal Management

Thermal management of vehicle engines and support systems is a technology area that addresses
reduction in energy usage through improvements in engine thermal efficiency and reductions in
parasitic energy uses and losses. Fuel consumption is directly related to the thermal efficiency of
engines and support systems. New methods to reduce heat related losses are investigated and
developed under this program.

FY 2012 Thermal Management R&D focused on exploring:

A) The possibilities of repositioning the class 8 tractor radiator and modifying the frontal area of
the tractor to reduce aerodynamic drag.

B) The possibilities of using evaporative cooling under extreme conditions of temperature and
engine load.

C) Nucleated boiling in engine coolant for heavy duty trucks. It is well known that boiling heat
transfer coefficients are much higher than the convective heat transfer coefficient of the same
fluid. This program is designed to measure the heat transfer coefficient and CHF of several
possible coolants, compare the results to theories, and transfer the data to industry.

Friction and Wear

Parasitic engine and driveline energy losses arising from boundary friction and viscous losses
consume 10 to 15 percent of fuel used in transportation, and thus engines and driveline
components are being redesigned to incorporate low-friction technologies to increase fuel
efficiency of passenger and heavy-duty vehicles. Research to improve the fuel efficiency and
reliability of critical engine and driveline components included:

e Experimentally investigating fundamental friction and wear mechanisms.

e Modeling and validating the impact of friction on components and overall vehicle
efficiency.
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e Developing advanced low friction technologies (materials, coatings, engineered surfaces,
and advanced lubricants)

e Developing requirements of a high power density driveline system that can be applied
across many of the vehicle types regardless of the powertrain or fuel type

Fast and Wireless Charging

Electrification of the transportation sector will be enabled by adoption of vehicle charging
technologies that minimize costs in terms of time and money while maximizing energy
throughput, battery life, safety, and convenience.

6. Industry Awards
Industry projects for FY 2012 include the categories of PHEV Technology Acceleration
Deployment Activities, Transportation Electrification, and SuperTruck. These technology
development and demonstration projects were awarded through DOE’s competitive solicitation
process and involve resource matching by DOE and Industry.

Major projects that were conducted by the National Laboratories and Industry partners in support of these
areas in FY 2012 are described in this report. A summary of the major activities in each area is given first,
followed by detailed reports on the approach, accomplishments and future directions for the projects. For
further information, please contact the DOE Project Leader named for each project.

Future Directions for VSST

Near-term solutions for reducing the nation’s dependence on imported oil, such as PHEVs, will require
the development, integration, and control of vehicle components, subsystems, and support systems. These
solutions will require exploration of high capacity energy storage and propulsion system combinations to
get the most out of hybrid propulsion. Analysis and testing procedures at the national labs will be
enhanced to study these advanced powertrains with simulation tools, component/subsystem integration,
and hardware-in-the-loop testing. DOE-sponsored hardware developments will be validated at the vehicle
level, using a combination of testing and simulation procedures.

In FY 2013, the VSST will continue activities in the area of vehicle simulation and modeling, and
laboratory and field testing including further baseline performance testing of conversion and original
equipment manufacturer (OEM) electric-drive vehicles. Field and laboratory testing will continue to be
integrated with modeling/simulation activities, including validation of simulation models for advanced
vehicles tested in the APRF. Fleet evaluation of plug-in vehicles will continue, with continued emphasis
on evaluation fleets of OEM production vehicles. In FY 2008, DOE VTP issued a solicitation for the
purpose of establishing a PHEV demonstration fleet consisting of large volume manufacturers and OEMs
as participants. This program launched in FY 2009 and continued in FY 2012.

In addition to the HEV and PHEYV activities, a full range of simulation and evaluation activities will be
conducted on the BEVs as they are brought to market by OEMs. Because EVs are dependent on a robust
charging infrastructure for their operation and ultimate consumer acceptance, VSST will greatly increase
efforts to address issues related to codes and standards for EVs, charging infrastructure, and vehicle/grid
integration.

VSST will also be deeply involved in the collection and analysis of data from the American Recovery and
Reinvestment Act of 2009 (ARRA) Transportation Electrification Demonstration projects. These eight
demonstrations will place more than 12,000 electric drive vehicles and 20,000 recharging stations in

10
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service, and VSST will direct the collection and analysis of data from these units. In addition to
performance, reliability, and petroleum displacement results, VSST will use the data to determine the
impact of concentrations of electric dive vehicles on the electricity grid, as well as the changes in
operators’ driving and recharging patterns as they become more comfortable with this new technology.

Vehicle systems optimization work in the areas of aecrodynamics, thermal management, and friction and
wear will continue. The focus of these activities will revolve around cooperative projects with industry
partners with the goal of bringing developed technologies to market quickly. New efforts will be
supported to conduct evaluations of methods to improve thermal heat transfer efficiencies and reduce
parasitic loads with coordination from industry partners. Additionally, activities to develop solutions for
wireless power transfer and fast charging of electric-drive vehicles, while evaluating the market barriers
and technology impacts for deploying this infrastructure, will continue to ramp up within the Vehicle
Systems Optimization area.

In order to develop an accurate vehicle cost model for passenger vehicles, VSST identified market costs
for technology combinations for new, emerging, and existing light vehicle fuel economy-improving
technologies in FY 2012, which will continue and be validated in FY 2013. VSST technologies for
advanced power electronics, energy storage, and combustion engines will continue to be validated as each
technology closes in on energy efficiency targets.

Inquiries regarding the VSST activities may be directed to the undersigned.

kﬁf%

Lee Slezak

Technology Manager

Vehicle and Systems Simulation and Testing
Vehicle Technologies Program
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II.  INDUSTRY

PHEV TECHNOLOGY ACCELERATION AND DEPLOYMENT
ACTIVITY

[.A. Chrysler Town & Country Mini-Van Plug-In Hybrid Electric Vehicle

Principal Investigator: Abdullah A. Bazzi
Chrysler Group LLC

800 Chrysler Drive

Auburn Hills, MI USA 48326-2757

Phone: 1-(248) 944-3093; Email: aab5@Chrysler.com

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

NETL Project Manager: Adrienne Riggi
Phone: (304) 285-5223; Email: Adrienne.Riggi@netl.doe.gov

DOE Award Number: DE-EE0004529
Submitted to: U.S. Department of Energy — National Energy Technology Laboratory

1.A1. Abstract

Objective
* Demonstrate 25 minivans (RT) in diverse geographies and climates, spanning from Michigan, California, and
Texas and across a range of drive cycles and consumer usage patterns applicable to the entire NAFTA region

* Run the vehicles for 2 years with relevant data collected to prove the product viability under real-world
conditions

* Quantify the benefits to customers and to the nation
* Develop & demonstrate charging capability
* Develop and demonstrate Flex Fuel (E85) capability with PHEV technology.

* Support the creation of “Green” Technology jobs and advance the state of PHEV technology for future
production integration

* Develop an understanding of Customer Acceptance & Usage patterns for PHEV technology
* Integration of PHEV technology with Renewable energy generation

12
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Major Accomplishments
Vehicle Build & Test

Utilized the standard Chrysler Group LLC Vehicle Development Process for a production intent program
— Designed and built all development and test vehicles

— Augmented development process with modified testing procedures to address specific plug in Hybrid
Technologies

Completed demonstration vehicle build activity in February 2012
Deployed 23 vehicles to the demonstration partners

Completed facility based testing: hot static cell, hot drive cell, cold static cell, cold drive cell, altitude chamber,
engine dynamometer, transmission dynamometer, NHV cell, EMC cell, end of line, emissions test facility; bench
Testing: vibration, SOC, thermal, charge / discharge cycling

Finalized impact testing: Successfully Completed for FMVSS compliance
Completed development trips: cold trip (in November 2011), hot trip (August 20, 2012)
Optimized PHEV Torque Model to accommodate Flex Fuels (EO to E85) operations

Deployment Fleet

Decided to withdraw the Chrysler Town and Country Minivan PHEV fleet based on lessons learned from the
RAM 1500 PHEV. “This action [was] taken to build upon the lessons from the initial deployment and to
concentrate resources and technical development on a superior battery”. Although “no similar issues have
occurred with the 23 plug-in hybrid minivans deployed as part of a parallel project”, The Town and Country
Minivan PHEV contains a high voltage battery that contains similar technology to the RAM 1500 PHEV
(September 2012)

Future Activities

Develop a new battery cell to upgrade the high voltage batteries used in the Chrysler Minivan PHEV. These cells
are viable for mass production

Continue vehicle development on a limited basis. Vehicles will be used exclusively for Chrysler LLC future
vehicle program development

Capture vehicle data to support calibration and controls development to increase fuel economy

13
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[1.A.2. Technical Discussion. Introduction

FY 2012 Annual Progress Report

The Chrysler Product Creation Process (CPCP) defines the strategy and method used to execute the
development of world class vehicles from concept to market. The Chrysler Town & Country PHEV is
following the CPCP process. Fundamental principles include:

® Voice of the Customer — Dictates product decisions
® Timeline Compression — Enables speed to market
¢ Flexibility — Allows for unique vehicle program characteristics
* Consistency of Execution — Facilitates continuous improvement
¢ C(lear Performance Indicators — Drives accountability
* Interdependencies Identified — Aligns activities across functional areas
Approach
Project Overview: Minivan PHEV Approach
Phase I: PHEV
Development Phase I1; Build & Launch Prep Phase lll; Demo Phase
{Aug. 2009 to Dec. 2010) {Dec. 2010to Feb. 2012) {Mar. 2012 to Mar. 2014)
A A A
' Y ' ™
Pre - Demo Demo Fleet Ongoalng Ongolng System
Development Fleet Bulld Bulld Operatlons Development Monltoring
™ eSS m e m e mmmmEmEmEmEmEEE :--'-'--_-'-'-'---/ -------------- 1
g2 i
B Cumently =
| * Completethe | = Ensurethatall | = Build the Demo | = Ensure the 1 = Improvements | = Onanongoing |
\ Following: \ pre-build 1 fleet \  wvehicles are | bycontinually | basis !
1 = Build Mule \  requirements , = Ensurethatall | utilized and \  developingwith | continually: '
\ Vehicles , fortheDemo |, customersare , functionas | partners: = Monitor ,
- \ * Bulld DV | fleetare | preparedto \  intended i " Renewables |  Systems I
® . vehiclesfor | established i receive fleet | = Complete i = Controls i = Collect i
B!  systemand | - Executepre- | vehicles | vehicle i Calibrations |  Customer i
2 i supplier i build E * Prep i deployment i E usage data i
'On : validation i requirements ' Deployment e Start Customer ' ! !
v Build Impact ! | Sites ' Data Analysis ' ! '
! Vehiclesfor 1 P Complete ! ' ' !
! Safety ! ' Customer 1 ! ! !
! Validation ' ' Training ' ' ! !
! ! ! = BeginVehicle | ! ! !
S S L Deplomert b

Figure 1. Minivan-PHEV Project Approach.
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Results

Federal Test Procedure Results

FY 2012 Annual Progress Report

Table 1. Minivan PHEV Federal Test Procedure Results

Proposal Minivan PHEV Status Procedure
RANGE 22 miles EAER 20 miles EAER; at launch California Exhaust Emission
original target; Standards And Test Procedures, as
however, DOE agrees amended December 2, 2009
to 20 miles EAER
target
EMISSIONS Tier Il Bin 5 * Complete and passing for T2 Bin 5 with MS | CFR Title 40: Part 86 — Control of
Compliance (with 8004 fU?' ) Emissions from New and In-Use
both MS8004 & E85 E§5 Testing y'?lded acceptable levels Highway vehicles and Engines;
without margin
Fuels) Subpart S.
FUEL Charge Depleting City | MS 8004 Fuel: SAE J 1711, Date Published: 2010-
ECONOMY  |-53 MPG (Msg8004 | CD CITY Unadjusted: 55 MPG 06-08. For Test Procedure

CD Hwy Unadjusted: 46 MPG
CS City Unadjusted: 25 MPG

CS Hwy Unadjusted: 34 MPG
E85 Fuel:

CD CITY Unadjusted: 40 MPG
CD Hwy Unadjusted: 36 MPG
CS City Unadjusted: 18 MPG

CS Hwy Unadjusted: 24 MPG

Fuel)

Guidance.
*Reported FE is — Fuel used in CD
mode/CD Distance

Real World Results

Minivan PHEV Real-World Results Observed from Vehicles at Partner Locations

Minivan PHEV Status

Background

FUEL
ECONOMY
(Real World)

* Charge Depletion: Accumulated Miles — 23,027

— City: 33 mpg; Hwy: 37 mpg
* Charge Depletion / Charge Sustaining: Accumulated Miles — 6,901
(cp) / 26,350 (CS)
— City: 26 mpg; Hwy: 29 mpg
 Charge Sustaining: Accumulated Miles — 66,636
— City: 21 mpg; Hwy: 28 mpg

 Data taken from 23 partner vehicles deployed
throughout the United States

* Total mileage : 122,913 (September 2012)

* Vehicle fuel economy is based on customer usage
and may not be representative of maximum
potential fuel economy
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Deployment Partner Mileage Accumulation

Accumulated Mileage by Deployment Locationt!)
55.1 (In 1000 Miles. Taken from September 2012 DRM Data}
463 45.2
- Deployed Vehicles
Sources: (1) ldaho National Lab Report -
Data through September
25th, 2012
155 137
# of Veh 8 3 4 3 4
= a w © -
oo =1 = 13 =
£ 2
a <
s
&
(9]
Figure 2. Minivan PHEV Deployment Partner Mileage Accumulation.
Conclusions [I.A.3. Products
Chrysler LLC actively tracked vehicles, and
collected vehicle usage and technical data Publications
throughout the year. Vehicle Usage Agreements 1. A High Efficiency Low Cost Direct Battery
have been finalized and vehicles have been Balancing Circuit Using A Multi-Winding
delivered to the following locations: Transformer with Reduced Switch Count.
® City of Yuma, Arizona — 3 vehicles SE:)];:ZE APEC 2012, Orlando, FL, Feb. 5-9,
e Sacramento  Municipal Utility  District
(SMUD) in California — 3 vehicles Public Presentations
® Chrysler Group LLC — 3 vehicles 1. Annual Merit Review. Washington D.C.
® Duke Energy in Charlotte North Carolina — 8
vehicles Patents

e City of Auburn Hills, Michigan — 4 Vehicles None to Report

® Argonne National Lab ( DOE) — 1 Vehicle
® DTE, Detroit, Michigan — 4 Vehicles
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Tools & Data 3. Security Inspection utilized for upgraded

1. Vector Cantech -- Canalyzer equipment infrastructure environment (increased
utilized for data collection and software bandwidth requirements and 'storag'e
development (communication between requirements) for implementing Micro
vehicle controllers) strategy vehicle logging and data analysis

2. ETAS -- Equipment utilized for software 4. Bright Star Engineering -- Data Recorder
development and drivability / emissions Modules (DRM) for each vehicle and
calibration monthly cellular access
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11.B. Ford Plug-in Project: Bringing PHEVs to Market

Chris Fortin — Global Electrified Fleet Analyst

Julie D’Annunzio — Global Electrified Fleet Manager
Ford Motor Company

AEC, MD 44

2400 Village Road

Dearborn, MI 48124

Phone: (313) 323-8432 Email: jdannunz@ford.com

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

NETL Project Manager John Jason Conley
Phone: (304) 285-2023, Email: John.Conley@netl.doe.gov

1.B.1. Abstract

Objective

OVERALL OBJECTIVE: The Ford Escape Plug-in Hybrid (PHEV) Project was started in October of 2008 with
an overall goal of identifying a sustainable pathway toward accelerated, successful mass production of plug-in
hybrid vehicles. The project objectives were cascaded via four phases:

— Phase I: Validate and demonstrate plug-in technology on a new, more fuel efficient engine.  Phase [
completed in 2009 CY and included the engineering and development of 11 vehicles.

— Phase II: Progress battery/controls closer to production intent and demonstrate bi-directional communication
and flex-fuel capability. Phase II completed in 2010 CY and included engineering, development and delivery
of additional 10 PHEVs with ES85 flexibility.

— Phase III: Demonstrate plug-in technology in fleet operation and perform data analysis. Phase Il completed
10tr 2011 and included completion of Ford/INL fleet data correlation and algorithm validation.

— Phase IV: Continue vehicle demonstrations from Phase III and demonstrate advanced metering interface.
Phase IV - In progress.

FY 2012 OBJECTIVE: Complete remaining Phase IV objectives, including final program event and project
documentation, as well as initial supplemental program objectives.

— Complete demonstration of PHEV fleet and support of public information activities

— Complete vehicle development and testing; complete battery and controls development
— Complete in-field vehicles service and support

— Complete data acquisition, analysis and reporting

Major Accomplishments

The fleet has accumulated over 750,000 miles with data acquisition systems in place and collecting real-world
PHEV usage and performance data. Note: Fleet mileage includes pre-deployment mileage accumulated during
Ford vehicle development work.

Over 300 nationwide public outreach activities supported - including auto shows, educational displays and
government events in the course of the program

Updates to the on-board vehicle chargers gave the fleet access to level I 240V EVSE through the installation of
SAE J1772 compatible charge ports. Level I 120V charging still possible per project requirements. Fleet
upgrades were completed in 1Qtr 2012.
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 Electric Power Research Institute (EPRI) has concluded the three affiliated projects: analysis of in-field results of
the Escape PHEVs, field demonstration of Smart Meter communication, and creation of a model capable of
studying plug-in vehicles as a grid resource.

* NOTE: Ford Escape PHEV fleet utility demonstration project complete December 2012.

Future Activities

» Expansion of project to include three vehicles operating in the 2013 calendar year: one Escape PHEV to be
utilized by Ford’s Smart and Connected project, and two production PHEVs to be evaluated by the Department of
Energy.

* Smart and Connected Project plans to develop and demonstrate new control system concepts in both simulation
and hardware which will improve fuel economy and drivability.

11.B.2. Technical Discussion
w el @ cnsoson A I—
Background . o i
The Ford Escape PHEV fleet includes 21 e o — Ry n __:"_“
advanced research PHEVs deployed to 11 al [T T oy A @)
utilities across the US and Canada. Partner _ivison, ox ".:. < = pepco

utilities 1include Southern California Edison,
Detroit Edison, New York Power Authority,
Consolidated Energy, New York State Energy
Research & Development Authority, Progress
Energy, Southern Company, National Grid, Figure 1. Program Partnership Vehicle Locations.
American Electric Power, Pepco Holdings Inc.,
and Hydro-Quebec. The utility partners utilize
the Escape PHEVs in their fleet operations as
well as participating in nationwide outreach
efforts targeted at education, community and
industry/utility events. The Electric Power
Research Institute (EPRI) is also a project
partner. EPRI coordinates the utility efforts and

is leveraging the fleet to conduct vehicle to meter
communications interface work. In 2012 the vehicles were updated with J1772

compatible charge ports. The program was also
amended to include testing and implementation
of cloud computing capabilities on PHEV19
(Phase 1V subtask 4.2). Evaluation of production
solutions will be completed by the DOE through
the analysis of two production plug-in hybrid

Vehicle data is collected during fleet operations
in order to understand what the vehicles are
experiencing in the fleet as well as to assess their
infield performance. Driving and charging
patterns, fuel and electrical consumption, and
influencing factors such as ambient temperature
and peripheral electrical loads are being assessed
and analyzed.

In June of 2010, the DOE approved a proposal to
deploy one Escape PHEV to Ford of China and
another to Ford of Europe. In the 2011 CY, these
two PHEVs were used to demonstrate Ford
electrification technologies to the Chinese and

European governm.el-lt.s as well as numerous vehicles (Phase IV subtask 5.6). In order to
global meql? .and utilities. As shown in Flgur.e L facilitate these revisions, the project timing will
the 11 utilities and Ford overseas operations be extended through December 31st, 2013.
provided a wide geographical area in which to ’

study PHEV technology and operation. For further information regarding the background

and technical specifications of the Escape PHEV
fleet, please see the 2011 TADA report.
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Introduction

Expanding on the on-road data collection and
analysis performed by Ford, program partner
EPRI also completed three projects as part of the
program activity. These projects focused on the
performance of the current Escape PHEV fleet,
the potential for communication with the
charging hardware, and the fleet-wide potential
as a resource to the grid.

The program was also expanded to support
Ford’s Smart and Connected Project, which aims
to develop expanded functionality for plug-in
vehicles.

Approach

The Escape PHEV project has been expanded to
include support for Ford’s Smart and Connected
Project. As part of this expansion, an Escape
PHEV has been updated for on-road testing of
experimental on-road testing of the use of off-
board feature computation.

The Smart and Connected project uses cloud
based computing and off board information to
enhance the fuel economy and drivability of the
vehicle. This allows predictive information (e.g.
expected route from the navigation system,
“green zones” of operation, etc.) to maximize the
EV experience and fuel economy. This allows
EV operation to be provided at the right time and
right location, improving drivability. Cloud-
based performance and the accuracy of road
information (routes and grade) can also be
evaluated through the data received from the
vehicle.

In order to perform these functions, the provided
Escape PHEV has been modified in several ways.
A prototype powertrain control module has been
installed, which allows direct modifications to
the on-board control system. An additional
computer has been installed in the trunk area and
is coupled with a secondary monitor installed in
the instrument panel. On board connectivity is
provided through a mobile hotspot. These
additions allow the Vehicle-To-Cloud system to
provide a link between the on board control
system and the outside world.

Through the use of this vehicle and the program
support the Smart and Connected Project plans to
develop and demonstrate new control system
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concepts in both simulation and hardware which
will improve fuel economy and drivability.

Results from the Smart and Connected project
will be presented in future reports. Results
pertaining to the completed EPRI projects are
presented in the following section.

Results

Collaboration with the Electronic Power
Research Institute has provided insight into
vehicle and driver behavior through analysis of
the on-road data, the feasibility of bi-directional
communication between the vehicle and the
charging infrastructure, as well as the potential
for vehicle impact on the grid through the
creation of a fleet charging aggregator simulation
tool.

On-Road Fleet Analysis

(Information made available by Christine Lee,
EPRI, clee@epri.com, and Doug Saucedo, EPRI,
doug@evosyseng.com)

Data collected to date was analyzed, looking at
factors influencing fuel economy and the tradeoff
between electricity and fuel use. In order to use
the data collected, the trip events were filtered to
remove noise and events which did not reflect
real-world wusage. This included removing
impossible events, events which only consisted
of a key on/key off cycle, and events shorter than
5 minutes or which travelled less than 0.1 miles.
This filtering removed 43.3% of all trip events.
However, this removed a minimal amount of
drive data, with the analyzed data not including
3.4% of miles, 4.2% of gallons of fuel, and 4.8%
of DC kWh of battery consumption.

Eight variables were investigated for their
influence on vehicle energy consumption, four
each for both fuel consumption and battery
energy consumption. These four factors are time
since last start-up, vehicle environment (looking
at AC usage and ambient temperature), driver
aggressiveness, and route type.

Start-up was analyzed comparing time since
previous start up against average fuel economy
and the drive duration (Figures 2 and 3). The
analysis showed that longer charge depleting
drives of over 30 minutes experience the highest
fuel economy, on average approximately 60
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miles per gallon. Similarly, longer charge
sustaining drives (20 minutes or longer)
experience the highest fuel economy at 40 miles
per gallon. However time since last start-up
appeared to have a relatively small effect on
battery energy consumption.
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Figure 2. The effect of start up on fuel economy
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Figure 3. The effect of start up on battery energy

consumption

Analyzing the vehicles environments consisted of
relating fuel economy and battery energy
consumption to the ambient temperature and
frequency of air-conditioning usage. No- and
low-usage of AC showed increases in fuel
economy with increasing temperature, likely due
to increased lubrication and decreased fluid
viscosity. High-usage of AC delivers reduced
fuel economy but also decreases the amount of
average battery energy consumed per trip. This is
due to the fact the AC is motor driven, forcing
the engine on even when the vehicle could
otherwise operate on battery power.

Drive  aggressiveness was  demonstrated
comparing average vehicle acceleration to
vehicle speed. Fuel economy and battery energy
consumption were both maximized around 30 to
35 miles per hour with low acceleration. Fuel
economy decreased with increased
aggressiveness, however average battery energy
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consumption was relatively stable across the
range of aggressiveness.

Route type used vehicle speed and idle time to
group events as congested traffic/delivery routes,
city routes, and highway routes. Analysis showed
a consistent decrease in fuel economy as the
percent idle time increased. For CS operation,
low speed trips yield the highest battery energy
consumption.

The electricity-fuel trade off was further analyzed
using stable energy consumption (Figure 4)
analysis, along with the effect of seasonality on
vehicle performance and the power load shape of
the charging vehicles.
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Figure 4. Stable energy consumption characteristics

The energy consumption of a drive event
produces an ordered pair comparing the gas
consumed and battery energy used during a trip.
This allows different usages to be compared by
total energy usage and the relationship between
electric and gas operation.

The energy trade-off results suggest that highway
operation provides a stable environment for the
electric drive system to displace fuel
consumption. The city events show a higher
degree of variation. Overall energy consumption
varies little across the seasons, with some
increases during colder temperatures (however,
this may be within the margin of error).

The charge load shapes similarly show little
variation across seasons, but are varied between
weekday and weekend (Figure 5).Weekend usage
shows reduced daytime charging compared to
weekday, which shows two peaks, the first
between 10 and 11 A.M. and the second between
9 and 10 P.M.
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Figure 5. Fleet aggregated load shapes for weekday
and weekend.

Overall the aggregated fleet demonstrated
between 25% and 45% of the drive energy
coming from the battery pack.

Communications Interface

(Update provided by John Halliwell, EPRI, 942
Corridor Park Blvd. Knoxville, TN 37932)

One objective of the Escape PHEV project was to
research the technical challenges of bi-directional
power flow, including communication protocols
between the PHEV and the charger. Based on
2011 testing, EPRI demonstrated a response to
price signals from the interface, however due to
technical limitations the vehicle would not
acknowledge a demand response event. For more
information, please see the 2011 TADA report.

Fleet Aggregator Tool

(Information made available by Robert Entriken,
EPRI, rentrike@epri.com)

The fleet aggregator simulation tool was created
to analyze how valuable a plug-in electric vehicle
(PEV) can be as a grid resource. During analysis,
the tool first ensures each vehicle in the
simulated fleet has sufficient battery energy for
its scheduled transportation purposes before
analyzing the entire fleet’s potential to provide
energy to the grid. The tool works as an
aggregator, collecting many small resources (the
individual vehicles) and presenting them to the
bulk electricity system as a single, large, and
potentially distributed resource. EPRI has
indicated that the above tool has been completed,
and will be used in future EPRI research
endeavors.
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Conclusions
This DOE sponsored program has:

® Supported the announcement of two mass
production PHEV programs in North America
and in Europe

® Enabled a nationwide
including  educational,
industry/utility events

effort
and

outreach
community,

e Facilitated a deeper understanding of the
current and future potential impact of PHEVs
on the grid

® Provided a platform for advanced feature
development to further increase the
capabilities of future PHEVs

The conclusion of the on-road activity of the
Escape PHEV advanced research fleet brings
with it more than 3 years of data covering more
than 750,000 miles, comprising 71,468 drive
events and 40,847 charge events. The fleet has
successfully  demonstrated plug-in  hybrid
technology, and the ability for the vehicle to
respond to price signals. In addition the vehicles
have supported over 300 events showcasing the
benefits of electrification and the future potential
of further plug-in vehicle development.
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11.B.3.

Products

Publications

1.

Idaho National Laboratory — 2010 Ford
Escape Advance Research Vehicle —
Baseline Performance (PHEV/America)
Testing: avt.inl.gov/phev.shmtl

Idaho National Laboratory — 2010 Ford
Escape Advance Research Vehicle —
Summary Results to date:
avt.inl.gov/phev.shmtl

Idaho National Laboratory — 2010 Ford
Escape Advance Research Vehicle — 2010
Summary Results: avt.inl.gov/phev.shmtl
Idaho National Laboratory — 2010 Ford
Escape Advance Research Vehicle — 2011
Summary Results: avt.inl.gov/phev.shmtl
Idaho National Laboratory — 2010 Ford
Escape Advance Research Vehicle — Monthly
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Summary Results for September 2011,
October 2911, November 2011, December
2011 (for additional monthly summary
results see library) avt.inl.gov/phev.shmtl
Idaho National Laboratory — 2010 Ford
Escape Advance Research Vehicle — Ford
PHEYV Report Notes. avt.inl.gov/phev.shmtl
Paper Accepted and Under Development for
EVS-26 -- Carlson, R., D’ Annunzio, J.,
Fortin, C., Shirk, M. “Ford Escape PHEV
On-Road Results from US DOE’s
Technology Acceleration and Deployment
Activity”. EVS 26, Los Angeles, California,
2012

Plug-in Electric Vehicle Fleet Valuation:
Case Study. EPRI, Palo Alto, CA: 2012.
1022643.
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I.C.

Development of Production-Intent Plug-In Hybrid Vehicle, using
Advanced Lithium-lon Battery Packs with Deployment to a
Demonstration Fleet

Principal Investigator: Mr. Greg Cesiel
General Motors

30001 Van Dyke Avenue

Warren, MI 48090

M/C:

480-210-240

Phone: (586) 575-3670; Email: greg.cesiel@gm.com

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-2335; Email: lee-slezak(@ee.doe.gov

NETL Project Manager: Jason Conley
Phone: (304) 904-7590; Email: john.conley@netl.doe.gov

1.C.1. Abstract

Objective

* Opverall Objectives

The primary goal of the project’ is to develop the first commercially available, OEM-produced plug-in hybrid
electric vehicle (PHEV). The performance of the PHEV is expected to double the fuel economy of the
conventional hybrid version of the same vehicle. This vehicle program, which incorporates advanced lithium-
ion battery packs and features an E85-capable FlexFuel engine, seeks to develop, fully integrate, and validate
the plug-in specific systems and controls by using GM’s Global Vehicle Development Process (GVDP) for
production vehicles. The Engineering Development related activities include two physical builds that
produced 29 mule vehicles and 29 integration vehicles for internal deployment at GM. Continued work
includes engineering tasks for the development of a new thermal management design for a second generation
battery module.

* FY 2012 Objectives

Phase III of the proposed project captures the first half or Alpha phase of the Engineering tasks for the
development of a new thermal management design for a second generation battery module. This new design
will incorporate reduced complexity, thus allowing for a more cost efficient design. Thermal management of
batteries is essential to propulsion system performance. Effective thermal management ensures the
maintenance of proper operating temperatures thus increasing range, reliability and durability.

Major Accomplishments

* Two on-site reviews with Department of Energy completed in April and September

+ Battery module design

— Feasibility study finalized

— Concept selection accomplished

— Prototype parts procured

5 Contract ID # DE-FC26-08NT04386
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Future Activities

FY 2012 Annual Progress Report

* Once prototype parts are complete, assembly of modules can be accomplished. Testing and further development
will continue for critical functions including thermal performance, structural performance and manufacturability.
Anticipated outcome will be a refined design based on these results and physical evaluations.

[1.C.2. Technical Discussion

Introduction — Engineering Development
of Year 1 Mule Vehicles

The first phase of the project captures the first
half of the Engineering tasks for the
development of key plug-in technologies. This
involves the development of components and
subsystems required for a PHEV and fully
integrate them in a production vehicle.

Approach — Engineering Development of
Year 1 Mule Vehicles

This development includes Charge Depletion

Development, Lithium-Ion Battery
Development, Battery System Integration,
Charger Development, Powertrain Systems

Integration, and Vehicle Integration.

Results — Engineering Development of
Year 1 Mule Vehicles

The PHEV vehicle development team
coordinated the above mentioned development
testing working towards final designs. At the
end of the Mule Vehicle phase, the vehicle
packaging and component designs were nearly
production intent.

Conclusions — Vehicle and Powertrain
Development

All development was completed to the extent
required to meet all required Vehicle Technical
Specifications (VTS) requirements. This type of
development testing will ensure that the vehicle
will meet all Federal Motor Vehicle Safety
Standards (MVSS).

Introduction — Engineering Development
of Year 2 Integration Vehicles

The second phase of the project captures the
second half of the Engineering tasks for the
development of key plug-in technologies. This
involves the development of components and
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subsystems required for a PHEV and fully
integrate them in a production vehicle.

Approach — Engineering Development of
Year 2 Integration Vehicles

This development includes Charge Depletion

Development, Lithium-Ion Battery
Development, Battery System Integration,
Charger Development, Powertrain Systems

Integration, and Vehicle Integration.

Results — Engineering Development of
Year 2 Integration Vehicles

The PHEV vehicle development team
coordinated the above mentioned development
testing working towards final designs. At the
end of the Integration Vehicle phase, the vehicle
packaging and component designs are intended
to be production intent.

Conclusions — Vehicle and Powertrain
Development

All development was completed to the extent
required to meet all required Vehicle Technical
Specifications (VTS) requirements. This type of
development testing will ensure that the vehicle
will meet all Federal Motor Vehicle Safety
Standards (MVSS).

Introduction — Battery Thermal
Development of Alpha Module

Phase III of the proposed project captures the
first half or Alpha phase of the Engineering
tasks for the development of a new thermal
management design for a second generation
battery module

Approach — Battery Thermal
Development of Alpha Module

The engineering team developed a battery
module design based on multiple design
concepts. Through detailed design and
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engineering analysis, a module concept was
selected. This design will demonstrated
performance requirements. This will be
demonstrated through the following testing
parameters:  thermal, vibration, aging and
sealing.

Results — Battery Thermal Development
of Alpha Module

A Dbattery thermal module design concepts has
been selected. Multiple design refinement has
led to parts being procured and testing to being.

[1.C.3. Products

Publications

1. Plug-In Charging Symposium (San Jose,
CA) - July 22nd, 2008

2. California Air Resources Board (CARB)
vehicle demonstration (Milford, MI) —
Sept 9, 2008
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3. EPA vehicle demonstration (Milford, MI) -
Oct 30, 2008

Hollywood Goes Green Event - Dec 8, 2008

5. North American International Auto Show
(NAIAS) - Jan, 2009

Patents

To date, the project team has generated 31
subject inventions and ten patent applications
have been filed. As the contents of these patent
applications are not yet subject to public
disclosure, GM respectfully refrains from further
disclosure regarding these inventions. GM looks
forward to sharing the contents of the patent
applications once they are publicly available.

Tools & Data
N/A
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TRANSPORTATION ELECTRIFICATION

II.D. Interstate Electrification Improvement Project

Principal Investigator: Jon Gustafson

Cascade Sierra Solutions

4750 Village Plaza Loop, Suite 100

Eugene, OR 97401

E-mail: jgustafson@cascadesierrasolutions.org

DOE Technology Development Manager:Lee Slezak
Phone: (202) 586-2335; Email: lee-slezak@ee.doe.gov
NETL Project Manager: Jason Conley

Phone: (304) 285-2023,; Email:John.Conley@netl.doe.gov

[1.D.1. Abstract

This demonstration project’ will accelerate the reduction of petroleum consumption and associated
emissions and greenhouse gases by (1) implementing transportation electrification infrastructure at fifty
(50) sites along major interstate corridors and (2) providing a 20% rebate incentive for battery operated
and/or shore power enabled idle reduction equipment on medium and heavy-duty trucks. Both Truck Stop
Electrification (TSE) connections and grid appropriate equipment rebate promotions will be implemented
at the travel centers. The project adopted the market title “Shorepower Truck Electrification Project”
(STEP) in March, 2011.

Objectives

* Opverall Objectives

Identify, finalize selection, and secure contracts to build (50) TSE sites.

Design and produce build plans for each TSE site.

Develop the marketing plan for and introduce the rebate program to the trucking industry.
Successfully complete the implementation of the fifty (50) TSE sites.

Mark each site opening with an event. Some adjacent sites may hold concurrent events.
Successfully distribute all rebates by June 1, 2013.

Complete final reporting requirements on time.

Responsibly manage Department of Energy funding to accomplish goals of the program.

¢ Short-term outcomes:

The installation and implementation of new, reliable, fuel efficient equipment to support battery operation
where feasible and instantly increase fuel economy, maximizing an older trucks environmental performance.

Job creation will be tracked and documented through quarterly job reports.

¢ Medium-term outcomes:

Reduce the nation’s dependence on petroleum based fuels (9,450,000 gals in 4 years)

Reduction in significant amounts of pollution

Improve respiratory health of surrounding communities, especially children, the elderly, the poor and
minorities who are disproportionately affected by diesel pollution.

Reduce heart disease, respiratory disease, asthma attacks, premature deaths, lost productivity and health costs
resulting from diesel pollution.

% Contract ID# DE-FOA-0000028
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Long-term outcomes:

Promoting the use and acceptance of vehicle electrification as a viable alternative to more costly fuel burning
choices.

FY2011 Objectives

Complete definitization requirements set in place as a result of DCAA audits.
Identify fifty site locations.
Launch rebate operations on up to 5,000 truck projects.

Set up marketing systems to promote the utilization of grid power to rebated trucks and other fleets that can be
recruited to the grid.

Initiate the data collection system at installed sites.
Formulate a data analysis régime to analyze utilization at the end of the project.

FY 2012 Objectives

Recruit additional trucks/fleets into the project and complete the rebate operations.

Identify remaining sites for development to complete the fifty (50) truck stop power distribution goal.
Launch marketing systems to promote utilization with the rebated truck fleets.

Extend data collection into the installed sites.

Form a data collection and analysis alliance with NREL.

Major Accomplishments in 2012

Operated all DOE Definitization and Administrative Requirements

Established job costing and project tracking systems in CSS finance and accounting department for all
personnel and operations supporting the DOE grant project.

Processed all quarterly reports for Q1 through Q4 on a timely basis.
Processed all ARRA reports required by the DOE grant contract.
Processed and submitted all management reports to NETL.

Infrastructure development has progressed toward completion.

Contractual relationships between grant recipient and grant sub-contractors operated successfully over the
2012 period. Shorepower and CSS performed contractual agreements to supply pedestals, locate and design,
build and accept sites, accomplish grand openings, and operate sites.

The project has negotiated and secured site utilization agreements with 67 truck stops/host sites. Of the 67
sites evaluated, 46 have been chosen for development with 17 alternates reserved. These are spread across 31
states along major interstates.

Forty-six sites are under construction or complete. The electrical general contractor has completed work on 19
sites with another 27 sites under construction at year. The remaining four sites are being selected from
alternates after change outs due to budget issues or failure to meet ARRA and NEPA criteria.

All sites are using local subcontractors procured through competitive bid processes prescribed for procurement
of construction services using Federal/ARRA guidelines. An estimated 650 vendors and contractors have
participated in the project at the subcontractor level to provide construction services and materials to the
project.

Processes are in place to solicit maximum participation with MBE and DBE.

Forty five utility agreements have been reached on the grant project by end of 2012.

Seventeen sites are providing power on a free provisional basis.

Nineteen sites have completed construction and are in the commissioning stage.
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— Thirteen top-bottom site inspections have been completed by CSS with punch-lists issued on ten. Three sites
have been accepted as fully operational by CSS.

— Five sites are in the permitting and design stages, primarily as a result of site substitutions. The substitutions
have been caused by the inability to reach agreeable business conditions at sites selected earlier in the process.
Six sites are awaiting construction starts.

— 278 pedestals have been shipped to sites. Pedestal manufacturing is being performed by Shorepower
Technologies.

— Portable HVAC unit design has been finalized and production/assembly of the 100 units has been started at
Shorepower Technology in Portland.

— Twenty-four sites have received training for host site personnel. An estimated 150 truck-stop managers and
employees have been exposed to the training.

— Software system development has proceeded to the point at which the tracking, billing and payment modules
are generally operational. Further refinements are now being made as the sites come on line and the system is
being fully exercised. Map: g.co/maps/5ukja

* NEPA reviews and approvals were completed on 47 sites in the project.

¢ Equipment suppliers have provided 3,357 installations to trucks and fleets as a direct result of incentive funding
provided from the grant. The number of equipment categories and models are indicated as follows:

Units
= Equipment Category Manufacturers Models Rebated
= Auxiliary Power Units 9 14 1299
= Battery A/C Systems 12 25 1020

= Thermal Storage Systems 1 2 0

= Evaporative Coolers 1 2 60
= Trailer TRU & E-hybrid TRU 2 5 726
= Straight Truck Refrig Systems 2 2 50
= Truck Cold Plate Systems 3 5 195

* 4,197 rebate applications have been processed with value of $8.358 to reach 92% of project goal of $10,544.
Approximately 800 applications remain to be committed and completed. About 400 applications are in review
with outreach proceeding to recruit the remaining 400.

* A Fleet and Owner-Operator program marketing program has been launched to provide national publicity to the
DOE grant project. Surveys were initiated with major fleets from the FleetOwner top 500 Private Fleet List
(early 2011) and with smaller refrigerated van fleets (late 2011) to gauge participation at the STEP truck stops.

¢ E-mail communications and press releases to transportation industry media publications have been launched to
keep the project in the public eye.

* STEP Project Website has been created to hold all marketing and project management details. the-step-
project.org The content is managed and maintained by Shorepower Technologies (SPT) and CSS, and includes
news releases and rebate application information, updates to product showcase, grant opportunities, on-line
Rebate Application, STEP program description pages and the current rebate eligible equipment listing page.

« Idle reduction data collection and emission reductions research has been surveyed and settled into a data analysis
concept. Initial research was performed throughout 2011 and 2012 to evaluate reliable sources of electrical grid
utilization data that can tie to fuel savings from the various equipment categories. Data sources to include pedestal
transaction data, telematics used by the fleets, vehicle ECM data and driver logs, records obtained from on-going
fleet benchmark tests and blind utilization data from guest (non-rebated) vehicles at the SPT pedestals or obtained
from other TSE manufacturer’s transaction databases.

» NREL has been engaged as a research support agency for storing and processing the TSE utilization database. BilJ
weekly conference calls have guided development of data collection and analysis methodologies, with
identification and evaluation of database inputs available from STEP rebate applications.

< Data collection has been initiated at truck stops able to supply electrical power to customers.
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— Data extracts of power utilization are being collected at 17 STEP truck stop locations, with additional data sets
from 4-5 non-STEP program truck stop locations. Connectivity issues at the truck stop kiosks where power is
purchased are being addressed to optimize data capture and validity. Formats for uploading and data transfer
have been established to facilitate sharing and reduction of data sets with NREL.

— Working with NREL, initial analysis templates have been defined and preliminary data products to be
presented as outputs in quarterly reporting to DOE have been created.

— STEP database of vehicle and vocation profiles, correlated to rebated technology categories, is near
completion. STEP IDs have been assigned and distributed for over 2300 rebate projects. Follow-up contact
through calls and surveys has provided mechanism for updating/validating database, forging relationships
with key contacts for additional data provision, and gathering of information about operational or technical
factors impacting initial utilization of power. The remaining IDs will be assigned as installation work is
completed.

Truck Stop Grand Opening Events have been accomplished on 17 sites. CSS providing support for medium and
large Grand Openings throughout 2012.

Promotional TSE connector kits have been procured and distributed at TSE sites and fleets to promote and recruit
truckers to the TSE sites. 1,300 connector kits are available through the STEP rebate project but require a
different rebate and installation process compared to the other rebated equipment categories

Marketing has been launched with radio broadcasts, webinars and articles in Transportation Topics and

Transportation Latino. the-step-project.org Using a public relationship contractor the project has been
featured in no fewer than 70 mentions or feature articles in major trade publications, magazines, and blogs. These
activities have achieved awareness for STEP, CSS, Shorepower and their respective roles in Truck Stop
Electrification. Launched in social media:

o truckpr.com
o truckpr.com/shorepower-technologies

o facebook.com/shorepowertechnologies

Future Activities

Complete construction of remaining TSE sites by March 1, 2013. All fifty sites are scheduled for full operation
in the project by June 1, 2013.

Hold grand opening events at all sites. Four openings to be multi-day events featuring vendor fairs with
equipment displays of the on-board equipment.

Complete rebate commitments and installations by December, 2012. Complete distribution of rebate funds by
March 1, 2013. Deploy connector kits as incentives to 1,300 truckers coming into the project over 2012 and
2013.

Launch marketing and promotion to all rebated truckers to promote the adoption of TSE as a key strategy to
eliminate idling.

Form an advisory team made up of leading authorities on idle reduction, emissions, grid power distribution for
freight movement and transportation and transportation economics.

Continue data collection on truck utilization as trucks become equipped along routes hosting TSE sites. Have all
trucks in the rebate project on the data collection network by March, 2013.

Continue tracking utilization data by selected data sorts and begin to study patterns of utilization by June, 2013.

Review all rebated vehicles to see where there is no utilization and make contact with vehicle owners to launch
grid utilization

Populate the entire database of rebated vehicles/drivers with vehicle and operational data. Preliminary review of
the database will reveal topics and correlations of interest for the design of hypotheses to be tested with more
specific analyses.

Develop protocols for quality assurance and quality control of the data.
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» Evaluate and select a methodology for a temperature based model for the assignment of engine idle speed (RPM)
that will be used to calculate and/or adjust the projected idling fuel use and emissions reductions.

» Collect data and specifications relevant to the assignment of fuel consumption, engine load, and emission factors
for engines and idle-reduction equipment.

* Development of methods and measurement techniques to characterize the social, economic, and external
variables (e.g. diesel fuel prices) influencing the utilization rates and patterns of fleets and drivers.

* Survey and interview drivers on a quarterly basis to create scientific samples that can be used to supplement,
sharpen, and validate power utilization, idle reduction, fuel savings and emissions reduction computations.

» Improve and expand the capability of the program to collect, analyze and interpret the database will continue in
an ongoing basis. CSS will enlist the support and expertise of stakeholders and research partners in the design and
execution of extended analyses when available.

[1.D.2. Technical Discussion

e Sece STEP website - an facebook.com/shorepowertechnologi
information clearinghouse for all target es
audiences. the-step-project.org o facebook.com/CascadeSierraSolution
e See awareness promotion products for S
STEP, CSS, Shorepower and their o twitter.com/CascadeSierra
respective roles in Truck Stop e youtube.com/user/CascadeSierra
Electrification. truckpr.com and e See education and awareness campaigns
truckpr.com/shorepower- via email and blog with above average
technologies open and click rates. the-step-
e Launched and managed social media project.org/program-progress/blog
campaigns: e See map of all existing and future TSE
locations.

[1.D.3. Products

Patents — None

Publications — None
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Il.E. RAM 1500 Plug-In Hybrid Electric Vehicle

Principal Investigator: Abdullah A. Bazzi
Chrysler Group LLC

800 Chrysler Drive

Auburn Hills, M USA 48326-2757

Phone: 1-(248) 944-3093; Email: aab5@Chrysler.com

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

NETL Project Manager: John Jason Conley
Phone: (304) 285-2023; Email: John.Conlev(@netl.doe.gov

DOE Award Number: DE-EE0002720
Submitted to: U.S. Department of Energy — National Energy Technology Laboratory

I.LE.1. Abstract

Objective

* Demonstrate 140 pickup trucks in diverse geographies and climates, spanning from New York to Arizona &
California to Massachusetts, and across a range of drive cycles and consumer usage patterns applicable to the
entire NAFTA region

» Verify plug-in charging mode performance based on charger and battery model
» Verify AC power generation mode

* Prove product viability in “real-world” conditions

* Develop bi-directional (communication and power) charger interface

* Support the creation of “Green” Technology jobs and advance the state of PHEV technology for future
production integration

* Develop an understanding of Customer Acceptance & Usage patterns for PHEV technology
* Quantify the benefits to customers and to the nation

Major Accomplishments
Vehicle Build & Test
» Utilized the standard Chrysler Group LLC Vehicle Development Process for production intent programs:

— Designed and built all development and test vehicles

— Augmented development process with modified testing procedures to address specific plug in Hybrid
Technologies

» Completed demonstration vehicle build activity in December 2011
* Increased demonstration partner vehicle deployments to 109

» Completed facility based testing: hot static cell, hot drive cell, cold static cell, cold drive cell, altitude chamber,
engine dynamometer, transmission dynamometer, NHV cell, EMC cell, end of line; bench testing: SOC, thermal,
charge / discharge cycling

» Completed development trips: cold trip (in November 2011), hot trip (August 20, 2012)
* Completed retrofit of Charge tool box to support Reverse Power Flow (August 2012)

* MicroStrategy was upgraded to allow for faster data retrieval and analysis. Trials of the new “ParAccel” database
where successfully completed. Data retrieval rates are now significantly faster. Full implementation to occur in
the 4th Quarter of 2012
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— All Chrysler defined engineering reports were completed and are online. Also, the ad hoc/customization
reporting feature has been implemented

Interfaces to MicroStrategy for Reverse Power Flow and Scheduled Charging was completed and demonstrated
successfully

Deployment Fleet

Implemented a fleet wide high voltage battery inspection and re-work program was completed. Engineers
performed onsite reviews of each of the high voltage batteries to assess performance cross-functionally.
Completed in May 2012

Analyzed battery pack and cells to determine cause of the damaged prototype batteries

Decided to temporarily withdraw the RAM 1500 PHEV fleet based on lessons learned. “This action [was] taken
to build upon the lessons from the initial deployment and to concentrate resources and technical development on a
superior battery”

Future Activities

Develop a new battery cell to upgrade the high voltage batteries used in the RAM 1500 PHEV. These cells used
are viable for mass production

Redeploy a fleet of RAM 1500 PHEVs with upgraded battery technology

Work with our development partners to develop rate based vehicle charging controls

Continue developing Bi-directional (communication and power) charging

Capture vehicle fleet data to support calibration and controls development to increase fuel economy

Il.LE.2. Technical Discussion e Flexibility — Allows for unique

Introduction

The Chrysler Product Creation Process (CPCP)
defines the strategy and method used to execute
the development of world class vehicles from
concept to market. The RAM 1500 PHEV is
following the CPCP process.  Fundamental

vehicle program characteristics

e Consistency of Execution —
Facilitates continuous improvement

e Clear Performance Indicators —
Drives accountability

e Interdependencies Identified — Aligns

principles include: activities across functional areas

e Voice of the Customer — Dictates
product decisions

e Timeline Compression — Enables
speed to market

33



Industry Transportation Electrification

FY 2012 Annual Progress Report

Approach
Project Overview: DS-PHEV Approach
Phase I: PHEV
Development Phase Ii: Build & Launch Prep Phase lll: Demo Phase
{Aug. 2009 10 Ssp. 2010} {Sep. 201010 Apr. 2011} {May. 2011 to Mar. 2014}
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Figure 1. RAM 1500 PHEV Project Approach.
Results
Federal Test Procedure Results
Table 1. RAM 1500 PHEV Federal Test Procedure Results
Proposal DS-PHEYV Status Procedure
RANGE Equivalent All |20+ miles EAER achieved California Exhaust Emission
Electric Range Standards And Test
(EAER) of 20 Procedures, as amended
miles December 2, 2009
EMISSIONS | ATPZEV California Exhaust Emission
Compliance Test Test Mode Standard Results Standards And Test
FTP City CD&CS SULEV Passed Procedures, as amended
Us06 cs SULEV Passed v/ December 2, 2009
sco3 cs SULEV passed v/
Highway cs SULEV passed v
50 F City cs SULEV Passed v/
20 F Cold cS SULEV Passed \/
Evaporative [ PZEV Passed \/
Purge Volume cS PZEV Passed \/
FUEL Charge — Charge Depletion: SAE J 1711 as published
ECONOMY Depleting City — City: 37.4mpg
32 MPG — Hwy: 32.5 mpg
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Real World Results

Table 2. RAM 1500 PHEV Real-World Results Observed from Vehicles at Partner Locations

DS-PHEV Status Background
FUEL — Charge Depletion: Accumulated Miles — 230,741 — Data taken from 109 partner vehicles
EC_ONOMY & — City: 22 mpg; Hwy: 26 mpg deployed throughout the United States
rlleagel . — Charge Depletion / Charge Sustaining: Accumulated — Total mileage : 1,039,138 (September
ccumulation .

(Real World) Miles — ?8,728 (CD) / 155,504 (CS) 2012) .

— City: 19 mpg; Hwy: 21 mpg — Vehicle fuel economy is based on

— Charge Sustaining: Accumulated Miles — 564,843 customer usage and may not be
— City: 16 mpg; Hwy: 19 mpg representative of maximum potential
fuel economy

Deployment Partner Mileage Accumulation

Accumulated Mileage by Deployment LocationtV
193.6 (In 1000 Miles. Taken from September 2012 DRM Data}
128.0 1945 kd - Deployed Vehicles
[ 1136 : (1) klaho National Lab
106.5 1p3.5 99.0 Sources: (1) Ig:port_a::lgrt‘aathmugh
. Sept. 254, 2012
703
63.2 .2
62 54.6
383 383
‘ 15.9
10.9 10.2 57 57
\ | i
#ofVeh. | 10 7 14 9 4 9 10 | 10 5 14 | 7 4 3 2 5 1 1 1 1
5 £ S fZEECE EF§EE::EEEN YR
& £ § 3 T Y @ § € & 5 £ . 2 63 : L 3
& T » >* £ L 2 5§ § & T g ® =% E E B
= 5 9 - = T B & 2 e o &
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Figure 2. RAM 1500 PHEV Deployment Partner Mileage Accumulation.
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Conclusions

Chrysler actively tracked vehicles, and collected
vehicle usage and technical data throughout the
year. Vehicle Usage Agreements have been
finalized and vehicles have been delivered to the
following locations:

® C(City of Yuma, Arizona — 10 vehicles

e Sacramento  Municipal  Utility
(SMUD) in California — 14 vehicles

in California —

District

® City of San Francisco
14 vehicles

® Duke Energy in Charlotte North Carolina —
10 vehicles

e (Central Hudson in Albany, New York -
3 vehicles.

® National Grid placed vehicles in New York,
Massachusetts & Rhode Island — 6 Vehicles

® Massachusetts Bay  Transit  Authority

(MBTA) — 10 Vehicles
* City of Auburn Hills, Michigan — 4 Vehicles

e EPRI (North Carolina and California) —
2 Vehicles

e (CenterPoint, Houston, Texas — 5 Vehicles
® Argonne National Lab ( DOE) — 1 Vehicle
® Jdaho National Lab (INL) — 1 Vehicle

®* NV Energy, Las Vegas and Reno , Nevada —
7 Vehicles

® DTE, Detroit, Michigan — 10 Vehicles
® NYPD, New York — 5 Vehicles
® TriState, Colorado — 7 Vehicles
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I1.E.3. Products

Publications

1. A High Efficiency Low Cost Direct Battery
Balancing Circuit Using A Multi-Winding
Transformer with Reduced Switch Count.
IEEE APEC 2012, Orlando, FL, Feb. 5 -9,
2012

2. Hybrid / Plug-in-Hybrid Technology
Overview — Torque Feed forward Control
for IPM Motors

Public Presentations
1. Annual Merit Review. Washington, D.C.

Patents
None to Report

Tools & Data

1. Vector Cantech -- Canalyzer equipment
utilized for data collection and software
development (communication between
vehicle controllers)

2. ETAS -- Equipment utilized for software
development and drivability / emissions
calibration

3. Security Inspection utilized for upgraded
infrastructure environment (increased
bandwidth requirements and storage
requirements) for implementing
Microstrategy vehicle logging and data
analysis

4. Bright Star Engineering -- Data Recorder
Modules (DRM) for each vehicle and
monthly cellular access
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Il.F. ChargePoint America

Principal Investigator: Richard Lowenthal

Coulomb Technologies, Inc. d/b/a ChargePoint

1692 Dell Avenue

Campbell, CA 95008

Phone: 408-841-4501 Email: Richard.Lowenthal(@chargepoint.com

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-8055; Email: Lee.Slezak(@ee.doe.gov

NETL Project Manager: John Jason Conley
Phone: (304) 285-2023; Email: John.Conley@NETL.DOE.GOV

I.F.1. Abstract

Objective

CHARGEPOINT® AMERICA will demonstrate the viability, economic and environmental benefits of an electric
vehicle charging infrastructure. With the arrival of electric vehicles (EVs) and plug in electric vehicles (PHEVs)
late 2010, there is a substantial lack of infrastructure to support these vehicles. CHARGEPOINT AMERICA will
deploy a charging infrastructure in ten (10) metropolitan regions in coordination with vehicle deliveries targeting
those same regions by our OEM program partners: Chevrolet, BMW, THINK, Nissan, CODA, Fisker, Tesla, Ford
and smart USA. The metropolitan regions include Austin/San Antonio (TX), Bellevue/Richmond (WA), Boston
(MA), Southern Michigan, Los Angeles (CA), New York (NY), Orlando/Tampa (FL), Sacramento (CA), San
Francisco/San Jose (CA) and Washington (DC). CHARGEPOINT AMERICA will install more than 4000 Level
2 (220v) SAE J1772™ compliant, UL Listed networked charging stations in home, public and commercial
locations to support more than 2000 program vehicles. ChargePoint will collect data to analyze how individuals,
businesses and local governments are using their vehicles. Understanding driver charging behavior patterns will
provide the DOE with critical information as EV adoption increases in the United States. Deployment of the
charging station infrastructure has begun in July 2010.

The project will provide public and private Level 2 charging stations from which data will be collected and
forwarded to INL for compilation and analysis. The project will leverage other company efforts and
infrastructure. The project is also working with the local press to expand awareness and receptivity. The first
phase of the program, which began in June 2010, involved the deployment of the charging stations. Phase 2 will
have a two-year duration, during which time data will be collected concerning the times of highest charging,
charging rates, and load on the grid.

Major Accomplishments

We are extremely pleased with the progress of the program and met the 2000 program vehicles milestone and
installed more than 4050 charging stations. We are fully allocated our supply of stations and are no longer
accepting applications for free residential and public charging stations. More and more EVs in our program were
available (BMW, Fisker, Nissan, CODA, THINK and Ford) and home stations have been provided to qualified
vehicle owners.

ChargePoint America program deployed over 4050 charging stations.
— Public committed - 100%

— Public shipped - 100%

— Private Committed - 100%

— Private shipped — 100%

— Installed public and residential charging stations over 4050

— Met 2000 program vehicles milestone
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» Public stations are fully assigned.
— Boston region (City of Boston, MBTA, National Grid, MassPort, etc.)

— New York region (Edison Parking, GMC Parking, Icon Parking, NYPD,
NY DOT, Stony Brook University, Rutgers, LaGuardia/Kennedy Airports)

— DC/Baltimore Region (DC DOT, City of Baltimore, University of Maryland, VA Tech, Verizon,
Dulles/Reagan Airport)

— Detroit region (Detroit, Dearborn, Flint, Consumers Energy, Michigan State, Whirlpool, Compuware, GM,
UAW, Mercedes, Kohl’s, Lansing)

— Orlando/Tampa region (OUC, Orlando, Tampa, Marriot, Best Western, UCF, USF, AAA, Dali Museum, Give
Kids the World, Hyatt)

— Austin/San Antonio region (Walmart, HEB, Kohl’s ERCOT, Port of San Antonio, Wyndham, Dell Children’s
Hospital, Austin Energy, CPS Energy)

— Bellevue/Redmond region (City of Redmond, City of Bellevue, Tacoma, Valley Medical, University of
Washington, Microsoft, Honeywell etc.)

— Los Angeles region (Irvine Company, UCLA, CSUF, CSULA, Cities of Orange, Burbank, Anaheim, Ventura,
Riverside, UCSB, Caltech)

— Sacramento region (UC Davis, County of Sacramento, USAA, California ~ Department of General Services,
Marriott)

— San Francisco region (City of San Francisco, City of San Jose, City of Oakland, SFO Airport, SunPower,
Bloom Energy, Stanford University, UCSF, County of Marin)

— Residential stations are fully assigned through OEM customers and MDU’s
— Chevrolet

— Ford

— smart USA

- BMW

— Nissan

— CODA

— THINK

— Fisker

— Tesla

— Multi-Dwelling Units in California, New York and Boston

» We stopped accepting applications for the residential program and reached out to all customers who applied. We
communicated to applicants, that they would be placed on a wait list. The ChargePoint America web site was
updated with this information.

* In April 2012, ChargePoint announced the completion of more than 2400 shipments of its public and commercial
charging stations for electric vehicles through its ChargePoint America program. ChargePoint has seen
exceptional demand in all 10 regions of the program and is finalizing the installation of charging stations within
these regions.

* ChargePoint announced that it has partnered with BMW for its unique, premium electric vehicle (EV) car-sharing
service program in San Francisco. ChargePoint connects the new charging stations throughout San Francisco,
Burlingame, Palo Alto and Oakland. BMW recently announced its DriveNow and ParkNow programs, which
provide drivers the opportunity to experience BMW’s first all-electric vehicle, the BMW ActiveE with zero-
emission driving.

* ChargePoint announced its latest mobile application for iPhone and Android smart phones. Available for free, the
updated ChargePoint app provides electric vehicle drivers direct access to their social network accounts including
Facebook and Twitter. Drivers can easily upload check-ins, and comments to Facebook from the more than ten
thousand charging spots in the United States. The mobile ‘charging station’ app continues to provide the ability to
locate, check availability, and reserve a charging station,. The app lists detailed station information including
pricing and status of your home charging station. ChargePoint provides the industry's first and only mobile app
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that give drivers real-time charging station status, reservations, smartphone payments, location information and
navigation.

ChargePoint announced the availability of the ChargePoint 4.0 platform for electric vehicle drivers and charging
station owners. ChargePoint 4.0 is a free upgrade for all ChargePoint account holders and is now live for all
station owners and drivers. For station owners, ChargePoint 4.0 is a groundbreaking release with new features
including: patent-pending ChargePoint Connections, support for multi-site deployments, and additional pricing
models for charging services. ChargePoint 4.0 optimizes management workflows, allowing station owners to
operate more efficiently and with less effort while maintaining tight control over access and management rights.

Future Activities

ChargePoint is planning to wrap up installations of the residential and public charging stations in 2012 and we will
continue with data collection and reporting until the end of the program.

Public charging stations deployment will be completed in 2012.

Residential program deployment will be completed in 2012.

Continue to coordinate completion of the remaining 500 installations.

Data collection and reporting will continue and data will be uploaded to INL on a regular basis.

INL will continue to provide CPA reports.

I.F.2. Technical Discussion — Average number of charging events started

per EVSE per day

All charging stations data is regularl.y — Charging availability

forwarded to Idaho National Labs for analysis )

and summary. INL released first report on — Charging demand

ChargePoint America program in November — Average length of time with a vehicle

2011. The wvehicle charging infrastructure connected per charging event

summary report provides information on: — Average length of time with a vehicle

— Charging unit by state drawing power per charging event

— Charging units installed to date — Average energy consumed per charging
event

— Number of charging events performed

_ Charging unit usage by type (residential, ® ChargePoint 4.0 New features include:

commercial and public stations) — A new driver experience with enhanced
— Electricity consumed (AC MWh) workflows and a great new look.
— ChargePoint Connections delivering a new
concept that provides businesses the ability
to market to the large and growing

— Percent of time with a vehicle connected

— Percent of time with a vehicle drawing

power ChargePoint driver community.
— Charging availability — Simplified administration for any station
— Charging demand owner configuring access control or
Commercial and Residential EVSE report: preferred pricing.
— Number of charging events — Multi-site deployment support allowing

organizations to view and manage their

— Charging energy consumed charging stations worldwide from a single

— Percent of time with a vehicle connected to location and login. At the same time,
EVSE organizations can grant selectable levels of

— Percent of time with a vehicle drawing control over any group of stations to local
power from EVSE installation and support teams.
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— New pricing options in flex billing include
combined hourly and kWh pricing (where
allowed) and the ability to change the
hourly rate if a driver is plugged in longer
than a specified amount of time

Advanced analytics engine for reporting
and analyzing key station metrics.

A new administration model with Rights

FY 2012Annual Progress Report

outsource some or all of the tasks of
managing their charging stations to third
parties.

New web services APIs that provide
unified access to development resources,
along with “Push Event” subscription
services to improve application efficiency.

Granting allowing station owners to
Caigary
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Figure 1. Number of Charge Point Chargers by Locatlon

Detailed ChargePoint product information can be
found at: chargepoint.com/products

Watch the new ChargePoint 4.0 Services Video
located here:
chargepoint.com/chargepoint-servicesvideo

Sample ChargePoint customer list can be found
at: chargepoint.com/ecosystem-stats

Number of Charge Point Chargers by
Geographic Location Map

I.F.3. Products

Patents
1. We did not file any patents using DOE funds.
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Below is a map of all the publicly available
charging stations:

Below are links to press releases,
coverage, events, and photo gallery.

media

chargepointamerica.com/press-releases
chargepointamerica.com/press-coverage
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11.G. Electric Drive Vehicle Demonstration & Vehicle Infrastructure
Evaluation

Principal Investigator: Donald Karner
ECOtality North America

430 S. 2nd Avenue

Phoenix, AZ 85003-2418

Phone: (602) 345-9000; Email: dkarner@ecotality.com

DOE Manager, Vehicle Systems
Vehicle Technologies Program: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

NETL Project Manager: John J. Conley
Phone: (304) 285-2023; Email: John.Conley@netl.doe.gov

.G.1. Abstract

Objectives

* Opverall Objectives

— The objective of the Electric Drive Vehicle Demonstration and Vehicle Infrastructure Evaluation’ is to use
production electric vehicles (EVs) to develop, implement, and study techniques for optimizing the
effectiveness of infrastructure supporting widespread EV deployment. It will utilize the deployment of these
‘production’ plug-in EVs for the purpose of evaluating and/or optimizing (1) vehicle use, (2) charge
infrastructure utilization, (3) charging interface with smart grid operations, and (4) charge infrastructure
sustainability models.

— This project is scheduled to collect and evaluate data from vehicles and charging infrastructure through
December 2013. It was awarded to Electric Transportation Engineering Corporation (now doing business as
ECOtality North America, referred to in this document as ECOtality) at the end of September 2009.

* FY 2012 Objectives
— Deploy approximately 8,000 Level 2 residential electric vehicle supply equipment (EVSE) units.

— Deploy approximately 5,200 Level 2 EVSE and DC fast chargers in non-residential locations in order to
characterize charging infrastructure and vehicle use in diverse topographic and climatic conditions.

— Collect data from up to 8,300 Nissan Leaf EVs, General Motors Volt EREVs, and Smart EVs

Major Accomplishments to Date

e 5,560 Level 2 Residential EVSE installed

* 2,487 Level 2 Commercial EVSE installed (publicly accessible, fleet, workplace)

* 37 DC Fast Chargers (DCFC) installed

¢ Data collected from 5,631 vehicles

* Documented 41.6 million test miles and recorded data on 1.2 million charging events
» Networked location maps available via mobile apps

* “Over the Air” software updates

» Access fee administration for open access to EVSE network

Future Activities
* Deploy up to 2,440 additional Level 2 Residential EVSEs

7 Contract ID# DE-EE-00002194
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* Deploy up to 2,676 additional Level 2 Commercial EVSEs and DCFCs
* Continue accumulating both vehicle and EVSE use data

* Report recharging and vehicle use patterns

* Report petroleum reduction impact of the recharging infrastructure and vehicles

* Evaluate and report on various revenue streams from deployed EVSE including access fees, advertising,

memberships, etc.

1.G.2. Technical Discussion

Introduction

The EV Project is an American Recovery and
Reinvestment Act (ARRA) funded Department
of Energy (DOE) project for deploying and
testing plug-in electric vehicles (PEV) and the
recharging infrastructure. Led by ECOtality, it is
the largest deployment and testing of EVSE and
fast chargers ever attempted. Approximately
13,200 Level 2 EVSE and DCFCs, along with
approximately 8,000 Nissan Leafs and Chevrolet
Volts are being deployed in the major population
areas of:

® Phoenix and Tucson, Arizona

e San Diego, San Francisco and Los Angeles,
California

* Atlanta, Georgia
¢ Chicago, Illinois

® Portland, Eugene, Salem and Corvallis,

Oregon
® Philadelphia, Pennsylvania
® Seattle, Washington

® Nashville, Knoxville,
Memphis, Tennessee

Chattanooga, and

® Dallas, and Houston, Texas
® Washington, D.C.

The project intent is to deploy Level 2 EVSE in
the residents of each Leaf or Volt purchaser in
the project areas, deploy Level 2 EVSE and
DCFCs in public locations in order to
characterize charging infrastructure and vehicle
use in diverse topographic and climatic
conditions, evaluate the effectiveness of public
versus private charge infrastructure, and conduct
trials of various revenue systems for public
charge infrastructures. The Smart EVs are all
rental cars, so there is no residential EVSE
associated with these vehicles.
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Approach

The locations for commercial and public
charging infrastructure in the project’s original
five markets were determined through a series of
stakeholder reviews that involved organizations
such as local government, electric utilities, local
employers, large retailers, and other stakeholders
with interest in deploying charge infrastructure.
Level 2 EVSE and DCFCs are being installed
using a Certified Contractor Network (CCN).
Novel charge infrastructure and vehicle use
demonstrations will be undertaken to evaluate
solar-assisted charging, subscription public
charging, vehicle rental, and transportation
corridor development.

Data is being collected from both vehicles and
the charge infrastructure. Data is then sent to the
DOE’s Idaho National Laboratory (INL). Data is
being qualified and analyzed by the INL. Some
of the data is also being evaluated by university
participants and industry experts to evaluate the
effectiveness of deployed infrastructure, develop
lessons learned, and suggest methods for
improving infrastructure effectiveness. These
methods for improving effectiveness will be
implemented and their effects monitored and
evaluated.

Data collected and information developed will be
disseminated on a periodic basis to participants,
stakeholders, and the DOE. Task reports will be
prepared to document methods, metrics, results,
and lessons learned from implementation and
operation.

Results

As FY 2012 ended and this report was being
compiled, the total reported project mileage was
42.2 million test miles on the 5,631 Leafs, Volts
and Smart EVs reporting results. The more than
7,600 public and residential Level 2 EVSE have
reported 1.2 million charging events.
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A more in-depth discussion will have to be
limited to the most recent published and
approved reports that cover the second quarter of
calendar year 2012 (April — June 2012). At this
point, data had been collected from 4,322 Nissan
Leaf battery electric vehicles (Figure 1), 676
Chevrolet Volt extended range electric vehicles,
and 6,319 ECOtality EVSE were then providing
data from (Figure 2) six states and the District of
Columbia. A total of 32.9 million test miles and
881,000 charging events have been documented
on the Project Overview Report for the EV
Project to date (avt.inel.gov/pdf/
EVProj/EVProjOverviewQ22012.pdf)

Vehicle Enrollment to Date By Region
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Figure 1. Number of EV Project vehicles providing
data and deployment by major cities as of
the end of June 2012.

Charging Unit Installation to Date by Region
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Figure 2. Number of EV Project EVSE deployed and
providing data by major cities as of the end
of June 2012.
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The EV Project’s Nissan Leaf summary report
for April to June 2012 (avt.inel.gov/pdf/
EVProj/EVProjNissanLeafQ22012.pdf) provides
national and regional Leaf usage statistics and
this data includes the national vehicle usage data
seen in Table 1. Additional data for each region
can be found in the same above PDF.

Figures 3 and 4 document the Nissan Leaf battery
SOC before and after charging events. It will be
interesting to see if SOC before-charging changes
as operators become more familiar with the
vehicles and if SOC at end-of-charging changes
as drivers use public charging, including fast
chargers for shorter periods of time.

Table 1. EV Project Nissan Leaf BEV usage data for the
July 2011 to September 2011 quarter.

Number vehicles 2,911
Total miles 5,666,469
Average miles per trip 7.2

Average miles driven per day when driven |30.6

Average # trips between charge events 3.9
Average miles driven between charge 281
events ’
Ave # of charges per day when driven 1.1
Number of at home charging events 152,862
Number of away from home charging
37,148
events
Unknown charging event locations 11,969
Battery State of Charge (SOC)
at the Start of Charging Events
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Figure 3. EV Project Nissan Leaf battery SOC at start
of charging events.
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Battery State of Charge (SOC)
at the End of Charging Events
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Figure 4. EV Project Nissan Leaf battery SOC at end
of charging events.

The EV Project’s Chevrolet Volt Leaf summary
report for April to June 2012 (avt.inel.gov/
pdf/EVProj/EVProjChevroletVoltQ22012.pdf)
provides national and regional Volt usage
statistics and this data includes the national
vehicle usage data seen in Table 2. Additional
data for each region can be found in the same
above PDF.

Figures 5 and 6 document the Volt battery SOC
before and after charging events.

Table 2. EV Project Chevy Volt EREV usage data for the
April to June 2012 quarter.

Number vehicles 408
Total miles 1,184,265
Overall mpg 155
Overall electricity consumption (AC Wh/mi) | 242
Average miles per trip 8.0
Average miles driven per day when driven  [39.6
Average number trips between charge 3.2
events

Ave miles driven between charge events 26.0
Ave number of charges per day when 15
driven

Number of at home charging events 36,015
Number away from home charging events |6,374
Unknown charging event locations 3,179
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Battery State of Charge (SOC)
at the Start of Charging Events
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Figure 5. EV Project Chevy Volt battery SOC at start
of charging events.

Battery State of Charge (SOC)
at the End of Charging Events
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Figure 6. EV Project Chevy Volt battery SOC at end of
charging events.

The April — June 2012 quarterly Infrastructure
Summary report documents infrastructure
utilization nationally and regionally for
residential Level 2 EVSE and publicly available
Level 2 EVSE. As additional units are installed,
this  report (avt.inel.gov/pdf/EVProj/EVProj
InfrastructureQ22012.pdf) will also include Fact
Charge data.

Figure 7 highlights the percent of all national
Level 2 EVSE charging units in 15-minute
increments with an EV Project vehicle connected
during week days. Figure 8 gives the same
information for weekend days.
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— Weekday
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Figure 7. EV Project percent of all national Level 2
EVSE with a vehicle connected during
weekdays. Data is in 15-minute increments
for any time in the reporting quarter.

Note that for both figures, the blue line is the
peak for the reporting period, green line is the
minimum, and the black line is the mean, and the
darker gray areas above and below the black line
are the 25 to 50% and 50 to 75% quartiles. This
is true for all figures in this section that report
percent of charging units with a vehicle
connected, and the electricity demand in AC
MW.

— Weekend
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Figure 8. EV Project percent of all national Level 2
EVSE with a vehicle connected during
weekends. Data is in 15-minute increments
for any time in the reporting quarter.

Figure 9 is the charging profile in AC MWh for
all Level 2 EVSE in the EV Project for weekdays

and Figure 10 is for weekends. Note the heavy
use of post-midnight charging.
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Figure 9. EV Project charging profile based on
national energy demand for weekdays. Data
is in 15-minute increments for any time in the
reporting quarter.

. Weekend
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Figure 10. EV Project charging profile based on
national energy demand for weekends. Data
is in 15-minute increments for any time in the
reporting quarter.

Figure 11 documents the length of time vehicles
are connected to residential EVSE. The two sets
of peaks suggest short opportunity charging for
less than one or two hours, and overnight
charging for 10 to 14 hours. Figure 12 shows the
same set of vehicles drawing power for much
shorter periods of time than when they were
connected as shown in Figure 11. The general
shape of Figure 13 matches Figure 12 as would
be expected as the distribution of energy
consumed would have a similar profile to the
length of time the vehicles draw power.
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Distribution of Length of Time with a
Vehicle Connected per Charging Event
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Figure 11. EV Project distribution of length of time with
a vehicle connected per charging unit for
residential Level 2 EVSE.
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Figure 12. EV Project distribution of length with a
vehicle drawing power per charging event for
residential Level 2 EVSE.

Distribution of Electricity Consumed per
Charging Event

8
#

. WD
. WE

Percent of
charging events
FEEE

per
(AC kWh)

Figure 13. EV Project distribution of electricity
consumed per charging event for residential
Level 2 EVSE.

The EV Project will continue accumulating both
vehicle and EVSE data, with the first fast
chargers coming on line during FY 2012. As FY
2012 ended, more than three quarters of a million
miles of data was being collected weekly.

Figure 14 is the charging profile for public access
Level 2 EVSE as measured by the number of
vehicles connected as a percent for weekdays and
Figure 15 is the weekend data. It is assumed that
at work, or near work public access charging is
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creating the higher peak in weekday public
charging.
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Figure 14. EV Project percent of all publicly available
Level 2 EVSE with a vehicle connected
during weekdays. Data is in 15-minute
increments for any time in the reporting
quarter.
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Figure 15. EV Project percent of all publicly available
Level 2 EVSE with a vehicle connected
during weekends. Data is in 15-minute
increments for any time in the reporting
quarter.

Figure 16 documents a similar work day peak
profile when vehicles are connected to public
EVSE and start drawing power about 9 a.m. on
weekdays Figure 17 documents the less
significant peak in public charging on weekends.

Time of use (TOU) electric utility billing rates
for residential charging warrants an expanded
discussion. While Figures 9 and 10 clearly show
national peak demand at night as measured in AC
MW, regional residential profiles significantly
highlight TOU rate impacts. Figure 18 shows San
Diego weekday peak demand that is influenced
by the TOU rates that start at midnight. Figure 19
shows similar impacts that also occur weekends.
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Figure 16. EV Project publicly available Level 2 EVSE
charging profile based on energy demand for
weekdays. Data is in 15-minute increments
for any time in the reporting quarter.
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Figure 17. EV Project publicly available Level 2 EVSE
charging profile based on energy demand for
weekends. Data is in 15-minute increments
for any time in the reporting quarter.
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Figure 18. San Diego residential EVSE electric
demand for weekdays.
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Figure 19. San Diego residential EVSE electric
demand for weekends.

A contrast to the San Diego profiles is the
weekday and weekend (Figures 20 and 21),
demand curves for Washington  State.
Washington has relatively low electricity rates
due to its extensive hydropower generation
system. San Diego has more expansive rates, so
incentives to shift demand to midnight is
successful with TOU charging and TOU whole
house rates. In Washington State, there is simply
not the ability to offer much lower rates when
general electricity rates are low to start with.
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Figure 20. Washington State residential EVSE electric
demand for weekdays.
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Figure 21. Washington State residential EVSE electric
demand for weekends.
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Conclusions

11.G.3.

Vehicle deployment is market driven, as is
commercial market enthusiasm and support.

The rate of vehicle sales is lower than original
equipment manufacturers (OEMs) forecasted.

Data collection and
continuously undergoing
reliability and content.
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I1.H. Recovery Act — Strategy to Accelerate U.S. Transition to Electric
Vehicles

Principal Investigator: Mr. Greg Cesiel
General Motors

30001 Van Dyke Avenue

Warren, MI 48090

M/C: 480-210-420

Phone: (586) 575-3670; Email: greg.cesiel@gm.com

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-2335; Email: lee.slezak(@ee.doe.gov

NETL Project Manager: Jason Conley
Phone: (304) 904-7590; Email: John.Conley@netl.doe.gov

[1.H.1. Abstract

Objective
* Opverall Objectives

— The objective of this project® is to develop Extended Range Electric Vehicles (EREV) advanced propulsion
technology and demonstrate a fleet of EREVs to gather data on vehicle performance and infrastructure to
understand the impacts on commercialization while also creating or retaining a significant number of jobs in
the United States. This objective will be achieved by developing and demonstrating EREVs in real world
conditions with customers in several diverse locations across the United States and installing, testing and
demonstrating charging infrastructure.

* FY 2012 Objectives

— In 2012, we continued the project demonstration leveraging the unique OnStar telematics platform, standard on
all Chevrolet Volts, to capture the operating experience that will lead to better understand of customer usage.
The project utility partners continued to install charging infrastructure in order to demonstrate and test
charging infrastructure located in home, workplace and public locations. This provides a better understanding
of installation issues, customer usage and interaction with the electric grid. In 2012, we continued to work
with the Volt owners at the electric utility company participants as the continued to gather data for the
demonstration portion of this project.

Major Accomplishments

* Customer usage of demonstration fleet maintained

* Regular data delivery to Idaho National lab continues

* Quarterly reports continue to be published by Idaho National Lab
» 293 charging stations installed to date

* OnStar smart charging demonstrations continue

» Launch of the Smart Grid APIs (smartgrid.developer.onstar.com)

Future Activities

» Continue smart Charging OnStar demonstrations to exhibit capabilities with various utilities
» Demonstrate Application to show vehicle and home energy consumption at PecanStreet.org subdivision

8 Contract ID# DE-EE0002628
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» Demonstrate initiation of Charge flow based on NFC (Near Field Communication) for an EVSE manufacturer

¢ Initiate PLC smart charging demonstrations
* Initiate battery to grid demonstration

 Fast Charging demonstration with Home Plug Green PHY

« Continue to collect data from demonstration vehicles across the United States

» Utilize first generation vehicle information to refine the technology and enhance adoption of the second

generation technology into the marketplace

[I.LH.2. Technical Discussion

Introduction — Smart Charging

The capability to identify and manage electric
vehicle charging loads through OnStar and
Power Line Communications (PLC) will be
developed and demonstrated. This technology
will support managing interaction with the
electric grid using the current grid infrastructure.

Approach — Smart Charging

OnStar’s task is to design, develop and
implement smart charging to interface with
utility systems.

The PLC portion will design, develop and
implement the interface that enables
communication between a smart meter and the
vehicle.

Results — Smart Charging

Utility control of the Volt was successfully
demonstrated by Duke Energy, DTE, SMUD
and Progress Energy, all program partners. All
participants leverage the Smart Grid APIs
developed under this program to show charge
control using either Rate Table or Demand
Response events signals sent to the vehicle via
OnStar connectivity.

The project team successfully demonstrated
taking a renewable energy signal from PJM and
applying that signal to Google’s fleet of Volts
(25).

Benches were built in order to develop and
demonstrate the PLC portion. The first bench
built was a proof of concept bench, consisting of
a utility and vehicle simulator connected by a
Zigbee smart meter and Zigbee to PLC
Communication Bridge. This setup uses Smart
Energy Profile (SEP) 1.0. A second bench has
been developed using a live Utility interface, or
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simulator, connected through a Zigbee smart
meter and Zigbee to PLC/CAN Communication
Bridge to a vehicle simulator. This setup
provides multiple means of connection to the
vehicle simulator for the Utility to test. The
third bench is currently in development. It will
consist of a live utility connection through a
Zigbee to PLC/CAN Communication Bridge
and connected to a 2011 Volt. For 2012,
communication will use SEP1.0. In 2013 the
hardware and software will be modified to use
SEP 2.0 messaging to control the vehicle.

Introduction — Fast Charging

Charging an EV battery in less than 30 minutes
provides additional opportunities for the
customer to fuel with electricity and increase
petroleum displacement. Fast charging shall
support development of standard electrical and
communication interfaces between the EV and
the charger and increase the understanding of the
vehicle and grid impacts of fast charging.

Approach - Fast Charging

This approach starts with the development of a
standard DC  connection interface and
communication standard for fast charging; this
includes integration of this into a vehicle. From
here, the demonstration period will be utilized to
collect and analyze data to study grid impacts,
vehicle impact, thermal management, charging
profiles, user ergonomics and efficiency.

Results — Fast Charging

The fast charge development team completed
tasks for internal development as well as
standards feedback and development. The fast
charge station development work has been
initiated to switch to the Home Plug Green PHY
interfaces over the control pilot line and is the
proposed  standard for DC  charging
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communication. Both receptacle testing and
plug testing is ongoing.

Introduction — Battery to Grid

The increased demand for stationary energy
storage on the electric grid to enable renewable
energy sources and reduce infrastructure stress
through load management is an opportunity to
extend the usage of automotive batteries. This
task will study the technical challenges of
automotive battery reuse for grid storage and
demonstrate this application.

Approach — Battery to Grid

This task studies the stationary energy storage
requirements and compares them to battery
capabilities following vehicle use. In order to
demonstrate battery to grid functionality, a grid-
tied bidirectional power converter with a battery
pack will be utilized. Communication
requirements for grid to storage systems shall be
developed to provide dispatched power
capability. A demonstration period will collect
and analyze data to study the grid and battery
impacts of bidirectional power flow.

Results — Battery to Grid

Modes of operation have been identified and
defined. Control modes necessary to deliver
grid operating modes have been demonstrated in
the lab. A single stage topology with galvanic
1solation has been demonstrated, and future
areas that need work have been identified.
These areas are in managing voltage spikes
during transition modes and technology
improvements in reverse blocking IGBT’s will
be essential for production viability.  This
project provided experiences necessary for GM
to make decisions on bi-directional power
transfer between batteries and the grid.

[I.H.3. Products

Publications

1. Idaho National Laboratory website; listed
under “General Motors Chevrolet Volt
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Vehicle Demonstration” — aggregated data
report avt.inel.gov/evproject.shtml

Patents

1. To date, this demonstration program has not
generated any subject inventions or made
any related patent filings.

Tools & Data

Driving and charging data is being transferred
from the vehicles via the OnStar telematics to
the OnStar lab. OnStar personnel receive the
data and process it appropriately for transfer to
Idaho National Labs. The following data is a list
of what is collected by OnStar and transferred to
Idaho National Lab:

All trips combined:

® OQpverall fuel economy

® Total number of trips

® Total distance traveled

® Average ambient temperature

® Vehicle maintenance records

Trips in charge depletion mode:

® Fuel economy

® Number of trips

® Percent of trips city/highway

¢ Distance traveled

® Average trip aggressiveness (scale of 0-10)

® Percent of total distance traveled

Trips in both charge depletion and charge
sustaining mode:

® Fuel economy

® Number of trips

® Percent of trips city/highway

¢ Distance traveled

® Average trip aggressiveness (scale of 0-10)

e Percent of total distance traveled
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I.1. Smith Electric Vehicles Medium Duty Electric Vehicle

Demonstration Project

Principal Investigator: Robin J.D. Mackie, President & Chief Technology Officer
Smith Electric Vehicles U.S. Corp.

12200 N.W. Ambassador Drive, Suite 326

Kansas City, MO 64163

Phone: (816) 243-1611,Email: robin.mackie(@smithelectric.com

DOE Technology Development Manager: Lee Slezak

NETL Project Manager: Nicholas D’Amico
Phone: (412) 386-7301; Email: nicholas.damico@netl.doe.gov

In.1.1. Abstract

Objective

The objective of the SEV-US Demonstration Project’ is to obtain performance information from an All Electric
Vehicle (AEV) fleet to accelerate production, reduce costs, enhance the technology, and procure early acceptance
of AEV’s in the US commercial vehicle marketplace.

Smith will demonstrate 510 electric vehicles based on the Newton medium duty platform. The vehicles will be
placed in locations including California, Missouri, Ohio, Michigan, Washington, DC, New York, and Texas. A
Generation I Newton platform will be developed during the project utilizing the performance data collected. The
development of this platform will enable the Company to reduce cost, expand the vehicle range from class 4
through 7, and additional improvements will be made in powertrain and battery technology. It is intended that the
base vehicle platform be applied to both shuttle bus and step-through van applications.

FY 2012 Objectives-

Deploy to customers the remainder of the 510 vehicle fleet.
Continue to expand and upgrade Smith Link providing data to:
NREL

Smith service

Smith engineering

Selected Smith customers.

Sales & Marketing:

Expand the market boundaries to support the overall fulfillment of the DOE objectives through the introduction of
additional launch partners and new Newton platforms- step van, school and shuttle buses.

Continue to establish the Smith brand as the pre-eminent supplier of Zero Emission Electric Commercial
Vehicles,

Continue to develop our route analysis capabilities to provide more comprehensive duty cycle studies enabling
customers to better manage the battery capacity to the required customer applications.

Continue development of Smith’s service capabilities including infrastructure definition, pre delivery training,

vehicle handover and post-deployment driver training and optimization to ensure the customers gain the
maximum benefit from their vehicles.

Operationally:

Expansion of the Smith assembly facility to match demand,

% Contract ID# EE0002614
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* Continued recruitment and cross-discipline training of assembly staff,
» Continued expansion of the service team and resources to meet customer deployment plans,

* Continuous improvement of Gen 2 Newton platform incorporating Smith Power, Smith Drive and Smith Link.

Supply Chain:
» Develop suitable supply chain to support engineering activities, production requirements for Gen 2 systems, cost
down activity and meet “Buy America” criteria.

Engineering:
* Addition of a long wheelbase version of the step van to accommodate the laundry and uniform markets,

* Expansion of Smith Power to augment our 80 kWh battery configuration with 40, 60, 100 and 120 kWh
alternatives allowing Smith to match battery capacity to customer requirements.

» Continued development of the school and shuttle bus platforms,

Quuality:
¢ Obtain final ISO certification.

Finance and Administration:

* Continued development and maturation of internal administrative processes, including strengthening the
enterprise software, building a public company consolidated external financial reporting platform, developing
written internal accounting and operating policies, and adding a dedicated internal audit function.

* Comply with all project reporting requirements for the DOE and ARRA.

Corporate:
* Fund raising to support ongoing development and company growth.

» Develop different and appropriate business relationships to support entry into multiple countries within the global
market where there is identified latent demand for AEVs.

Major Accomplishments

* Deployed to customers 355 vehicles under the Participation Program through September 30, 2012, including the
initial delivery of 25 step vans of a 100 vehicle order. The balance of the order will be deployed by the end of Q1
2013.

» Continued to reliably deliver data to NREL and received back NREL’s initial feedback reports of operating data.

* In collaboration with key customers continued to develop the Smith Link portal, improving reliability and
providing enhanced data internally to both engineering and service teams.

» Developed and trialed prognostic capabilities across the system.

Sales & Marketing:
» Continued to expand the customer base and received significant re-orders from initial launch partners.

* Continued to participate in local, national and international conferences to support awareness creation for
commercial AEV’s.

* In association with our customers we have supported several marketing campaigns and have received significant
media exposure.

Operations:
* In Q2 and Q3 launched our Gen 2 products, incorporating Smith Power, Smith Drive and Smith Link.

* In Q3 completed the introduction of the all-electric stripped chassis in support of the Newton step through
completing delivery of the first 25 units.

* Allowing for the disruption from introducing our Gen2 systems and the stripped chassis, delivered 115 vehicles
into the 510 vehicle project fleet.
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Supply Chain:

Further reduced purchasing and manufacturing costs by additional 5%, and remained on schedule to meet our cost
down goals by 2013.

Transitioned the Smith Drive from our bridge-to-production supplier to the volume production supplier, with
initial production to begin in Q1 of 2013.

Engineering:

Supported launch of Gen 2 systems into production.

Completed development and launch support of the all-electric stripped chassis.

Finalized production specifications for the Newton bus configuration.

Introduced the option of hydraulic brakes for the all-electric stripped chassis.

Continued to improve reliability and efficiency of vehicle sub-systems, including HVAC and air brake systems.

Maintained regulatory compliance and extended the scope on a global basis to include European whole vehicle
approval, and specific requirements for markets including Russia, the Middle East and the Far East.

Quuality:

Received the final ISO 9001 certification in May 2012.

Finance and Administration:

Continued development and maturation of internal administrative processes, including strengthening the
enterprise software, building a public company consolidated external financial reporting platform, developing
written internal accounting and operating policies, and adding a dedicated internal audit function.

Complied with all project reporting requirements for the DOE and ARRA.

Corporate:

Maintained fund raising activities in line with corporate goals.

Submitted revised Form S-1 Registration Statement to the SEC in July and September 2012 in anticipation of an
IPO. However, market conditions led Smith management to delay an IPO and remain a privately funded
company in the near term.

Future Activities

Deliver vehicles to committed customer orders for the balance of the demonstration fleet by February 28, 2013.

Continuously develop Smith Power, Smith Drive and Smith Link, enhancing reliability, efficiency and reducing
cost.

Maintain supplier development and cost down activities to reduce overall vehicle cost by a targeted incremental
23%, improving market competitiveness with traditional ICE commercial vehicles.

Expand Smith Link to support the requirements of the demonstration fleet for the full duration of the project,
ensuring the timely delivery of data to NREL.

Revisit the opportunity to successfully complete the IPO process, and thus obtain long-term public financing.

Development Activities:

Investigation of the application of a hydrogen fuel cell based range extender;

Development of a Smith vehicle-to-grid solution;

Integration of wireless/inductive charging;

Develop application of multi-speed transmission to Smith Drive;

Development of second generation Smith Link hardware, bi-directional communication and vehicle diagnostics.
Support the DOE funded project to develop and apply a non-rare earth electric drive to commercial vehicles.
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I.1.2. Technical Discussion

Introduction

Smith’s overall technical objectives are to
leverage the 80 years of knowledge and
experience of its UK subsidiary within the
electric vehicle market in Europe, and apply it to
the North American marketplace. This activity
can be broken down into two main phases:

Phasel:The homologation of the European
Newton Gen 1 platform to US Department of
Transportation standards to support immediate
production during 2010-2011.

Phase 2: The development of Smith proprietary
driveline, battery and telemetry systems under
the technical sub-brands of Smith Power, Smith
Drive and Smith Link.

The Gen 1 driveline and battery systems were
developed in conjunction with vendor system
providers with the final vehicle integration being
carried out by Smith. By using this approach
Smith limited its ability to influence both cost
and development, suffering from early quality
issues.

It was decided that the experience gained
through the use of these system providers that
Smith should develop its own powertrain,
battery and telemetry systems, thus enabling
greater control over the specification, test and
validation of the new system to improve quality
and reduce warranty issues.

This approach also enables the Company to buy
at the component level and reduce overall
systems costs in line with its goals.

Smith Drive-
System objectives over Genl-

® More efficient drive motor- 150kw

permanent magnet.

® Drive motor and controller to be compatible
with electric gearbox development.
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® Higher speeds- 65 mph.
* Improved gradeability.
® Fully integrated drive controller including

auxiliary inverters for power assisted steering
and brakes.

® Drive motor and controller compatible with
cooling system.

Smith Power-
System objectives over Genl-

In-house development of the Smith battery
management system (BMS) with the following
capabilities [’

® Management of different cell chemistries,

® Support a modular approach to battery pack
sizing,

® Active thermal management.

Modular approach to the mechanical and
electrical integration of cells allowing battery
pack sizes from 40 KWh to 120 KWh.

On-vehicle modular charging strategy to support
differing battery pack configurations.

Smith Link-
System objectives-
* Development of the telemetry unit for vehicular

use, interfacing with Smith Drive and Smith Power
systems,

* Real time collection of over 1200 data points per
second per vehicle,

¢ Secure transmission of the data to in-house server
arrays for post-processing,

* The development of portals to create appropriate
access to vehicular data for use by the following
internal and external customers-

— Smith service

— Smith engineering

— Department of Energy agent NREL
— Customers.
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1.1.3. Products

Existing Products-

Figure 1. Top left - cargo van, Top right - utility truck with lift, Bottom left - refrigerated van (cold plate),
Bottom right - military transport vehicle.

Figure 2. Above - stake bed truck.
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Figure 3. Above - cargo van.

Figure 4. Above - step van.
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Figure 5. Above - School bus.
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Figure 6. Above - Smith Link.
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Figure 7. Above - Smith Drive motor.

Figure 8. Above - Smith Drive motor controller.

Figure 9. Above - Smith Gen 2 cab.chassis.
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Products still in final development/prototype stages-

Figure 10. Above - shuttle bus.

Publications
None.

Patents
None.

Tools & Data
None.
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1.J. Plug-In Hybrid Electric Medium-Duty Commercial Fleet

Demonstration and Evaluation

Principal Investigator: Matt Miyasato

Organization: South Coast Air Quality Management District
Address: 21865 Copley Drive, Diamond Bar, CA 91765
Phone: (909) 396-3249; Email: mmiyasato@aqmd.gov

DOE Technology Development Manager: Lee Slezak
Phone: (202) 586-2335; Email: lee.slezak@ee.doe.gov

NETL Project Manager: Jason Conley
Phone: (304) 285-2023; Email: john.conley@netl.doe.gov

1.J.1. Abstract

Objective

The objective of this program is to successfully migrate plug-in hybrid technology beyond the passenger
car segment through the following:

Develop a production-ready plug-in hybrid electric vehicle system with a high capacity Lithium-lon battery
system for Class 2 and Class 6-8 trucks (10,050 pounds — 33,001 and higher pounds Gross Vehicle Weight).

Establish production at a ship-through facility for commercial assembly and installation of the PHEV systems.

Develop production-ready smart charging capability for vehicle and the supporting charging infrastructure for
these vehicles.

Evaluate technical feasibility and build substantial customer familiarity and interest in a nationwide fleet test and
demonstration program.

Launch system into commercial ship-through production in 2013 with goal of building enough demand for high
volume line production in 2015.

Use project results for system development to optimize performance and reduce costs.

Approach

The program will deploy a combination of VIA Motors Class 2 PHEV pickup trucks, SUVs, and vans;
Quantum Technologies Class 2 PHEV pickup trucks; and Odyne Class 6-8 PHEV aerial trucks. The
precise number of each type of vehicle will depend on the fleet participants’ choice based on
preference, features, and schedule. The nominal nationwide demonstration fleet size is expected to be
280 vehicles.

Major Accomplishments

The program was restructured after the bankruptcy filing announced by Azure Dynamics on March 26, 2012.
Prior to the filing, Azure Dynamics was the technology developer for two of the three PHEV systems that were
intended to be deployed as part of this program. However, their bankruptcy created uncertainty towards their
organization’s future product portfolio and their ability to continue to support the program. Consequently, the
program was restructured to fill the void created by Azure. The restructuring efforts result in VIA Motors and
Quantum Technologies being identified as PHEV drive system suppliers for light-duty trucks, in addition to the
retention of Odyne as the PHEV supplier for Class 6 — 8 work trucks. As of the close of FY 2012, the project
team is still collaboratively working with the DOE to generate a contract modification that would allow the
restructured program to move forward.
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Future Activities

» Complete the contract modification process with the DOE

FY 2012 Annual Progress Report

» Complete validation testing of the PHEV drive systems for VIA, Quantum and Odyne.

» Finalize the legal agreements with the fleet participants

* Field a fleet of 280 PHEV’s

* Analyze the field data to quantify the performance attributes of the PHEV’s along with capturing the user’s

experience

» Complete reporting activities to close-out the project

11.J.2. Technical Discussion

The program will deploy three discrete plug-in
hybrid drive system architectures. These
architectures include a series hybrid developed
by VIA Motors, a parallel hybrid system
developed by Quantum Technologies, and a
worksite dominant hybrid system developed by
Odyne.

The VIA plug-in hybrid system is based on a
series architecture that will retain the stock IC
engine. The transmission is removed and a
generator is directly coupled to the engine. An
electric motor will be attached to a shortened
drive shaft and will have the sole responsibility
for providing the vehicle’s tractive power. The
Front End Accessory Drive (FEAD) will be
modified to run the water pump only. The
following accessories are added: a 42V power
steering system, a high voltage electric HVAC
compressor, and a 12V electric vacuum boost for
the brakes. A large energy battery pack is used
to provide fuel displacement during traction
events. An overview of the VIA PHEV system is
shown in Figure 1.

Production

Engine Battery

Pack

Generator
Figure 1. VIA Series Hybrid.

The VIA system will be comprised of:

e GM 4.8L V6 gasoline engine

e High energy Lithium-Ilon battery by
A123 (24.4 kWh)
Blended regenerative braking

e Capability to provide traction power and
cab comfort independent of the IC engine

e On-board charger (>6 kW)

e Charging — Level 1 (120 VAC) and
Level 2 (240 VAC)

o Electrified accessories (steering, brakes,
and HVAC)

e Export power (up to 5 kW, 120 VAC, 60
Hz)

e Approximately 35 miles of all-electric
driving range

e Atleast 300 miles of total range

e Charge time of approximately 4 hours
(Level 2)

Quantum’s PHEV system is based on parallel
hybrid architecture. The Quantum hybrid
configuration is a post-transmission architecture
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that integrates the electric machine into the
transfer case. The gearbox after the transmission
is removed and replaced with a newly designed
proprietary gearbox integrated with an electric
motor. The Front End Accessory Drive (FEAD)
will be modified to run the water pump only.
The following accessories are added: a high
voltage electric HVAC compressor, and a 12V
electric vacuum boost for the brakes. The power
steering is the production 12V electric system. A
large energy battery pack is used to provide fuel
displacement during traction events. An
overview of the Quantum plug-in hybrid system
is provided in Figure 2.

150 kW

Hybrid Control 2.2kW DC-DC 150 kW Inverter 3kw

Unit Converter

Charger
2 p

Figure 2. Quantum Parallel Hybrid System.

The Quantum system will be comprised of:

* Ford 3.7L V6 gasoline engine

* High energy Lithium-Ilon battery by Dow
Kokam (21.4 kWh)

* Blended regenerative braking

»  Capability to provide traction power and
cab comfort independent of the IC engine

e On-board charger (3.3 kW)

* Charging — Level 1 (120 VAC) and
Level 2 (240 VAC)

* Electrified accessories (steering, brakes,
and HVAC)

*  More than 30 miles all electric range

* Atleast 300 miles of total range

*  Charge time less than six hours with
Level 2

The Odyne PHEV system is based on a parallel
hybrid architecture that interacts with the drive
train through the transmission’s power take-off.
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The stock powertrain is not modified, but
augmented with a through-shafted 60 kW
continuous motor which drives the PTO from one
side and a hydraulic pump on the other side. A
large energy battery pack (~28 kWh) is used to
provide fuel displacement during traction events
as well as electrifying the jobsite use of the
hydraulic devices. An overview of the Odyne
system is provided in Figure 3.

A Electric Power
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qu pmer& bund Motor |-+ System =1 Charging

__1N = e
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| _ Stock Engine
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Figure 3. Odyne Hybrid Architecture.

These hybrid systems will be deployed on a
nationwide basis, largely amongst utility fleets.
The demonstration and evaluation program
combines daily fleet field trials with controlled
testing and a comprehensive, accelerated battery
durability test plan. Each vehicle is equipped
with a telemetry system for data capture and a
strong focus on rigorous data analysis is planned
to understand and optimize performance and to
reduce system costs. Vehicles are projected to be
capable of intelligent, flexible charging through
smart metering infrastructure or other gateways
to the utility system and will be compliant with
both SAE J1772 and J2836 charging standards.
It is planned that a sub-set of each of the three
vehicle types will be tested by a third party. It is
expected the vehicle deployments will conclude
around Q4 of 2013, with the evaluation period
being completed by Q4 of 2015.

11.J.3. Products
Publications - None
Patents - None

Tools & Data - None
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SUPERTRUCK

I1.K. Technology and System Level Demonstration of Highly Efficient
and Clean, Diesel Powered Class 8 Trucks

David Koeberlein

Cummins Inc.

PO Box 3005

Columbus, IN 47201-3005

Phone: (812) 377-5285; Email: david.e.koeberlein@cummins.com

DOE Technology Development Manager: Roland Gravel
Phone: (202) 586-9263,; Email roland.gravel@hq.doe.gov

NETL Project Manager: Ralph Nine
Phone: (304) 285-2017; Email ralph.nine@netl.doe.gov

.K.1. Abstract

Objectives
* Objective 1:

— Engine system demonstration of 50% or greater brake thermal efficiency in a test cell at an operating condition
indicative of a vehicle traveling on a level road at 65 mph.

* Objective 2

— a: Tractor-trailer vehicle demonstration of 50% or greater freight efficiency improvement (freight-ton-miles
per gallon) over a defined drive cycle utilizing the engine developed in Objective 1.

— b: Tractor-trailer vehicle demonstration of 68% or greater freight efficiency improvement (freight-ton-miles
per gallon) over a defined 24 hour duty cycle (above drive cycle + extended idle) representative of real world,
line haul applications.

* Objective 3:

— Technology scoping and demonstration of a 55% brake thermal efficiency engine system. Engine tests,
component technologies, and model/analysis will be developed to a sufficient level to validate 55% brake
thermal efficiency.

FY 2012 Objectives

* Complete a demonstration of a 50% thermal efficient engine system.

* Complete the build of the 50% freight efficiency demonstration vehicle.

» Complete vehicle component development tests to be used in the demonstrator vehicle.
» Complete WHR vehicle cooling system development tests.

Accomplishments
* Demonstrated the interim milestone of 50% or greater BTE with a combination of hardware demonstration and
simulation of optimized components.

* Vehicle cooling testing with a fully integrated waste heat recovery system, demonstrating the recovery and fuel
economy improvements.

* Completed build and initial testing of the higher cylinder pressure capability, low pump parasitic engine.

* Completed aerodynamic aid hardware fabrication and follow-on testing of this hardware to correlate with
analytical results.
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» Completed design and build of the demonstrator #1 vehicle.

* Completed the on-vehicle integration of the intelligent electronic modules’ comprising the road load management
and cycle efficiency manager systems’; conducted initial system calibration and vehicle tests.

* Completed build and initial development testing of the advanced heavy duty transmission.

» Completed the installation and vehicle start-up and initial load testing of the solid oxide fuel cell auxiliary power

unit on the demonstrator #1 vehicle.

Future Directions

+ Complete the 50% freight efficiency vehicle demonstration testing.

* Analysis and targeted testing of technologies for achievement of a 55% thermal efficient engine.

* Complete the build of the 68% 24hr freight efficiency demonstration vehicle.

I1.K.2. Technical Discussion
Introduction

Cummins Inc. is engaged in developing and
demonstrating ~ advanced  diesel engine

technologies to significantly improve the engine
thermal efficiency while meeting US EPA 2010
emissions. Peterbilt Motors is engaged in the
design and manufacturing of heavy duty class 8
trucks.

Together, Cummins and Peterbilt provide a
comprehensive approach to achievement of a
68% or greater increase in vehicle freight
efficiency over a 24 hour operating cycle. The
integrated vehicle demonstration includes a
highly efficient and clean diesel engine with 50%
or greater brake thermal efficiency including
advanced waste heat recovery, aerodynamic
Peterbilt tractor-trailer combination, reduced
rolling resistance tire technology, advanced
transmission, and an efficient solid oxide fuel cell
APU for idle management. In order to maximize
fuel efficiency, each aspect associated with the
energy consumption of a Class 8 tractor/trailer

vehicle will be addressed through the
development and integration of advanced
technologies.

In addition, Cummins will scope and demonstrate
evolutionary and innovative technologies for a
55% BTE engine system.

Approach

Cummins and Peterbilt’s approach to these
program objectives emphasizes an analysis led
design process in nearly all aspects of the
research. Emphasis is placed on modeling and
simulation results to lead to attractive feasible
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solutions. Vehicle simulation modeling is used
to evaluate freight efficiency improvement
technologies. Technologies are evaluated
individually along with combination -effects
resulting in our path to target measure of program
status and for setting program direction.

Data, experience, and information gained
throughout the research exercise will be applied
wherever possible to the final commercial
products. We continue to follow this cost-
effective, analysis-led approach both in research
agreements with the Department of Energy as
well as in its commercial product development.
We believe this common approach to research
effectively shares risks and results.

Results

® Demonstrated the interim milestone of 50% or
greater BTE with a combination of hardware
demonstration and simulation of optimized
components. The demonstration engine was
based on the Cummins 15 liter [ISX with SCR
aftertreatment and waste heat recovery
(WHR) system. The demonstration engine
showed approximately a 20% reduced friction
compared to the current production ISX15
engine. The engine exhibited an improvement
in gross indicated efficiency compared to the
baseline engine, and a modest improvement in
open-cycle efficiency. Waste heat recovery
reduced fuel consumption in the range of 4-5

percent.
The demonstration engine with the WHR
system combined with AT fueling

improvements resulted in an effective BTE of
49.0%; the estimated engine-only brake
thermal efficiency from the system is 46.3%
BTE. The engine system also showed
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compliance with current prevailing SET
emissions requirements of 0.2 g/bhp-hr. The
engine was operated at the 13 SET modes,
and the cycle-weighted SET emissions were
0.08 g/bhp-hr system-out.

The WHR system tested low global warming
potential working fluid (GWP) with results
indicating a 0.2% system BTE improvement.
Testing was terminated due to a leak that
resulted in losing the fluid; additional
replacement fluid was not available at the
time. The above results do not include these

observed low GWP fluid formulation
benefits.
® Multiple WHR equipped vehicles are

operating in test conditions. The vehicles
have each completed cooling tests in a
Modine climactic tunnel to understand WHR
system performance on-vehicle in varying
ambient and various applied heat loads.

A key objective included generating cooling
module performance data to validate analysis
and assist in condenser development. The
critical question sought during the testing was
“is the WHR condenser capacity sufficient to
reject the WHR system’s highway cruise heat
rejection without cooling fan assist?” Also,
data was collected to help with understanding
of this cooling modules capacity at other
ambient temperatures and vehicle velocities.

Results of an 85 degree F ambient condition,
fan off and 300hp engine output, the WHR
achieved 15hp of recovered power, 5%
recovery. This result validates a key design
point of the cooling module that the cooling
module the capacity of rejecting WHR heat at
greater than the highway cruise power point
without fan assist.

The build of the integrated Demo 1 truck
including a higher efficiency WHR equipped
engine, an advanced transmission and a solid
oxide fuel cell (SOFC) was completed. Over
the course of 3 days, the truck ran down the
production assembly line to complete its
build. Over the next several weeks, custom
completion and charging of the WHR system,
installation and tests of the battery system and
the SOFC were completed. The truck was
driven bobtail on local Denton, Texas roads to
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evaluate the advanced transmission. The
truck was delivered to Cummins, in
Columbus, IN  for calibration and
development of engine, WHR and route
management systems. In late August, Demo 1
returned to Denton for upfit of the truck and
trailer aero package, tires, and wheels and
along with additions for fuel economy test
equipment.

Truck and trailer aero aid fabrications were
completed and initial truck on-road
evaluations completed. A Model 587/trailer
combination was equipped with design intent
in preparation for freight efficiency testing.
The 65,000 1b ballasted truck with current
production super single tires system achieved
a 28% fuel economy improvement over the
baseline 2009 Model 386 with a standard
trailer.

A Fuel cell APU unit was re- installed and
drive tested with full wvehicle electrical
system’s functional, development issues
found were remedied in preparation to be
available for truck testing. A functional
SOFC APU was initially installed on the
Demo 1 truck in May2012 for truck interface,
start, and run evaluation. Following
successful on-truck trials, the unit was
replaced by a non-functional unit and returned
for upgrades to replace the desulfurization
subsystem with a bypass tube. Rebuild of the
system was completed and underwent sulfur
conditioning, calibration, and testing. The
unit continues to show good performance in
idle fuel consumption, noise level and cool
down time but recent output and efficiency
have suffered in the sulfur-conditioned
configuration. An increase in both internal
stack temperature and parasitic electrical
loads are the general causes for decreased
peak power and efficiency.

The exterior noise level at all recording points
was below the 65dBA target. Measurements
inside the cab were less than 50 dBA. The
rebuilt unit was re-installed on the Demo 1
truck and will undergo future system level
testing.

The advanced transmission was initially built
in Nov 2011 and since then has been
undergoing numerous development tests. The
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transmission has been subjected to shift tests,
full load dyno, lube and cooling tests and
installed in a mule truck completing mileage
accumulation tests.  Shift calibration and
software development has been a critical
focus of attention, with progressive
improvements are being reported with focused
jury evaluation vehicle trials. The Demo 1
truck was initially built with the transmission
and enabled demonstration of the
improvements the transmission will bring to
the vehicle, including marked improvements
to downsped engine driveability. The
transmission has since been completing

FY 2012Annual Progress Report

parallel development tests in lab and vehicle
environments.

® A vehicle power train system analysis is a tool
to evaluate freight efficiency improvements.
The path to target roadmap study involved an
analysis of various power train component
changes, including both hardware and control
algorithms, with their resulting freight
efficiency impacts. Figure 1 shows the path
to target roadmap for both the drive cycle
50% improvement and 68% improvement on
the 24hr cycle. This figure also shows current
expected status toward both objectives of 68%
and 80% respectively, we have determined
uncertainty in these values of +/- 5%.
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Figure 1. Path to Target Roadmap.
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Conclusions

The SuperTruck Engine and Vehicle System
Level Demonstration of Highly Efficient and
Clean, Diesel Powered Class 8 Truck program
has successfully completed the second year of the
four year program. The following conclusions
have come from the second year:

® Vehicle power train system analysis shows
path to achievement of program freight
efficiency goals.

* Demonstrated the interim milestone of 50% or
greater BTE with a combination of hardware
demonstration and simulation of optimized

components.
Freight Efficiency Roadmap and Status

¢ The build of the integrated Demo 1 truck
including a higher efficiency WHR equipped
engine, an advanced transmission and a solid
oxide fuel cell (SOFC) was completed

®* Waste heat recovery vehicle cooling tests
were conducted with fan-off system
performance and system power recovery
demonstrating results as expected from
analysis.

® Truck and trailer aero aid fabrications were
completed with initial truck on-road
evaluations showing a 28% improvement.

.K.3. Products

FY 2012 Publications/Presentations

Journal Paper Submissions:

1. Karla Stricker, Lyle Kocher, Dan Van
Alstine, Input Observer Convergence and
Robustness: Application to Compression
Ratio Estimation, IFAC Control Engineering
Practice, 3/5/2012

2. L. Kocher, E. Koeberlein, K. Stricker, D.G.
Van Alstine, and G.M. Shaver, Control-
Oriented Gas Exchange Model for Diesel
Engines Utilizing Flexible Intake Valve
Actuation, J. of Dyn. Sys., Meas., and
Control, 10-24-2011

3. L. Kocher, K. Stricker, E. Koeberlein, D.V.
Alstine, and G.M. Shaver, In-cylinder
Oxygen Fraction Estimation for Diesel
Engines Utilizing Flexible Intake Valve
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Actuation, IEEE Trans. on Control Systems
Technology, 11-21-2011

Conference papers and presentations:

1. Dan Van Alstine*, Lyle Kocher, Ed
Koeberlein, Karla Stricker, and Gregory M.
Shaver, Control-Oriented PCCI Combustion
Timing Model for a Diesel Engine Utilizing
Flexible Intake Valve Actuation and Higher
EGR Levels, presented at the 2012 American
Control Conference, 6/2012.

2. Karla Stricker*, Lyle Kocher, Ed
Koeberlein, Dan Van Alstine, and Gregory
M. Shaver, Effective Compression Ratio
Estimation in Engines with Flexible Intake
Valve Actuation, presented at the 2012
American Control Conference, 6/2012.

3. Lyle Kocher*, Karla Stricker, Dan Van
Alstine, Ed Koeberlein, and Gregory M.
Shaver, Oxygen Fraction Estimation for
Diesel Engines Utilizing Variable Intake
Valve Actuation, presented at the 2012
American Control Conference, 6/2012.

4. Lyle Kocher, Karla Stricker, Dan Van
Alstine, and Gregory M. Shaver, Robust
Oxygen Fraction Estimation for Diesel
Engines Utilizing Variable Intake Valve
Actuation, submitted 3-12-2012 to IFAC
Workshop

5. Karla Stricker, Lyle Kocher, Dan Van
Alstine, and Gregory M. Shaver, Guaranteed
Convergence of a High-Gain Input Observer
Robust to Measurement Uncertainty:
Application to Effective Compression Ratio
Estimation, submitted 3-12-2012 to IFAC
Workshop

6. David Koeberlein, Cummins SuperTruck
Program, Technology Demonstration of
Highly Efficient Clean, Diesel Powered
Class 8 Trucks, 2012 DEER conference.

7. Lyle Kocher, Estimation and Control of
Diesel Engine Processes Utilizing Variable
Intake Valve Actuation, 2012 DEER
conference.

Special Recognitions & Awards/Patents
Issued

NONE
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Acronyms
APU — Auxiliary Power Unit

WHR — Waste Heat Recovery

CFD — Computation Fluid Dynamics

BTE — Brake Thermal Efficiency

EGR — Exhaust Gas Recirculation

SOFC — Solid Oxide Fuel Cell

PSAT - Powertrain System Analysis Toolkit
SCR - Selective Catalytic Reduction
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Il.L. Systems Level Technology Development and Integration for
Efficient Class 8 Trucks

Principal Investigator: Derek Rotz (Vehicle)
Daimler Trucks North America LLC

Mailcode POC-AE

4747 North Channel Avenue

Portland, OR 97217

Phone: (503) 746-6303; Email: Derek.Rotz@Daimler.com

Principal Investigator: Kevin Sisken (Engine)
Detroit Diesel Corporation

HPC A4-08

13400 Outer Drive West

Detroit, MI 48239-4001

Phone: (313) 592-5815; Email: Kevin.Sisken@Daimler.com

DOE Technology Development Manager :Roland Gravel
Phone: (301) 938-3347; Email: roland.gravel@ee.doe.gov

NETL Project Manager: Carl Maronde
Phone: (412) 386-6402; Email: Carl. Maronde@netl.doe.gov

I.L.1. Abstract

Objective
» Overall Objectives

— Demonstration of a 50% total increase in vehicle freight efficiency measured in ton-miles per gallon (at least
20% improvement through the development of a heavy-duty diesel engine)

— Development of a heavy-duty diesel engine capable of achieving 50% brake thermal efficiency on a
dynamometer under a load representative of road load

— Identify key pathways through modeling and analysis to achieving a 55% brake thermal efficient heavy-duty
diesel engine

* FY 2012 Objectives

— Experimental demonstration of technology building blocks that achieve 25% vehicle freight efficiency
improvement on a systems level.

— Experimental demonstration of technology building blocks that achieve 46% engine brake thermal efficiency.

Approach

» Technologies were individually designed, installed on vehicles on a system level and on-highway fuel economy
tests were conducted.

* Aerodynamic systems for the tractor and trailer were tested in a scale model wind tunnel and correlated with
Computational Fluid Dynamics (CFD)

Major Accomplishments

* Phase 3: Preliminary System Prototypes
— Powertrain Integration Testing: tires, axle configuration and lubrication management = 7.5% FEI
— Lightweight Testing: Frame design and materials, chassis components = 5% FEI
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— Energy Management Testing: Idle reduction and predictive technology controls = 3.5% FEI

— Parasitic Losses Testing: Clutched air compressor and electronic air controls = just under 1% FEI

— Aerodynamics Testing: Tractor-trailer aero improvements in wind tunnel & CFD = 10% FEI combined

Future Activities

* Phase 4: Target System Optimization

— Optimize vehicle systems to reach efficiency targets including SuperTruck integration

» Phase 5: SuperTruck Buildup

— Build and test final SuperTruck vehicle to demonstrate 50% vehicle freight efficiency

| 2010 | 2011 2012 2013 2014 2015
Quality Gates Supertruck @
10G3 10G: [e'ch) 1060
ISR R ARE I SRR N SRR S R R AR 2 T IR R AN L X P N SN L RS
Baseline Evaluation 7 Supsriruc Targets Set (hasis for Phase 2 PON decision)
|
Concept Creation &
Theoretical Analysis SuperTruck Shartict Defined
‘ 7////////////////////////////‘/ﬂ-I Early Decision Points
Preliminary System Prototypes - ¥ Supertruck Specification Gompiete (target conficts resoived)
vlllZzzzZ7 |
| |
Target System Optimization ¥ Supertruck Design Gompiete
‘ ‘ Z lH%WW-I
Super Truck Buildup Stpertrickbrogrem Complete
W ||| 2 7z
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Final Report ‘ ‘ | Submit Fins! S‘f-snbﬁ:l/.*ﬂfnrv:a‘ epor
Figure 1. SuperTruck Project Schedule.
[l.L.2. Technical Discussion to be included in the final SuperTruck
demonstrator.
Introduction

SuperTruck is a 5 year research and development
program with a focus on improving diesel engine
and vehicle efficiencies. The objective is to
develop and demonstrate a class 8, long haul
tractor-trailer which achieves a 50% vehicle
freight efficiency improvement (measured in ton-
miles per gallon) over a best-in-class 2009
baseline vehicle. The engine for the SuperTruck
program will deliver 50% brake thermal
efficiency.

Approach

In FY 2012, SuperTruck completed the second
phase and entered the third phase of the program.
The phase 2 approach entailed modeling
simulation and analysis of various vehicle
technologies and concepts which resulted in the
specification of major systems and components
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Phase 3 activities encompass the detailed design,
installation and testing of technologies on a
system level by conducting on-highway fuel
economy tests. In this phase the program target
of experimentally demonstrating 25% vehicle
freight efficiency was successfully reached. In
parallel the engine target of 46% brake thermal
efficiency was reached by means of
dynamometer tests.

Installation of vehicle systems occurred on two
‘Tinker’ Trucks, from which basic functionality,
performance and fuel economy tests were
conducted. One truck is equipped with an A-
sample hybrid electric powertrain and high
voltage electric HVAC system. The second truck
has installed powertrain/drivetrain systems along
with auxiliary systems which were optimized for
efficiency.
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Hybrid Tinker' Truck

Powertrain & Parasitics ‘Tinker' Truck

Figure 2. ‘Tinker’ Trucks used for functional and Fuel
Economy Tests.

Several SAE Fuel Economy tests were conducted
on numerous systems, spanning powertrain
drivetrain, auxiliary components, idle reduction,
and control systems. Furthermore aerodynamics
testing was accomplished via scale model wind
tunnel testing and Computational Fluid
Dynamics. Lastly prototype lightweight chassis
component were built and tested for strength and
stiffness.

Results

The figure below illustrates the aggregate results
to date. As can be seen the 25% vehicle freight
efficiency target was exceeded with an aggregate
total of 27% improvement measured.

Freight Efficiency Improvement %
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Figure 3. Experimental Freight Efficiency results to
date.
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Conclusions

The analysis in phases 1&2 provided a
technology path that when implemented and
tested will demonstrate the overall 50% freight
efficiency target and 50% engine brake thermal
efficiency. Phase 3 builds upon these results
through the design, implementation and on-
vehicle testing of systems which met the interim
program target. The SuperTruck Program is on
track towards reaching its overall goal and the
vehicle design is scheduled to be completed at
the end of phase 3 in Q2, 2013. Similarly, engine
sub-system specifications are being defined and
components procured to be tested at system level
prior to the overall integration of technologies for
meeting the overall goal of 50% brake thermal
efficiency.

I1.L.3. Products

Publications

1. Sisken, Kevin: "Super Truck Program:
Engine Project Review Recovery Act —Class
8 Truck Freight Efficiency Improvement
Project", Project ID:ACE058, DoE Annual
Merit Review, May 17, 2012

2. Rotz, Derek: "Super Truck Program: Vehicle
Project Review Recovery Act —Class 8
Truck Freight Efficiency Improvement
Project", Project ID ARRAVT080, DoE
Annual Merit Review, May 17, 2012

Patents
1. None
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II.M. Volvo Energy Efficient Vehicle — SuperTruck

Principal Investigator: Pascal Amar
Volvo Technology of America

7825 National Service Road

Mail Stop: AP1/3-41

Greensboro, NC 27409

E-mail: pascal.amar@volvo.com

DOE Technology Development Manager: Roland Gravel
NETL Project Manager: Ralph Nine

[I.M.1. Abstract

Objective

Overall objectives

— Reduce friction and parasitic losses to improve overall fuel efficiency

Reduce fuel use during long haul driving cycle

Reduce fuel use during ‘hotel mode’

Reduce curb weight of complete vehicle

— Optimize energy usage in the complete vehicle

FY 2012 Objectives

— Implement first set of advanced components on a test vehicle for testing

— Evaluate key technologies on road to refine choice of concepts for final demonstration

Major Accomplishments

A drag reduction of 23% using trailer add-on devices was identified through CFD simulations. Full scale
prototypes were built and installed on a truck, which confirmed the expected 11% fuel consumption reduction
through on-road testing.

A complete body-in-white (BIW) side assembly was built with aluminum outer panels and successfully tested for
coating and thermal properties. We expect to reduce cab weight by 15% compared with the MY2009 tractor.

A new roof concept was defined, which is expected to reduce weight and cost by structural simplification. A
prototype will be built by the end of the year.

Prototype tractor headlamps using energy efficient LED lights were designed, fabricated and successfully tested
during the calendar year. A new lighting system for the trailer consisting of light-gauge harness and LightForm
LED film was developed, installed and tested.

Virtual installation of the new powertrain in the test chassis is complete, and hardware procurement has begun in
preparation for the build at the end of the year.

The Waste Heat Recovery (WHR) system is being calibrated on the new engine, and is capable of operating
closed-loop.

Future Activities

Correlate CFD results of complete vehicle aerodynamic performance with full scale vehicle test results for
aerodynamic drag evaluation

Install the new powertrain system including new combustion components and waste heat recovery sub-system in
a test chassis for on-road testing and verification

Build and install lightweight sleeper cab and roof on test vehicle for further evaluation
Determine concepts to include in final demonstration vehicle
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[I.M.2. Technical Discussion

Introduction

Aerodynamic drag force accounts for the major
part of the tractive load of a vehicle-trailer
moving at highway speeds, and must be reduced
in order to improve complete vehicle efficiency.
The project team is investigating ways to
increase the aerodynamic performance of
standard trailers, and optimize tractor design with
regard to shape and contour to reduce
aerodynamic drag and provide a smooth interface
to the trailer.

Reducing the weight of the vehicle directly
benefits the freight efficiency of a long-haul
truck. New materials are therefore evaluated to
provide maximum weight reduction without
sacrificing structural integrity, safety, durability
Or ergonomics.

Another key contributor to freight efficiency is
the efficiency of the powertrain. We are therefore
exploring various solutions to improve the
combustion process, recover energy which would
otherwise be rejected in the form of heat, and
reduce friction losses in the complete driveline in
order to maximize the amount of energy which
actually contributes to moving freight.

Such changes to the driveline will impact
packaging and heat rejection. Therefore the
installation, cooling and venting concepts need to
be modified to provide optimum vehicle
efficiency.

Earlier studies have shown that auxiliary devices
account for 5-7% of the total fuel consumption.
The Volvo SuperTruck team is designing a
complete energy-balancing system to optimize
the trade-off between mission performance and
energy consumption. A new high-efficiency
lighting system will help reduce electrical
consumption of the complete truck. The reduced
power requirements will also enable redesign of
some components for lighter weight and/or lower
air resistance.

Field data shows that some long haul fleets idle
as much as 40% of vehicle operating time. In
order to address the efficiency of long-haul
trucks under their complete operating cycle it is
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crucial for long-haul applications to address
energy use during idling time.

Approach

The Volvo team wuses its complete vehicle
simulation capabilities to support the SuperTruck
concept selection. It consists of models of the
truck concept, which consist of the sub-models
for the wvehicle, driver and the road and
environment. Each of these sub-models is further
built from its component models in a modular
form. This platform provides a quantitative
insight into potential interactions between vehicle
systems, allowing the development of a
completely integrated vehicle.

Many new component models need to be
developed to represent the new technologies that
are considered in the SuperTruck project.
Significant progress was made in this area,
primarily with the addition of thermal modeling
of the engine and exhaust aftertreatment systems
to support the new Waste Heat Recovery models.

There are a large number of possible Waste Heat
Recovery (WHR) system configurations. A
detailed comparison of the possibilities
concluded that a system layout comprised of an
EGR heat exchanger in parallel with an exhaust
stack heat exchanger was best suited for the
SuperTruck long-haul truck application. The
energy captured is transferred back to the
driveline through a piston expander.

Complete vehicle CFD simulations are used to
balance the conflicting requirements of increased
heat  rejection and  improved  tractor
aerodynamics. The complete test truck was
scanned to ensure accuracy of the geometries
modeled, and the simulated coefficient of drag
was confirmed with road test data collected with
the same truck. CFD simulations are also used to
identify the most effective geometries of add-on
devices to improve the aerodynamic performance
of the trailer. Freight Wing then produces
prototypes which are installed on a trailer for full
size road testing to validate the improvements
predicted by simulations. Each device is then
optimized virtually to deliver a final geometry
that will be fabricated and field tested for
operational effectiveness. The same approach is
taken to improve the shape of the tractor in order
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to reduce the coefficient of aerodynamic drag of
the complete vehicle.

A study was completed for a lightweight
Cab/Sleeper concept, which combines a stainless
steel frame and aluminum skin. The complete cab
should be approximately 15% lighter than its
baseline. Several assemblies were built at our
Cab plant in Virginia, with varying methods of
attaching the skin to frame to evaluate their
performance with regards to coating and thermal
expansion.

A new lightweight roof concept is also being
investigated and is in the process of prototyping.
The material options for a light weight truck roof
consist primarily of long and continuous glass
fiber roll goods primarily in dry form. Carbon
fiber is potentially an option but the cost is much
higher than glass fiber. Another way to achieve it
in a cost effective manner is by structural
simplification. This will yield a lighter
component as well as reduce the parts count and
eliminate assembly steps.

The SuperTruck demonstrator will be equipped
with state-of-the art low friction tires which the
team will select from existing suppliers and
industry partners. The team will further reduce
the rolling resistance of the complete vehicle by
optimizing synthetic lubes for axles and
transmission, as well as using improved bearings
for axles and wheel ends.

The team has deployed efficient LED lights for
both interior and exterior lighting to further
reduce the energy consumption of the vehicle.
The trailers’ exterior lighting uses Grote’s
LightForm technology to replace incandescent
bulbs and fixtures, and a new set of LED
headlamps was designed, built and tested during
this fiscal year.

In order to reduce energy usage during idling, the
team will develop an energy management system
that shuts down the main engine after parking,
and utilizes the most efficient energy source /
storage system to power typical Hotel Mode
loads. Volvo will also introduce energy saving
materials, like better thermal insulation and
reflective  coating to  minimize power
requirements when the truck is parked, while
creating a more comfortable climate for the
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driver. This study also includes alternative
solutions for energy storage.

In order to reduce driver impact on the efficiency
of the complete vehicle, the Volvo team plans on
implementing advanced driver assistance
solutions for powertrain, and controls optimized
for best fuel economy and safety based on
preview information. Telematics will also be
investigated as a mean to improve transport
efficiency.

Results

The front cooling package was redesigned to
include low temperature radiators for the Waste
Heat Recovery system, and several solutions
were identified using CFD simulations to
increase or maintain airflow through the radiators
while improving cab front end aerodynamics.

A lightweight trailer was built to be used as a test
platform for aerodynamic devices and innovative
lighting technologies. It was delivered in March
2012 and has been used for road testing of
several iterations of aerodynamic geometries and
lighting components.

The initial geometries of trailer add-on devices
resulted in a fuel consumption reduction of over
11%, which confirmed the simulated impact on
aerodynamic drag reduction. These geometries
were further optimized and could yield an
additional 3% fuel savings; the main areas of
improvement were the side skirt height, the tail
piece length, angles and location of the bottom
panel, and the tapering of the side skirts at the
back of the trailer. The final design for these
trailer add-on devices has been completed and
prototypes are being built in preparation for fuel
economy validation road testing later this year.
The focus of the simulation effort has now
shifted to the first iteration of tractor
aerodynamic design enhancements, including the
optimization of the tractor side skirts in
conjunction with the optimized trailer. The initial
CFD simulations show a potential for 2%
reduction in aerodynamic drag.

The results from lightweight Cab/Sleeper test
assemblies were applied to a full Body in White
prototype build, which was successful and
allowed the team to move directly to the design



Industry Supertruck

phase of the concept truck, approximately
6 months ahead of the original schedule.

A prototype roof based on the simpler structural
design described above is planned to be
fabricated before the end of the year. The master
model was completed and an A surface mold is
now complete to produce a first prototype.

The Waste Heat Recovery system was installed
on the new engine for calibration and
optimization. The system is now capable of
operating closed-loop, and it will be installed in a
chassis later this year for further evaluation.

The very complete vehicle model has allowed the
team to identify the target areas for improvement,
and to predict the impact of vehicle
improvements on the operating requirements of
the complete powertrain. For example, Figure 1
below shows the predicted effect of reduced
friction and aerodynamic drag on exhaust
aftertreatment system temperatures.

—Baseline

—Concept #1 Concept #2

SCR out Temperature (oC)

200
8000 28000

Distance (m)

48000

Figure 1. Simulated SCR out temperature.
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The complete vehicle model for the baseline
truck was thoroughly validated using road test
data collected with the baseline truck during the
reporting period.

Conclusions

During this fiscal year the Volvo SuperTruck
team has focused on building and testing the
various concepts identified at the beginning of
the project. This comprehensive evaluation
delivered the data and knowledge needed to
verify assumptions made when developing the
project’s  roadmap.  Simultaneously, new
analytical tools and methods needed to support
the upcoming challenge of complete vehicle
integration and optimization were put in place.
These products are critical in securing that the
team continues into the next phase of the project
with the right focus. The next fiscal year will see
the selection of a complete vehicle concept for
the final demonstrator, and the continued
improvements to key components based on this
past year’s testing and verification efforts.
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I1. LAB & FIELD VEHICLE EVALUATIONS

LAB & FIELD EVALUATIONS (LIGHT DUTY)

IHI.A. Advanced Vehicle Testing Activity — Light Duty Field and
Laboratory Testing

Principal Investigator: James Francfort

Idaho National Laboratory

P.O. Box 1625

Idaho Falls, ID 83415-2209

Phone: (208) 526-6787; Email: james.francfort@inl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak@ee.doe.gov

.A.1. Abstract

Objective
» Continue to provide to DOE, OEMs, taxpayers and other stake holders, fully independent, benchmarked feedback
on DOE technology investments.

* Benchmark grid-connected plug-in electric drive vehicles (PEV) and hybrid electric drive vehicles to determine
the contribution PEV and HEV technologies can make to reduce petroleum consumption in the United States.

» Benchmark individual PEV and HEV models from original equipment manufacturers (OEMs).
» Reduce the uncertainties about PEV and HEV performance, and most importantly, battery performance and life.
* Reduce the uncertainties about drivers’ recharging practices and PEV acceptance.

* Provide PEV and HEV testing results to the U.S. Department of Energy (DOE), vehicle modelers and designers,
technology target setters, and industry stakeholders.

* Provide PEV and HEV testing results to fleet managers and the general public to support their acquisition and
deployment decisions.

Approach

* Document via various testing methods real-world fuel use over various trip types and distances.
* Report liquid and vapor fuel use, and electricity use separately.

* Document PEV electric vehicle supply equipment (EVSE) and fast charger performance (profile and demand),
charging times, and infrastructure needs, as well as operator behavior impact on charging times and frequencies.

* Document any environmental factors, such as temperature and terrain that impact PEV and HEV fuel
consumption.

» Use published testing specifications and procedures developed by the AVTA that are reviewed by industry,
national laboratories, and other interested stakeholders.

* Obtain access to Plug-in Hybrid Electric Vehicles (PHEVs), Battery Electric Vehicles (BEVs), Extended Range
Electric Vehicles (EREVs), all of which are considered to be PEVs, as well as HEVs, EVSE, and fast chargers for
testing to the reviewed testing specifications and procedures.

* Perform baseline performance track and laboratory tests, accelerated on-road tests, and fleet demonstrations on
vehicles, components and charging infrastructure as appropriate.

* Place vehicles in environmentally and geographically diverse test fleets.

» Continue to use and develop cost-shared partnerships with public, private, and regional groups to test, deploy, and
demonstrate vehicles and infrastructure technologies in order to leverage DOE funding resources.
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Expand the use of automated data collection, transmission, analysis, and reporting processes.

As needed, reach additional cooperative research and development agreements (CRADASs) and non-disclosure
agreements (NDAs) in preparation for the testing of vehicles and components from OEMs.

Major Accomplishments

Performed data collection and reporting for 150 General Motors Volts EREVs as part of an ARRA funded
demonstration between DOE and General Motors. As FY 2012 ended, 1.2 million test miles of vehicle operations,
charging profiles and fuel use was documented. This mostly electric utility personnel operated fleet was using
174 AC WH per mile and 70.0 mpg. In electric only mode, the Volt used 352 AC Wh per mile and in gasoline
mode it was averaging 35.4 mpg.

Performed data collection from a fleet demonstration of 111 Chrysler Ram PHEV Pickups. As FY 2012 ended,
1.0 million test miles of vehicle and charging profiles, as well as mpg increases of up to 35% were documented
when comparing operations with at least a partially charging PHEV traction battery pack.

Continued the data collection from what will eventually be approximately 14,000 Level 2 EVSEs and fast
chargers from ECOtality North America as part of the EV Project as well as Nissan Leafs, Chevy Volts and Smart
EVs. As FY 2012 ended, data had been collected from 5,631 Nissan Leaf BEVs, Chevrolet Volt EREVs, and
Smart EVs, as well as 7,600 ECOtality EVSE being operated in nine states and the District of Columbia. A total
of 42.2 million test miles and 1.2 million charging events have been documented, and for the Nissan Leafs, there
is a complete elimination of in-vehicle use of petroleum for transportation.

Continued the data collection from what will eventually be approximately 4,500 Coulomb ChargePoint America
EVSE. At the end of June 2012 (most recent published and approved results), data had been collected from 3,085
EVSE and 365,664 charge events in twelve states.

Supported the memorandum of understanding (MOU) between the Departments of Energy (DOE) and Defense
(DOD) that specifies DOE technical support to DOD to help DOD reduce petroleum use for non-strategic vehicle
transportation, by conducting a Micro Climate study of Joint Base Lewis McCord’s ability to install EVSE and
electric drive vehicles. A similar study was initiated with the Jacksonville and Mayport naval facilities in Florida.
In addition, 18 Blink EVSE were provided to Andrews Air Force Base for installation.

Initiated data collection from a fleet demonstration of 17 Quantum Ford Escape PHEV conversions. As FY 2012
ended, 69,000 test miles of vehicle and charging profiles, as well as mpg increases of up to 22% were
documented when comparing operations with at least a partially charged PHEV traction battery pack.

Supported international petroleum reduction activities via a Shanghai / Los Angeles data sharing partnership
sponsored by DOE that requires the reporting of EV Project data by the AVTA.

Obtained and supported PEVs for DOE Headquarters and Clean Vehicles education activities.

Future Activities

Continue to report on the performance of up to 140 Chrysler Ram PHEV Pickups and report the petroleum
reduction capabilities and operations of the same vehicles.

Continue to report on the performance of up to 150 General Motors Volts EREVs and report the petroleum
reduction capabilities and operations of the same vehicles.

Continue to report on the performance of up to 8,300 Nissan Leaf EVs and General Motors Volt EREVs being
deployed as part of the EV Project as well as approximately 14,000 ECOtality Blink EVSE and fast chargers.
Reporting will include recharging and vehicle use patterns, as well as the petroleum reduction capabilities of the
charging infrastructure and vehicles. The data collection for this project will conclude in late FY 2013 and at that
point significant analysis will commence.

Continue to report on the operations of up to 4,500 Coulomb ChargePoint America EVSE.

Continue Quantum PHEV Explorer conversion testing in partnership with the South Coast Air Quality
Management District in California.

Continue performing due diligence on potential vehicle, component, and charging infrastructure suppliers and
obtain such for testing as appropriate. Candidate PHEVs, HEVs, BEVs, CNG, and diesel vehicles with advanced
propulsion and energy storage components will enter benchmarking.
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» Develop additional low-cost vehicle and charging infrastructure demonstration relationships and support the
deployment of PEVs and electric drive vehicles (EDVs) in these testing fleets.

» Continue to coordinate PEV, EDV, and charging infrastructure testing with industry and other DOE directed
entities. This includes supporting the data collection from EVSE deployed via the DOE Clean Cities activities,
FEMP, and the Office of Electricity Reliability and Energy Delivery.

[.A.2. PEVs Technical Discussion

Background

The U.S. Department of Energy’s (DOE’s)
Advanced Vehicle Testing (AVTA) is part of
DOE’s Vehicle Technologies Program (VTP),
which is within DOE’s Office of Energy
Efficiency and Renewable Energy (EERE). The
AVTA is the only DOE activity tasked by DOE
to conduct field evaluations of vehicle
technologies that use advanced technology
systems and subsystems in light-duty vehicles to
reduce petroleum consumption. A secondary
benefit is the reduction in exhaust emissions.

Most of these advanced technologies include the
use of electric drive propulsion systems and
advanced energy storage systems. However,
other vehicle technologies that employ advanced
designs, control systems, or other technologies
with  production potential and significant
petroleum  reduction potential, are also
considered viable candidates for testing by the
ATVA.

The AVTA light-duty activities are conducted by
the Idaho National Laboratory (INL) for DOE.
INL has responsibility for the AVTA’s
execution, direction, management, and reporting;
as well as data collection, analysis and test
reporting. INL is supported in this role by
ECOtality North America (ECOtality), which has
a competitively awarded contract that is managed
by DOE’s National Energy Technology
Laboratory (NETL). The AVTA sections of the
FY 2012 Annual Program Report jointly cover
the testing work performed by INL and
ECOtality. When appropriate, the AVTA
partners with other governmental, public, and
private sector organizations to provide maximum
testing and economic value to DOE and the
United States taxpayers, via various cost sharing
agreements.
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Introduction

DOE’s AVTA is evaluating grid connected plug-
in electric drive vehicle (PEV) technology in
order to understand the capability of electric grid
recharged electric propulsion technology to
significantly reduce petroleum consumption
when vehicles are used for transportation. In
addition, many companies and groups are
proposing, planning, and have started to
introduce PEVs into their fleets.

It should be noted that grid-connected PEVs
include several vehicle / energy storage schemes
that include: battery electric vehicles (BEVs or
simply EVs) such as the Nissan Leaf, plug-in
hybrid electric vehicles (PHEVs) such as the
Ford Escape and Chrysler Ram PHEVs, and
extended range electric vehicles (EREVs) such as
the General Motors Volt.

During FY 2011, a transition occurred from
testing mostly PEV conversions to testing PEVs
from OEMs. When testing conversion vehicles,
the primary focus during FY 2011 was to study
the PEV technology’s potential contribution to
petroleum reduction and to understand and
document charging patterns. The drive to focus
on the overall petroleum reduction potential of
PEV technology versus testing individual PHEV
conversion models was driven by the mostly
conversion nature of the available PEVs during
pre-FY 2012 years, and the non-likelihood the
conversion vehicles would be the majority of
PEV deployments in future years. During late FY
2011, this transition was completed when the last
of the PEV conversions completed testing.

This transition in focusing on PEV conversions
to focusing on PEVs from OEMs was made
possible as several OEMs made available during
late FY 2011, PEVs for the first time in about a
decade.

The PHEV conversions available for public
purchase in the few years prior to FY 2012 used
an HEV as the base vehicle, and either added a
second PHEV battery or replaced the base HEV
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battery with a larger PHEV battery pack, with a 5
kWh PHEV battery size the most typical size for
secondary batteries. However, some PHEVs and
EREVs used a single battery pack that ranged
from 10 to 15 kWh. PHEV control systems and
power electronics are also added to the base
vehicle to complete the upgrade. These larger
additional or replacement battery packs are
sometimes recharged by the onboard regenerative
braking and generator subsystems, but all of them
must also use onboard chargers connected to the
off-board electric grid to fully recharge the
PHEYV battery packs.

Today’s OEM PEVs mostly have 10 to 15 kWh
of onboard battery storage in PHEVs and
EREVs, and more than 20 kWh of onboard
storage for BEVs. However, some other OEMs
are introducing PHEVs with smaller battery
packs.

Within the AVTA, INL and ECOtality make
extensive use of in-vehicle and in-charging
infrastructure data loggers to collect a variety of
vehicle and infrastructure generated performance
parameters. Experience has shown that
automated data collection in fleet environments is
the only way to ensure accurate data is collected.

The concept of advanced onboard energy storage
and grid-connected charging raises questions that
include the life and performance of these larger
batteries; the charging infrastructure required;
how often the vehicles will actually be charged —
driver and “smart grid” behavior and controls;
and the actual amount of petroleum displaced
over various missions, drive cycles, and drive
distances; all achieved with automated data
loggers.

Approach

Three basic types of test methods are used to test
vehicles and they discussed below.

Baseline performance testing during which a
vehicle is track and dynamometer tested. The
track testing includes acceleration, range,
braking, and fuel use (both electricity and
gasoline) at different battery states-of-charge
(SOC). The vehicles are also coast-down tested
to determine dynamometer coefficients, which
are used during the various urban and highway
dynamometer test cycles. Note that the AVTA
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dynamometer testing is conducted by Argonne or
Oak Ridge National Laboratories for the AVTA.
This sharing of vehicles and testing expertise also
reduces costs to DOE.

Accelerated Testing uses dedicated drivers to
complete a series of drives and charges (for
PEVs) on city and highway streets. This testing is
often used to ensure PEVs can accomplish
several charge and drive cycles in one day. For
some vehicles, this can include more than 5,000
miles of operation per month.

Fleet Testing is normally conducted by placing
vehicles into fleets with no highly controlled
structure to repeatable drive missions. The
AVTA partners with government, private, and
public fleets for fleet testing as these fleets are
often overwhelmingly the earliest adaptors of
advanced technology vehicles. Note that the
AVTA fleet testing does sometimes include
operations by the general public.

For PHEVs and EREVs, these vehicles can
operate on gasoline even when the vehicles’
battery packs are not charged. The fuel-use result
reporting is normally broken down into three
operating modes for these vehicle technologies:

Charge Depleting (CD) Mode: During each
entire trip, there is electric energy in the traction
battery pack to provide either all-electric
propulsion or electric assist propulsion
throughout the entire trip.

Charge Sustaining (CS) Mode: During a trip,
there is no electrical energy available in the
PHEV or EREV traction battery pack to provide
any electric propulsion support beyond normal
HEV operations.

Combined (or Mixed) Charge Depleting and
Charge Sustaining (CD/CS) Mode: There is
electric energy in the traction battery pack
available at the beginning of a trip. However,
during the trip, the PEV battery is fully depleted.

For EVSE benchmarking, the results are broken
down a variety of ways, including:

® Public versus private EVSE use

* Weekday versus weekend use

* By time of day

* National versus regional results.
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Results

General Motors Chevrolet Volt EREV

During FY 2011, a NDA was signed with OnStar
that detailed data collection, analysis and
reporting by the AVTA for the wvehicle
performance, fuel use, and charging patterns for
approximately 150 General Motors Chevrolet
Volt EREVs. This work is being performed to
support an ARRA grant General Motors received
from DOE.

Using server-to-server data transmission, the INL
receives raw data generated by OnStar from
onboard data loggers installed on the Volts. With
this data, which is generated for every key on and
off event, INL generates a series of periodic
reports which can be accessed at:
avt.inl.gov/gmvehicledemo.shtml.

Quarterly reports are being generated for this
project, and for the project-to-date report, May
2011 to June 2012 (the third quarter 2012 report
was not yet published when this report was
prepared), the 150 Volts where averaging 70.0
mpg and 174 AC Wh per mile (Wh/mi) overall
after 1.2 million test miles. When operating in
electric vehicle mode operation (EV mode), the
vehicles were averaging 352 AC Wh/mi. In
extended range mode operations (ERM), the
Volts were averaging 35.4 mpg.

During EV mode, only electricity is being used to
propel the Volt; the gasoline engine does not
operate. In ERM, the vehicle operates like a
traditional HEV, with the traction Dbattery
accepting regenerative braking energy. However,
the Volt does have to be recharged from the grid
for EV mode operations to resume.

As Figure 1 shows more EV mode trips occurred
during shorter distance trips as would be
expected. Figure 2 documents the near full
battery state of charge (SOC) at the end of each
charge event prior to driving events and Figure 3
documents the low SOC at the end of the drive
prior to charging.
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Figure 1. ERM and EV operations for the Volt as
measured by the percent of total distance
traveled.
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Figure 2. Volt SOC at end of charging events prior to
driving events.
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Figure 3. Volt SOC at the end of drives that occur prior
to start of charging events.
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Table 1 below documents the Volt recharging
information statistics.

Table 1. Volt summary charging information for the July
through September 2011 reporting period.

Average # charging events per vehicle month |17

Average # of charging event per vehicle day 1.3
Average miles between charging events 43
Average # trips between charging events 3.4
Average hours charging per charging event 3.2

Average energy (AC kWh) per charging event | 7.2

Average energy (AC kWh) per vehicle month 125

Total charging energy (AC kWh) 216,689

It should be noted that these Volts were mostly
being driven in fleet operations modes and the
fleet drivers do not normally pay for fuel use, so
they may not be overly motivated to maximize
ERM operations by ensuring the vehicle’s
traction battery packs are charged as often as
possible.

Chrysler Ram Pickup PHEV

During FY 2011, the AVTA signed a NDA with
Chrysler that detailed data collection, analysis
and reporting by the AVTA for the performance,
fuel use, and charging patterns for approximately
140 Chrysler Ram PHEV Pickups. This work is
being performed to support an ARRA grant
Chrysler received from DOE.

Using server-to-server data transmission, the INL
receives raw data generated by Chrysler from
onboard data loggers installed on the Ram
PHEVs. With this data, INL generates a series of
periodic reports which can be accessed at:
avt.inel.gov/evproject.shtml.

The most recently published project to date
report covers July 2012 to September 2012
(avt.inel.gov/pdf/phev/ChryslerRamJuly117]
September12.pdf) and it documents 1.0 million
test miles accumulated by 111 of the deployed
Ram PHEVs. The 111 Ram PHEVs providing
data exhibited a 35% increase in mpg when
comparing CD trips (23 mpg) to CS trips (17
mpg). As shown in Figure 4, the Ram operating
scheme allows the internal combustion engine
(ICE) to be off 37% of the time, including 15%
engine off while the vehicle was being driven.
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Figure 5 documents the driving aggressiveness
impact on mpg, with less aggressive driving
resulting in an average of approximately 22 mpg
while the most aggressive driving results in an
average of approximately 12 mpg.

Table2 documents the Ram recharging
information. It should be noted that the vehicle is
being charged only 0.79 times per day for those
days the vehicle is operated.

Percent of Drive Time by Operating Mode

57 % 15%

6%

229%

I Vehicle Stopped Engine Idling
Vehicle Stopped Engine Stopped

I Vehicle Driving Engine Spinning

I Vehicle Driving Engine Stopped

Figure 4. Chrysler Ram PHEV percent of drive time
the engine is spinning or stopped.

Effect of Driving Aggressiveness on Fuel Economy®

s<t0; ——
@
i 2
HERD [ — :
H 5
§ 4«6 ] | 2
< 1
2 2:4 I N
g s

0-<2 -—

0 5 10 15 20 25 330 35
Trip Fuel Economy (mpg)

Figure 5. Chrysler Ram Pickup PHEV fuel efficiency
impacts from aggressiveness driving.

Table 2. Chrysler Ram PHEV charging information for the
July through September 2011 reporting period.

Average # charging events per vehicle month 11.3

Average # of charging event per vehicle day 0.79

Average miles between charging events 70.6
Average # trips between charging events 7.6
Average hours charging per charging event 2.4

Average energy (AC kWh) per charging event | 6.35

Average energy (AC kWh) per vehicle month 71.6

Total charging energy (AC kWh) 93,374
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Quantum Escape PHEV Testing

During FY 2012, the INL signed a NDA with
Quantum Fuel Systems Technologies Worldwide
to allow the AVTA to collect, analyze, and report
on a fleet of Quantum Ford conversion PHEVs
operating in fleets associated with the South
Coast Air Quality Management District
(SCAQMD). During the period January to June
2012, the 17 Quantum Escapes have accumulated
69,000 test miles. Using the most recently
approved and published June 2012 report’s
(avt.inel.gov/pdf/phev/QuantumJune2012main.p
df) 9,837 test miles, the vehicles are averaging 37
mpg in CD mode, 39 mpg in mixed mode, and 32
mpg in CS mode. While the miles accumulated in
June are relatively low and the timing of fueling
events may impact mpg reporting, CD and mixed
modes operations are demonstrating 16 to 22%
increases to the CS mode’s 32 mpg. Table 3
provides charging information for the month of
June 2012.

Table 3. Quantum Escape PHEV conversions charging
information for the June 2012.

Average # charging events per vehicle month | 8.0
Average # of charging event per vehicle day 0.7
Average miles between charging events 71.3
Average # trips between charging events 7.8
Average hours charging per charging event 32.7

Average energy (AC kWh) per charging event|3.4

>200 W
Average energy (AC kWh) per vehicle month

394
670

Total charging energy (AC kWh)

It should be noted that these Quantum Escapes
were mostly being driven in fleet operations and
the fleet drivers do not normally pay for fuel use,
so they may not be overly motivated to maximize
CD operations by ensuring the vehicle’s traction
battery packs are charged as often as possible.

EV Project
Demonstration
The EV Project is a DOE funded ARRA project
for deploying and testing PEV recharging
infrastructure. Lead by ECOtality North
America, it is the largest deployment and testing
of EVSE and fast chargers ever attempted.
Approximately 14,000 Level 2 EVSE and fast
chargers, along with approximately 8,000 Nissan

Charging Infrastructure
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Leafs, Chevrolet Volts and Smart EVs are being
deployed in the major population areas of:
® Phoenix and Tucson, Arizona

e San Diego, San Francisco and Los Angeles,
California

* Atlanta, Georgia
® Chicago, Illinois
® Southern New Jersey

® Portland, Eugene, Salem and Corvallis,

Oregon
® Philadelphia, Pennsylvania

¢ Chattanooga, Nashville,
Memphis, Tennessee

e Dallas, Fort Worth and Houston, Texas
® Washington, D.C.

Knoxville and

The project intent is to deploy Level 2 EVSE in
the residents of each Leaf or Volt purchaser, and
Level 2 EVSE and fast chargers in public
locations in order to characterize charging
infrastructure and vehicle wuse in diverse
topographic and climatic conditions, evaluate the
effectiveness of public versus private charge
infrastructure, and conduct trials of various
revenue systems for public charge infrastructures.
The Smart EVs are all rental cars, so there is no
residential EVSE associated with these vehicles.

As FY 2012 ended and this report was being
compiled, the total reported project mileage was
42.2 million test miles on the 5,631 Leafs, Volts
and Smart EVs reporting results. The more than
7,600 public and residential Level 2 EVSE have
reported 1.2 million charging events.

A more in-depth discussion will have to be
limited to the most recent published and
approved reports that cover the second quarter of
calendar year 2012 (April — June 2012). At this
point, data had been collected from 4,322 Nissan
Leaf battery electric vehicles (Figure 6), 676
Chevrolet Volt extended range electric vehicles,
and 6,319 ECOtality EVSE were then providing
data from (Figure 7) six states and the District of
Columbia. A total of 32.9 million test miles and
881,000 charging events have been documented
on the Project Overview Report for the EV
Project to date (avt.inel.gov/pdf/
EVProj/EVProjOverviewQ22012.pdf)
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Figure 6. Number of EV Project vehicles providing
data and deployment by major cities as of
the end of June 2012.
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Figure 7. Number of EV Project EVSE deployed and
providing data by major cities as of the end
of June 2012.

The EV Project’s Nissan Leaf summary report
for April to June 2012 (avt.inel.gov/pdf/
EVProj/EVProjNissanl.eafQ22012.pdf) provides
national and regional Leaf usage statistics and
this data includes the national vehicle usage data
seen in Table 4. Additional data for each region
can be found in the same above PDF.

Figures 8 and 9 document the Nissan Leaf battery
SOC before and after charging events. It will be
interesting to see if SOC before-charging changes
as operators become more familiar with the
vehicles and if SOC at end-of-charging changes
as drivers use public charging, including fast
chargers for shorter periods of time.
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Table 4. EV Project Nissan Leaf BEV usage data for the
July 2011 to September 2011 quarter.

Number vehicles 2,911
Total miles 5,666,469
Average miles per trip 7.2
Average miles driven per day when driven | 30.6
Average # trips between charge events 3.9
Average miles driven between charge 28.1
events
Ave # of charges per day when driven 1.1
Number of at home charging events 152,862
Number of away from home charging 37,148
events
Unknown charging event locations 11,969
Battery State of Charge (SOC)
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Figure 8. EV Project Nissan Leaf battery SOC at start
of charging events.

Battery State of Charge (SOC)
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Figure 9. EV Project Nissan Leaf battery SOC at end
of charging events.

The EV Project’s Chevrolet Volt Leaf summary
report for April to June 2012 (avt.inel.gov/
pdf/EVProj/EVProjChevroletVoltQ22012.pdf)
provides national and regional Volt usage
statistics and this data includes the national
vehicle usage data seen in Table 5. Additional
data for each region can be found in the same
above PDF.
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Figures 10 and 11 document the Volt battery
SOC before and after charging events.

Table 5. EV Project Chevy Volt EREV usage data for the
April to June 2012 quarter.

Number vehicles 408
Total miles 1,184,265
Overall mpg 155
Overall electricity consumption (AC Wh/mi) 242
Average miles per trip 8.0
Average miles driven per day when driven 39.6
Average number trips between charge events |3.2
Ave miles driven between charge events 26.0
Ave number of charges per day when driven 1.5
Number of at home charging events 36,015
Number away from home charging events 6,374
Unknown charging event locations 3,179
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Figure 10. EV Project Chevy Volt battery SOC at start
of charging events.

Battery State of Charge (SOC)
at the End of Charging Events

195 —
100% Home

1% =
5 location
5 80%
=
£
> 60%
L,:‘: Away-from-home
e 40% ] location
o
B
g 20%
D
o
0% - -
SO S OIS S
EPPregrsss
(S S N~ . S 0~ 80~ A B~ IR

Wy WG o N D
Charging Event Ending SOC (%)

Figure 11. EV Project Chevy Volt battery SOC at end
of charging events.

The April — June 2012 quarterly Infrastructure
Summary report documents infrastructure
utilization nationally and regionally for
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residential Level 2 EVSE and publicly available
Level 2 EVSE. As additional units are installed,
this  report (avt.inel.gov/pdf/EVProj/EVProj
InfrastructureQ22012.pdf) will also include Fact
Charge data.

Figure 12 highlights the percent of all national
Level 2 EVSE charging units in 15-minute
increments with an EV Project vehicle connected
during week days. Figure 13 gives the same
information for weekend days.
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Figure 12. EV Project percent of all national Level 2
EVSE with a vehicle connected during
weekdays. Data is in 15-minute increments
for any time in the reporting quarter.

Note that for both figures, the blue line is the
peak for the reporting period, green line is the
minimum, and the black line is the mean, and the
darker gray areas above and below the black line
are the 25 to 50% and 50 to 75% quartiles. This
is true for all figures in this section that report
percent of charging units with a vehicle
connected, and the electricity demand in AC
MW.
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Figure 13. EV Project percent of all national Level 2
EVSE with a vehicle connected during
weekends. Data is in 15-minute increments
for any time in the reporting quarter.
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Figure 14 is the charging profile in AC MWh for
all Level 2 EVSE in the EV Project for weekdays
and Figure 15 is for weekends. Note the heavy
use of post midnight charging.

Figure 16 documents the length of time vehicles
are connected to residential EVSE. The two sets
of peaks suggest short opportunity charging for
less than one or two hours, and overnight
charging for 10 to 14 hours. Figure 17 shows the
same set of vehicles drawing power for much
shorter periods of time than when they were
connected as shown in Figure 16. The general
shape of Figure 18 matches Figure 17 as would
be expected as the distribution of energy
consumed would have a similar profile to the
length of time the vehicles draw power
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Figure 14. EV Project charging profile based on
national energy demand for weekdays. Data
is in 15-minute increments for any time in the
reporting quarter.
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Figure 15. EV Project charging profile based on
national energy demand for weekends. Data
is in 15-minute increments for any time in the
reporting quarter.
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Distribution of Length of Time with a
Vehicle Connected per Charging Event
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Figure 16. EV Project distribution of length of time with
a vehicle connected per charging unit for
residential Level 2 EVSE.
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Figure 17. EV Project distribution of length with a
vehicle drawing power per charging event for
residential Level 2 EVSE.
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Figure 18. EV Project distribution of electricity
consumed per charging event for residential
Level 2 EVSE.

The EV Project will continue accumulating both
vehicle and EVSE data, with the first fast
chargers coming on line during FY 2012. As FY
2012 ended, more than three quarters of a million
miles of data was being collected weekly.
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Figure 19 is the charging profile for public access
Level 2 EVSE as measured by the number of
vehicles connected as a percent for weekdays and
Figure 20 is the weekend data. It is assumed that
at work, or near work public access charging is
creating the higher peak in weekday public
charging.

Figure 21 documents a similar work day peak
profile when vehicles are connected to public
EVSE and start drawing power about 9 a.m. on
weekdays Figure 22 documents the less
significant peak in public charging on weekends

Time of use (TOU) electric utility billing rates
for residential charging warrants an expanded
discussion. While Figures 14 and 15 clearly show
national peak demand at night as measured in AC
MW, regional residential profiles significantly
highlight TOU rate impacts. Figure 23 shows San
Diego weekday peak demand that is influenced
by the TOU rates that start at midnight. Figure 24
shows similar impacts that also occur weekends.
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Figure 19. EV Project percent of all publicly available
Level 2 EVSE with a vehicle connected
during weekdays.

— Weekend
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Figure 20. EV Project percent of all publicly available
Level 2 EVSE with a vehicle connected
during weekends.
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Figure 21. EV Project publicly available Level 2 EVSE
charging profile based on energy demand for

weekdays.
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Figure 22. EV Project publicly available Level 2 EVSE
charging profile based on energy demand for
weekends.
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Figure 23. San Diego residential EVSE electric
demand for weekdays. Data increment is 15
minutes.



Lab & Field Vehicle Evaluations (Light Duty)

1.000 Weekend

0.800
0.600
0.400

0.200

0.000
6:00

1 8;00
Time of Day

12:00

Figure 24. San Diego residential EVSE electric
demand for weekends.

A contrast to the San Diego profiles is the
weekday and weekend (Figures 25 and 26),
demand curves for Washington  State.
Washington has relatively low electricity rates
due to its extensive hydropower generation
system. San Diego has more expansive rates, so
incentives to shift demand to midnight is
successful with TOU charging and TOU whole
house rates. In Washington State, there is simply
not the ability to offer much lower rates when
general electricity rates are low to start with.
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Figure 25. Washington State residential EVSE electric
demand for weekdays.
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Figure 26. Washington State residential EVSE electric
demand for weekends.
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ChargePoint America EVSE

Project

The ChargePoint America project is a DOE
funded ARRA project for deploying and testing
PEV recharging infrastructure. Lead by
Coulomb, it will deploy approximately 4,500
Coulomb EVSE. At the end of June 2012, data
had been collected from 3,085 EVSE, with most
deployed in California (1,351 units). The Project
To Date June 2012 report documents 365,664
charging events and the use of 2,509 AC MWh in
eleven states and the District of Columbia
(avt.inel.gov/pdf/evse/CoulombQ1Combine2012.
pdf). Note that there is no vehicle data as part of
this project.

(Coulomb)

Figures 27 and 28 document the use of the
ChargePoint America EVSE as measured both by
number of charging events and -electricity
consumed during the April through June 2012.
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Figure 27. ChargePoint EVSE use as measured by
number of charging events.
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Figure 28. ChargePoint EVSE utilization as measured
by number of electric consumer.



Lab & Field Vehicle Evaluations (Light Duty)

DOD / DOE MOU Support

During July 2010, DOE and the U.S. Department
of Energy signed the Memorandum of
Understanding (MOU) “Concerning Cooperation
in a Strategic Partnership to Enhance Energy
Security”, which covers several energy efficiency
areas, including transportation, fueling and grid
issues. In support of the MOU, the AVTA has
nearly completed a Micro Climate study at Joint
Base Lewis McCord in Tacoma Washington.
This study takes into account traffic patterns,
attractions, transportation hubs, and existing and
potential electric infrastructure and charging
locations. A subset of the Base’s vehicle fleet has
also been instrumented to document mission
profiles. This work will support the future
deployment of charging infrastructure and
electric drive vehicles (EDVs) on DOD bases. As
FY 2012 ended, the AVTA kicked off a second
Micro Climate study at combined Naval Air
Station Jacksonville and Naval Seaport Mayport.

The AVTA has also supplied eighteen Blink
Level 2 EVSE to Andrews Air Force Base,
outside of Washington D.C. for installation by
base personnel.

Other Federal Fleet Support

In addition to the above DOD support, the AVTA
has been able to benchmark the first 100 of 800
Federal fleet vehicles as FY 2012 ended. This
exercise will support the identification of
vehicles and missions that will be suitable for
replacing current internal combustion engine
vehicles with various electric drive vehicle
technologies, with the main emphasis on
introducing PEVs. This is a joint EERE and
FEMP project.

International Testing Support

The AVTA is supporting the outreach by DOE
with the European Union, China and Canada. For
the EU activities, the AVTA is setting up a
cooperative data activity with the Electric Supply
Board of Ireland to collect data from fifteen
Mitsubishi iMev electric cars and five Nissan
Leafs operating in Ireland.

The AVTA is also conducting a U.S. / China
sister cities type of data sharing activity, with
both the AVTA and various research centers in
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China, sharing PEV results for Shanghai and
China.

The AVTA has been collecting data from
approximately 40 PEVs operating across Canada
and providing fact sheets to each of the 40
ownership organizations. As FY 2012 ended,
discussion was focusing on additional mutual
cooperative research activities.

Hybrid Electric Vehicle Testing

Today’s light-duty HEVs use a gasoline internal
combustion engine (ICE), electric traction motors
or electric stop-start technology, along with less
than 2000 watt-hour (Wh) of onboard energy
storage to increase petroleum efficiency as
measured by higher mpg results compared to
non-HEV models. HEVs are never connected to
the grid for charging the battery. The HEV
batteries are charged by an onboard ICE-powered
generator, as well as by regenerative braking
systems.

At the end of FY 2012, AVTA has performed, or
is performing testing on 58 HEVs, comprised of
23 HEV models. The HEV models and number
of each model tested are listed below:

® Generation (Gen) I Toyota Prius - 6
¢ Gen Il Toyota Prius - 2
® Gen [ Honda Insight - 6
* Honda Accord - 2

® Chevrolet Silverado - 2
* Gen [ Honda Civic - 4

® Gen Il Honda Civic - 2
* Ford Escape - 2

® Lexus RX400h -3

* Toyota Highlander - 2

* Toyota Camry - 2

e Saturn Vue - 2

® Nissan Altima - 2

¢ Chevrolet Tahoe - 2

® Gen Il Honda Insight - 2
¢ Gen III Toyota Prius - 2
® Ford Fusion - 2

® Mercedes S400 - 2

® Honda CRZ -2
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® Smart Fortwo Pure Coupe (MHV) - 3
* MAZDA 3 Hatchback (MHV) - 2

® Volkswagen Golf TDI (MHV) - 2

* Hyundai Sonata - 2

e Honda Civic with advanced
battery - 1.

lead acid

At the end of FY 2012, the 58 HEVs had
accumulated 6.9 million total fleet test miles
(Figure 29).

Total HEV Fleet Test - 6.9 Million Miles (September 2012)

5

Figure 29. Total HEV test miles by vehicle model.

The average fuel use per HEV model since
testing started ranges from 17.9 mpg for the
Silverado to 45.2 mpg for the Gen I Honda
Insight (Figure 30). Among the more recent HEV
models, the mpg has ranged from 25.7 mpg for
the Mercedes S400 to 44.2 mpg for the
Generation III Prius. For the stop — start micro
hybrids from Europe, the Golf MHV is averaging
42.9 (Table 06).

HEV Fleet Testing MPG

| 3.2 363
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Figure 30. HEV mpg by model.

The AVTA continues to collect data that allows it
to publish several fact sheets for each HEV (see:
avt.inel.gov/hev.shtml), including:
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® Maintenance Fact Sheets - mileage, date,
maintenance event, cost for repair, or if repair
was under warranty

® Fleet Testing Summary Fact Sheets — includes
operating costs based on the purchase and sale
delta, and the maintenance and operating costs
(insurance, fuel and registration). The
monthly and cumulative mpg, and monthly
mileage accumulation are also provided.

e Battery Fact Sheets and Testing Reports for
when the vehicles are new and at 160,000
miles.

® Fleet Testing Results to date Fact Sheets
which is discussed in greater detail below.

Table 6. Onroad accelerated testing mpg for the most
recent HEV test models, including the micro hybrid
vehicles (MHVs) from Europe.

HEV Model Onroad MPG
Fusion 35.0
Gen Il Prius 44.2
Gen Il Insight 40.0
Benz S400 25.7
Honda CR-Z 36.2
Golf MHV 42.9
Mazda 3 MHV 28.3
Smart Fortwo MHV 36.3
More recent advances in data collection

techniques and costs have allowed the AVTA to
provide more complete analysis of HEV
operations as can be found on the Fleet Testing
Fact Sheet and examples are provided in the next
paragraphs for the Fusion HEV. In addition, the
AVTA has been documenting life cycle costs for
individual HEVs, including purchase and sale
costs, maintenance costs per mile, operating cost
per mile, and total ownership cost per mile. The
web page, avt.inel.gov/pdf/hev/4699FordFusion
10factsheet.pdf provides an example of the costs.
This Ford Fusion fact sheet documents the $0.29
per mile total ownership cost for the Fusion.

The fleet testing fact sheet for one of the Fusions
(avt.inel.gov/pdf/hev/2010Fusion_4699 June201

1.pdf) also provides additional vehicle operations
information that can help readers both understand
the testing conditions as well as optimal
performance ranges.
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Figure 31 shows that the Fusion gasoline engine
is stopped 31% of the time when the vehicle is
either moving or stopped. Minimizing ICE
operations at least partially contributes to the
Fusion achieving between 30 and 40 mpg more
than 60% of the time as measured by the
percentage of the miles driven (Figure 32).

Percent of Drive Time by Operating Mode®
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Figure 31. Ford Fusion HEV engine operating mode.
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Figure 32. Ford Fusion HEV mpg by percent of miles
driven.

Figure 33 clearly documents the vehicle speeds
the Fusion should be operated at by fleets and
private operators seeking to maximize petroleum
reduction. However, safe operations should be
the primary consideration over operating speed.
As seen, the Fusion has been averaging 40 mpg
when driven at vehicle speeds of 40 to 60 mph.

Ambient temperature and operators’ use of
climate controls also has an impact on mpg. As
seen in Figure 34, there is significant decrease in
mpg at warmer to hot temperatures.
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Figure 33. Ford Fusion HEV average mpg at various
vehicle speeds.
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Figure 34. Ford Fusion HEV average fuel economy vs.
average temperature.

In addition to the above mpg and vehicle
operations profiles, data is also collected on
battery use. Figure 35 shows the battery current
in amp-hours during battery assistance and
regenerative breaking.

Charge Throughput by Current*

4,000
I Assist

I Regen
2,000

-2,000

Charge (AmpHours)
=)
- n
a
i |
I
[
\
\
|
|

Magnitude of Battery Current
(Amps)

Figure 35. Ford Fusion HEV traction battery
throughput by current.

Battery pack charge throughput by battery
temperature is documented in Figure 36.
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Figure 37 shows the significantly higher amount
of assistance in amp-hours per mile at various
speeds, with the lowest speeds having the largest
difference as the vehicle accelerates from zero or
very low mph.
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Figure 36. Ford Fusion HEV battery charge throughput
by pack temperature.
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Figure 37. Ford Fusion HEV amp hours per mile by
speed.
At the end of FY 2012, the AVTA had published
30 HEV battery tests for when vehicles were new
or at 160,000 miles and these can be found at
avt.inl.gov/hev.shtml

Using the BOT( beginning of testing, when A
HEV first starts fleet testing) and end of testing
(EOT) at 160,000 miles report for the Nissan
Altima HEV (avt.inel.gov/pdf/ hev/battery
altima2351.pdf) as an example, Figure 38 shows
battery voltage versus energy discharged. This
graph illustrates voltage values during constant
current discharge versus cumulative energy
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discharged from the battery at a C/1 constant
current discharge rate at BOT and EOT.
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Figure 38. Nissan Altima HEV battery static capacity
test results.

Figures 39 and 41 illustrate the battery’s charge
and discharge pulse resistance graphs, showing
internal resistance over a range of 10 to 90%
depth of discharge. Each curve represents the
specified HPPC BOT or EOT resistance at the
end of the 10-second pulse interval. Figures 40
and 42 illustrate the battery’s charge and
discharge pulse power graphs, showing the pulse
power over a range of 10 to 90% depth of
discharge. Each curve represents the specified
HPPC BOT or EOT available power at the end of
the 10-second pulse interval at the cell voltage
limits.
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Figure 39. Nissan Altima ten-second charge pulse
resistance versus energy discharged.

AVTA has partnered with private fleets to
conduct the high mileage HEV testing. All 6.9
million HEV test miles have been accumulated
with no driver costs to DOE. In addition, several
of the HEV models get secondary test value after
completing the 160,000 miles of HEV testing.
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Figure 40. Nissan Altima ten-second charge pulse
power versus energy discharged.
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Figure 41. Nissan Altima ten-second discharge pulse
resistance versus energy discharged.
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Figure 42. Nissan Altima ten-second discharge pulse
power versus energy discharged

Oak Ridge and Argonne National Laboratories
have purchased several used HEVs and they use
the HEV power electronics subsystems and other
subsystems for end-of-life testing. The EPA has
purchased several HEVs at vehicle testing
completion so they can conduct their own end-ofT’]
life testing to support their HEV life-cycle
models. The National Renewable Energy
Laboratory has also used end of life HEVs for
thermal testing.

New HEVs available from U.S., Japanese, and
European manufacturers will be benchmarked
during FY 2013. These will introduce advanced
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technologies such as lithium or advanced lead
acid designs. Most new HEVs will be tested to
reduce uncertainties about HEV technologies,
especially the life and performance of their
batteries, and any other onboard energy storage
systems.

UltraBattery HEV Project

Two special HEV vehicle projects, The
UltraBattery Retrofit Project and Carbon
Enriched Project C3, aim to demonstrate the
suitability of advanced lead battery technology in
hybrid electric vehicles (HEVs). It is partially
funded by DOE and by the Advanced Lead Acid
Battery Consortium (ALABC), and conducted by
ECOtality for the AVTA.

An important objective of the project has been to
benchmark the performance of the Ultra Batteries
from both Furukawa Battery Co., Ltd., Japan
(Furakawa) and East Penn Manufacturing Co.,
Inc. (East Penn). Accordingly, UltraBattery packs
from both Furakawa and East Penn have been
characterized under a range of conditions.
Resistance measurements and capacity tests at
various rates show that both battery types are
very similar in performance. Both technologies,
as well as a standard lead-acid module (included
for baseline data), were evaluated under a simple
HEV screening test. Both Furakawa and East
Penn UltraBattery packs operated for over 32,000
HEV cycles with minimal loss in performance,
whereas the standard lead-acid unit experienced
significant degradation after only 6,273 cycles.
The high-carbon, ALABC battery manufactured
in Project C3, also was tested under the advanced
HEV schedule. Its performance was significantly
better than the standard lead-acid unit, but was
still inferior compared with the UltraBattery. The
batteries supplied by Exide as part of the C3
Project performed well under the HEV screening
test, especially at high temperatures. The results
suggest that higher operating temperatures may
improve the performance of lead-acid based
technologies operated under HEV conditions; it
is recommended that life studies be conducted on
these technologies under such conditions.

The Project DP1.8 consists of a retrofit of the
original NiMH battery with a pack of 14
UltraBattery modules, manufactured by East
Penn, in a new 2010 Honda Civic HEV. In
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October 2011, the converted HEV was put into
the AVTA fleet of test vehicles in Phoenix,
Arizona, and it currently is still being tested. The
converted HEV accumulates approximately
5,000 miles on a monthly basis and is
experiencing a wide range of driving conditions.
The monthly data being collected from the
vehicle is an array of battery parameters, such as
the following:

® Most restrictive temperature
® Pack voltage
* Power

® Vehicle parameters, such as speed.

The individual module voltages and cell/module
voltage deviation are being measured separately
on a monthly basis, as well as monitoring the
health of individual battery modules. The
mileage driven and gallons of gasoline used
monthly are being recorded to monitor the
vehicle average fuel economy. A status report for
this project is available at: avt.inel.gov/
pdf/hev/UltraBatteryReport.pdf.

Conclusions

Both the Idaho National Laboratory and
ECOtality, through the AVTA, continue to
provide the critical real world testing needed to

benchmark DOE technology investments,
including the critical tasks of determining
suitability for deployment, and life time

performance and costs of new technology
components and vehicle systems. This testing
includes  understanding the infrastructure
requirements of PEVs as well as other alternative
fuels, as well as the proper placement of that
infrastructure.

Some of the future test vehicles and the number
of units that will be entering AVTA testing in the
near term include:

®* Honda CNG (4)

® Volkswagen Jetta TDI (4)

® (Chevrolet Malibu with e-assist (4)
® 2013 Nissan Leaf (4)

® 2013 Chevrolet Volt (4)

® Mitsubishii EV (4)
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® Toyota Prius PEV (4)

* Ford Focus EV

* Volkswagen Jetta Hybrid (4)

® Ford C-Max ENERGI PHEV
* Toyota RAV4 EV

® CodaEV (4)

* Honda Civic Hybrid HEV (4)
®* Honda Accord PHEV.

I.A.3. Products

Publications

Specific fact sheets and reports have been
referenced in the report by including their
locations on the AVTA website. The AVTA is
generating a significant number of reports, fact
sheets, conference papers, and presentations each
fiscal year. Just the EV Project alone has
generated more than 400 documents during FY
2012. The Chrysler PHEV projects are
responsible for another 300 reports and fact
sheets. Therefore, report locations are listed
below by projects or vehicle technologies.

1. Hybrid Electric Vehicle benchmarking
avt.inel.gov/hev.shtml

2. Plug-in Hybrid Electric Vehicle and
Extended Range Electric Vehicle
benchmarking avt.inel.gov/phev.shtml

3. Micro Hybrid Electric Vehicle
benchmarking avt.inel.gov/microHEV.shtml

4. Electric Vehicle Supply Equipment
benchmarking avt.inel.gov/evse.shtml

5. Full Size Electric Vehicle (including US
Postal Service) benchmarking
avt.inel.gov/fsev.shtml

6. Chrysler Ram PHEV benchmarking
avt.inel.gov/chryslerram.shtml

EV Project avt.inel.gov/evproject.shtml

8. ChargePoint America Project
avt.inel.gov/chargepoint.shtml

9. Chevy Volt Project
avt.inel.gov/gmvehicledemo.shtml
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111.B. Level 1 Benchmarking of Advanced Technology Vehicles

Principal Investigator: Henning Lohse-Busch, Ph.D.
Argonne National Laboratory

9700 South Cass Avenue

Argonne, IL 60439-4815

Phone: (630) 252-9615; Email: hib@anl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

.B.1. Abstract

Objective

Provide independent evaluation of advanced automotive technology by benchmarking of hybrids, plug-in hybrids,
battery electric vehicles and alternative fuel vehicles as part of the U.S. Department of Energy’s (DOE’s) mission
of laboratory and field evaluations

Establish the state-of-the-art automotive technology baseline for powertrain systems and components through test
data and its analysis.

Disseminate vehicle and component testing data to partners of the DOE, such as national laboratories, the U.S.
Council for Automotive Research, OEMs, suppliers and university. Provide data to support codes and standards
development. Support model development and validation with test data.

Approach

Use advanced and unique facilities with extensive instrumentation expertise. The Advanced Powertrain Research
Facility at Argonne includes a 4WD and 2WD chassis dynamometer with a wide range of equipment and a focus
on measuring energy consumption (fuel and electric). A decade of experience in testing vehicles refined the test
procedures and test plans

Perform baseline dynamometer testing of DOE’s Advanced Vehicle Testing Activity vehicles before the
accelerated fleet testing.

Test the powertrain systems as well as components of the systems.

Major Accomplishments

Extensively benchmarked the first designed battery electric vehicle from a major manufacturer: Nissan Leaf.
Furthermore a conventional vehicle and a hybrid electric vehicle were tested on the chassis dynamometer with
complete instrumentation.

Distributed the test results and analysis through several mechanisms such as reports, presentations, and sharing of
raw data.

The testing activity helped directly in the development of some codes and standards and supported the model
development and validation.

Future Activities

Provide testing and vehicle systems analysis to further contribute to DOE’s missions.

95


mailto:Lee.Slezak@ee.doe.gov
mailto:hlb@anl.gov

Lab & Field Vehicle Evaluations (Light Duty)

.B.2. Technical Discussion

Background

The Advanced Powertrain Research Facility
(APRF) at Argonne has been testing advanced-
technology vehicles to benchmark the latest
automotive technologies and components for the
U.S. Department of Energy (DOE). The staff has
tested a large number of vehicles of different
types such as hybrid electric vehicles (HEVs),
plug-in hybrid electric vehicles (PHEVs), battery
electric vehicles, and conventional vehicles,
including alternative-fuel vehicles.

Introduction

Over the last decade, the staff has developed a
fundamental expertise in the testing of the next
wave of energy-efficient vehicles. During this
time, the instrumentation of the powertrains has
evolved and the test procedures have been
refined. Two main levels of testing exist today.
The first level involves a basic but complete non[]
invasive instrumentation of a vehicle, which
leaves the vehicle unmarked after the testing. The
second level involves an in-depth and
comprehensive invasive instrumentation of a
vehicle and powertrain components, which leaves
the vehicles with irreversible alterations.

This report summarizes the level-1 benchmark
activities of FY 2012. In the first section the test
approach is described, and then the DOE’s
Advanced Vehicle Testing Activity (AVTA)
vehicle tests results are presented.

Approach

General Test Instrumentation and Approach

The testing presented in this report is focused on
the basic and complete non-invasive level-1 type.
Typically, Argonne receives these vehicles on
loan from partners; therefore, the vehicles need to
leave the test facility in the ‘“as-received”
condition. This limits the instrumentation to
sensors that can be easily removed without
leaving any damage.

Despite this limitation, Argonne strives to
achieve a minimum level of instrumentation. If
the vehicle has an internal combustion engine,
instrumentation is applied to monitor the speed,
fuel flow (at least from modal emissions or a fuel
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flow meter if possible) and engine oil
temperature  (achieved  through  dipstick
instrumentation). For electrified vehicles, a

power analyzer is used to record, at a minimum,
the voltage and main current of the stored energy.
If the vehicle requires charging, the electric
power from the source is recorded. Furthermore,
any sensors that can be implemented without
permanent damage, such as temperature sensors,
are typically included in locations of interest (a
battery pack vent, for example). These additional
sensors vary from vehicle to vehicle. A final part
of the level-1 benchmark is the recording of
messages from the vehicle’s information buses,
and this information will also vary widely from
vehicle to vehicle.

In addition to the minimum instrumentation
described above, further sensors may be added,
depending on the vehicle powertrain and special
interests, as long as they are non-invasive.

Purpose of Benchmarking

A major goal of the benchmarking is to enable
petroleum displacement through data
dissemination and technology assessment. The
data generated from the wvehicle testing and
analyses are shared through several mechanisms,
such as raw data, processed data, presentations
and reports.

A fundamental gateway to the data is Argonne’s
Downloadable Dynamometer Database (D%),
which is a public website
(transportation.anl.gov/D3/index.html). The D’
website provides access to data and reports from
vehicles tested on the standard test cycles. The
data directly serves the development of codes and
standards as well as the development and
validation of simulation models. These activities
impact the modification of test plans and
instrumentation. Further partners in the testing
are U.S. manufacturers and suppliers, through the
U.S. Council for Automotive Research
(USCAR).

Many of the research activities of the DOE rely
on the benchmark laboratory and fleet testing
results to make progress towards their own goals.
Figure 1 details some of these DOE research
activities and partners.
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Figure 1. Data dissemination and partners.

The benchmark program leverages DOE’s
AVTA activities. INL procures new advanced-
technology vehicles to test them in accelerated
fleet testing. As part of the evaluation, these
vehicles are benchmarked in the APRF. Figure 2
illustrates the process.

DOE  oml g Hiy ‘

P USCAR  'shest somne ML

ﬂ Data %

Track testing Accelerated

—>

it & coastdown fleet testing
vehicle . U § '\"’EHL
Baseline iah Mafioe :'!-):;-.;V::.
dynamometer
testing a
Argonne

Figure 2. Advanced Vehicle Testing Activity process.

Further information on the AVTA is available at
avt.inel.gov.

Advanced Powertrain Research Facility

In FY 2012, the 4WD chassis dynamometer of
the APRF was upgraded to be EPA 5 cycle
capable test cell. The test cell now includes a
thermal chamber and an air handling unit with a
large refrigeration system that enables vehicle
testing at EPA ‘Cold CO Test’” ambient
temperature of 20F (-7C). The other standard test
temperatures are 72F (25C) and 95F (35C). A set
of solar emulation lamps can provide 850 W/m’
of radiant sun energy. The new capability is
illustrated in Figure 3.
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Advanced Powertrain Research Facility
4WD Chassis Dynamometer Thermal Tgst Cell

Figure 3. lllustration of testing at 95F with the sum
emulation on the left and testing at cold
ambient temperature.

This report focuses on ambient testing at 72F test
results. Task 1000109 and 1000110 present the
impact of different temperatures on vehicle
behavior and energy/fuel consumption.

Results

Each year the AVTA partners select a set of
vehicles which best represents the new fuel
saving technologies available in the market. The
2012 Hyundai Sonata Hybrid and the 2012
Chevrolet Volt, which is a plug-in hybrid, were
tested between FY 2011 and FY 2012 and their
analysis can be found in the annual report of FY
2011.

Additionally to the analysis presented in this
report, the APRF team performed level 1 testing
on a significant number of conventional vehicles
(engine and transmission only) to build a
database of baseline vehicle data to enable
comparisons points for Advanced Technology
Vehicles. The details of this study can be found
in task 1000107.

This report will focus on the Nissan Leaf, which
is a battery electric vehicle, as well as a Ford
Fusion Hybrid and Fusion with a conventional
V6 engine, which were used in a mass impact
study.

2012 Nissan Leaf (Battery Electric Vehicle)

Vehicle description

The Nissan Leaf is a pure battery electric vehicle.
It a vehicle designed and built as an electric
vehicle in the market place. A single electric
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motor coupled with a large battery pack move the
vehicle. Table1 presents the technical
specifications.

Table 1. Nissan Leaf powertrain specifications

Architecture | Battery Electric Vehicle

Engine None
Motor Electric PM motor

80 kW AC synchronous
Battery Lithium lon battery

24 kWh (Nominal capacity)*

18.5 kWh (usable DC energy)**

Charging

3.3 kW onboard charger (J1772 connector)
DC Fast charge connector (no used during
testing)

* Nissan data
** Test data

Vehicle operation

Figure 4 illustrates the powertrain operation of
the Leaf. This battery electric vehicle powertrain
relies on the single electric motor and the battery
pack to provide the tractive power to move the
vehicle. The electric motor and battery are

capable of regenerative braking during
decelerations.
Engine ON
100 —Veiicle Speed [MPH]
e \Wheel _power[kW]
—Est_Engine_Power[kW]
80 = = =Fuel_Power[kW]

Engine speed [rpm/100]
———-Engine oil temperature [C]
— Battery_Power[kW]
Battery [ah]

60

Power [kW] / Vehicle speed [mph]

Time [s]

Regenerative
braking

Figure 4. Leaf operation on a section of the UDDS
cycle.

When the vehicle is fully charged the
regenerative braking is limited as the battery
pack cannot accept the electric power thus the
vehicle needs to blend in the mechanical brakes
to slow the vehicle down. From the data in
Figure 5 it is clear that the battery charge power
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is limited for the fully charge battery pack. With
a fully charged battery pack at the beginning of
the test, the Leaf recovers 61% of the available
braking energy at the wheel compared to 69% for
the partially charged pack on the UDDS test.

Dyno neg. Battery neg.
UDDS#1  -0.772 kWh -0.473 kWh
UDDS#2  -0.777 kWh -0.534 kWh

==Wehicle mpeed [mph]
60 -

—1Rubhs

2nd UDDS

30 +

0 150

Battery current [A]
o

Time [s]

Regenerative
braking limited

Figure 5. Regenerative braking comparison between a
fully charged and a partially discharged
pack.

BEYV test protocol and basic results

The Leaf was tested using the new SAE J1634
Shortcut Multi Cycle Test (MCT) procedure. The
APRF staff, as active participants of the
committee, provided independent Leaf test data
to the committee to demonstrate the validity of
the proposed shortcut method. More detail on the
test procedure can be found in task 1000197

The long version of the test procedure requires
charging the vehicle to full before testing a single
drive cycle over and over again until the battery
is so depleted that the vehicle cannot meet the
trace anymore, then the energy required to charge
the vehicle to full is measured. The short cut
version procedure also starts with a fully charged
vehicle but multiple drive cycles are used to fully
deplete the vehicle before it is recharged. The
UDDS and Highway cycles are mixed so that
each test is run at several different battery statel’
of-charge levels. The full AC recharge energy is
then redistributed to each test cycle type by a
weighted average of the cold start and hot start
tests based on the DC energy measure for each
test and the total usable DC battery energy.
Based on past APRF BEV data, the MCT short
cut method does:
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® Match Efficiency

® Extrapolate Range

® Include “First Cycle Effect”

* Fixes ambiguous end-of-range

® Spreads cycles to different SOCs

The Leaf was tested using a modified SAE J1634
Shortcut Multi Cycle Test (MCT) procedure
which included US06 cycle. Figure 6 illustrates
test sequence applied to the Leaf as well as the
energy consumption and range test results.

AVTA Nissan Leaf

ANLIWDTF

§

S

g

Energy consurmption [DC Whini]

Figure 6. J1634 shortcut MCT test sequence applied
to the Leaf.

Points of interest

Powertrain efficiency

Of particular interest is the average powertrain
efficiency on transient drive cycles. Equations 1[]
2-3 define the powertrain efficiency and vehicle
efficiency for this section. Figure 7 shows the
resulting powertrain and vehicle efficiency for
the Leaf on the drive cycles as described in the
test protocol section.

j (Batten‘Paw er

positive

- — DCDCPower)dt
PowertrainEfficiency ... =
- I(l}_}'ﬂDT racn'veEﬂortpamh,g)dt

j (Dym)T ractiveEffort,

negative,

+ DCDCPower )it

t

PowertrainEfficiency,, .,..= j (B p—
atteryPower,

negative

I (BatteryPower)dr
_[ (DynoTractiveEffort)dt

VehicleEfficiency ,, =

Equation 1-2-3 Efficiency definitions
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EMclency %)

Figure 7. Powertrain and vehicle efficiencies for the
Leaf on several drive cycles.

The powertrain efficiencies on these transient
drive cycles varies from 60 to 80%. The higher
the powertrain load the higher the powertrain
efficiency. Note that the negative powertrain
efficiency, also as known a regenerative braking
recovery, is limited on the first UDDS compared
the second UDDS (test#3) which is explained in
Figure 5. On the aggressive US06 cycles the
propulsion powertrain efficiency is as high as
80% due to the higher powertrain load, but the
proportion of regenerative braking recovered is
lower compare to the UDDS cycles. Some of the
energy is not recovered during the larger
deceleration on the US06. Regenerative braking
is pulled back for deceleration events greater than
0.20~0.22 g’s as shown in the US06 data in
Figure 8. Furthermore the data shows that
regenerative braking is fully blended out and the
mechanical brakes are fully blended in at 5~6
mph during decelerations.
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Figure 8. Regenerative braking limitations
demonstrated with US06 data.
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Figure 9 shows the energy analysis for the
vehicle on the UDDS cycle. Note the energy
analysis is based on positive and negative power
at the wheel which is slightly different from
positive or negative acceleration. The
regenerative braking energy recovered by the
electric powertrain is reused during the cycles as
shown by the feedback arrow. The net battery
energy is used to calculate the proportion of
energy distribution on cycles in Figure 10, thus
the regenerative braking is a negative percentage.

r g

Positive power or
zeraat the wheel

Negative power
at the wheel

<

72F.

City High-

way

usoe

Energy portion [%]

with respecttoNet DC battery energy

4.4% 1.8% 1.2%

643% 15.0%  40.0%

-37.9% -6.7% -16.1%

46.9% 72.8% 60.5%

22.0% 17.1% 14.4%

Figure 10. Energy distribution on the three major US
test cycles.

The proportion of energy that goes to move the
vehicle by overcoming the road load energy and
inertial energy is quite high in a BEV thanks to
the higher energy conversion efficiency and the
large regenerative braking envelop compared to
conventional vehicles.

Accessory load

Accessory loads can have a large impact on the
range of a BEV due to the higher efficiency of
the powertrain and the limited electric energy
available in the battery. On average the Leaf uses
3.8 kW, 10.8 kW and 16.0 kW of net average
battery power on the UDDS, the highway and the
USO06 cycles respectively. So the 4 kW of electric
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heater power can double the energy consumption
or cut the range in half in city type driving.
Table 2 presents some of the accessory loads
measured in the lab. It should be note that during
dynamometer testing the average accessory load
is typically lower then on the road as power
steering and some other accessories are never
used. The heater and the air conditioning are the
largest loads and these are explored in task
1000110.

Table 2. Leaf accessory load summary

Action Net Power [W]
Vehicle ON 280
[The power numbers below this row are
in addition to the base 280W load
Brakes 10
Peak Settled
AC ON max cool auto 2000 1800
Pulsemin  Pulse max
Heater Cabin warm up 4000 6000
Maintaining cabin temperature 2000 4000
Pulse min  Pulse max
Front window defroster* (pulsing) 1420 3420
Tested at
Rear window defroster 200 20F
Peak Settled
Panic brake 457 70
Running lights 10
Full lights 60
Full bright 190

Battery characterization

The Leaf uses a Lithium lon battery pack for the
energy storage system. Figure 11shows the
battery polarization curve in contrast to other
battery technologies tested in the APRF. The
operating voltage of the Leaf is very similar to
that of the Volt. The higher voltage helps to
reduce the operating currents at a given power
levels with reduces the ohmic losses in the
powertrain and increases the maximum power
output. The relatively low measured system
resistance helps to reduce the ohmic losses as
well.
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Figure 11. Leaf battery performance characterization

Charging performance
Figure 12 summarizes several full charge events
after the battery was fully depleted. Level 2
charging takes less than 6 hours from fully
depleted to full charge.

OC kwh

E) DC Test Energy

DC kwh

Figure 12. Statistical summary of battery charges from
fully depleted to full charge.
The Leaf’s average usable DC battery energy is
18.5 DC kWh. The overall average EVSE and
charge efficiency is 85. 3%.
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2012 Ford Fusion HEV

Vehicle description

The Fusion is Ford’s first car to add a hybrid
powertrain and can be considered the second
generation of Ford’s hybrid system after the
hybrid Escape. Similar to the Prius, the Fusion
uses an Atkinson-cycle engine, two electric
machines and a power split device used to control
the proportion of power transfer between the
mechanical and the electrical path. Table 3
presents the technical specifications.

Table 3. Ford Fusion HEV powertrain specifications

Architecture Power split hybrid

2.5L In-line 4 cylinder DI Atkinson-

cycle

e 156 bhp 116( kW) @ 6000
rom

e 135ft.Ib (183 N.m) @ 2250
rom

Power split (eCVT)

Engine*

Transmission

Motor * PM AC synchronous motor
e 105 hp (78kW)
e 153 ft.Ib (207 N.m)
Battery * Nickel Metal Hydride (NiMH)
®* 35hp (26 kW)
® 275V nominal
* Ford data

Vehicle operation

The Fusion operation features which enable fuel
savings are engine idle stop, electric operation at
low road lows up to 47 mph, regenerative
braking, electric assist and operating the engine
at higher efficiency by decoupling it from the
road load. The vehicle acceleration performance
is at a high level due to the larger engine.

Figure 13 presents the hybrid operation appears
to include a brief electric launch with an
acceleration phase with the engine ON followed
by an electric cruise and regenerative braking.
Compared to the Prius the engine is cycled
ON/OFF more frequently but the overall ON
time of the engine over a hot start UDDS cycle is
the same as the 66% with the Prius.
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Figure 13. Fusion HEV operation on a hot start UDDS.

Points of interest

In comparison to the Leaf, the chosen point of
interest is the regenerative braking operations
envelop presented in Figure 14. The regenerative
braking is power limited to about 22 kW which is
a hardware limitation. That limitation is not
present in a battery electric vehicle. Interestingly
the regenerative braking is not limited by
maximum deceleration rate on the US06 cycle.
The Leaf zeroed the regenerative braking at
deceleration rates above 0.2~0.22 g’s while the
Fusion maintains a maximum regenerative
braking power of 22 kW to the 0.4 g’s of
deceleration on the US06 cycle.

100

Fusion HEV US06
80 T
60
2 a0
=
o
]
g 20
a
o
E 0
a
E
& -20
-
7]
§ 20
@
-60
a0 Mechanical Nomax deceleration
B brake speed regen cut off shows
threshold on the US06
-100 T -100 f
0 20 40 60 80 100 -0.4-0.3-0.2-0.1 0 0.1 02 03 0.4

Vehicle speed [mph] Acceleration [g]

Figure 14. Regenerative braking limitations
demonstrated with US06 data
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2012 Ford Fusion Conventional (V6)

Vehicle description

This Ford Fusion conventional vehicle was
selected as a test vehicle for a mass impact study.
The powertrain is composed of the 3 liter V6

engine matted to a 6 speed automatic
transmission. Table 4 presents the technical
specifications.

Table 4. Ford Fusion V6 powertrain specifications

Architecture Conventional Vehicle

Engine* 3.0LV 6 cylinder PI
e 240 bhp (179 kW) @ 6550 rpm

e 223 ft.Ib (300 N.m) @ 4300 rpm

Transmission Automatic transmission 6 speed

* Ford data

Vehicle operation

The conventional uses the engine as the only
power source. The engine speed is locked in by
the vehicle speed and the transmission gear ratio.
The engine load is directly proportional to the
accelerator pedal request form the driver. The
transmission gear is typically selected to yield the
best fuel economy based on vehicle speed and
accelerator pedal request. Figure 15 show the
operation of the conventional vehicle.
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Figure 15. Fusion V6 operation on a hot start UDDS

Points of interest

Conventional vehicles with a discrete ratio
transmission do not have the freedom to operate
engine as efficiently as hybrid electric vehicles.
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But deceleration fuel cut off is a technology
employed to reduce the fuel consumption of
conventional vehicles as shown in Figure 16.

Efficiency = Wheel / Fue
10% 20% 30%

i

200 (i
[l

0.1

Acceleration [g]
o

Idle fuel
flow level

Fuel power [kw]
-
[=]
[=]

01 §§

02 4§

-0.3

.04 ]
-100-80 -60 -40 -20 O 20 40 60 80 100
Wheel Power [kW]

o 20 40 60 80 100
Vehicle speed [mph]

Figure 16. Deceleration fuel cut off.
Mass impact study

Study setup and raw results

The study’s goal is to quantifying the impact of
vehicle mass on fuel or energy consumption. A
conventional vehicle (Fusion V6), a hybrid
electric vehicle (Fusion HEV) and electric
vehicle (Leaf) were tested at test weights ranging
from their EPA test weight minus 500 Ibs. to plus
500 lbs. Idaho National Laboratory performed
the track testing to determine the impact of mass
on the vehicles road load force. Using those
parameters the vehicles were tested on the
UDDS, Highway and US06 test cycles multiple
times at the different test weights. Figure 17,
Figure 18, and Figure 19 show the raw average
fuel consumption results for the different
vehicles.

Study Assumptions and limitations
The following assumptions and limitations bound
this study:

® Study does not include mass compounding,
because the vehicles and their powertrain
were unchanged throughout the study.

® Results are based on single car per vehicle
technology category

® The road load inputs to the dynamometer are
based on track test data
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Manufacturer recommended tire pressure was
maintained for all weight cases per vehicle on the
track as well as on the dynamometer.

Mass impact study - Conventional - Fusion V6
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Errorbars represent a 95%
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Figure 17. Conventional average dynamometer fuel
consumption results as a function of test
weight.

Mass impact study - Hybrid - Fusion HEV
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Figure 18. Hybrid vehicle average dynamometer fuel
consumption results as a function of test
weight.
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Figure 19. Electric vehicle average dynamometer fuel
consumption results as a function of test
weight.
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Mass impact summary

The energy consumption impact depends on the
driving type. On highway type driving, which is
dominated by relative steady cruising speeds, the
energy consumption does not vary much as the
vehicle mass is changed. Since the speed changes
(a.k.a. accelerations) are minimal on highway
type driving, the inertia energy components,
which are directly proportional to mass, are low
as well.

On city type driving, which is dominated by stop
and go traffic with many accelerations and
decelerations, the mass change has a measurable
impact on the energy consumption. Figure 20 and
Figure 21 present percentage and absolute energy
consumption change as a function of percent

mass change on the UDDS.
UDDS (City type driving)
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Figure 20. Percent energy consumption change as a
function of percent mass change.
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Figure 21. Absolute fuel change as a function of
percent mass change.
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Light weighting a battery electric vehicle will
provide the greatest increase in range compared
to a conventional or hybrid vehicle. But light
weighting a conventional vehicle will provide the
largest  improvement in  absolute  fuel
consumption reduction due to the relative lower
powertrain efficiency compared to a battery
electric vehicle.

Conclusions

The APRF benchmarked several AVTA vehicles.
The test results and analyses were distributed
through several mechanisms such as reports,
presentations, and sharing of raw data. The
testing activity helped directly in the
development of some codes and standards and
supported the model development and validation.

This report summarizes Argonne’s basic vehicle
benchmark activity for FY 2012. For more
detailed information on each vehicle and further
analysis, the reader is encouraged to read the
vehicle reports.

111.B.3. Products

Publications

Leaf DOE update EV Everywhere
Leaf VSATT

DOE EV Everywhere workshop
SAE paper thermal

SAE Mass impact

IEEE Leaf

MASS impact VSATT

MASS impact at DOE

MASS impact to materials group

A S BN e

Tools & Data

1. The basic vehicle test data is uploaded to the
APREF’s Downloadable Dynamometer
Database and available of public download.
Both the test results as well as 10Hz data is
posted. transportation.anl.gov/D3/index.html

2. Some of the dynamometer test results are
also integrated into the AVTA website
maintained by INL. avt.inel.gov/


http:avt.inel.gov

Lab & Field Vehicle Evaluations (Light Duty)

111.C.

FY 2012 Annual Progress Report

Extended Level 2 Benchmarking of Advanced Technology LD
Vehicles — Peugeot 3008 Hybrid4

Principal Investigator: Eric Rask
Argonne National Laboratory

9700 South Cass Avenue

Argonne, IL 60439

Phone: (630) 252-3110; Email: erask@anl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

1.C.1.

Abstract

Objective

Establish work plan that involves thorough vehicle instrumentation, testing, and analysis of the selected vehicle
(Peugeot 3008 Hybrid4). Data collected will be used for a wide range of evaluations and related tasks, including
technology benchmarking and evaluation, simulation validation, advanced vehicle component evaluation, and
vehicle testing procedure/methodology development. This work was done in collaboration with staff from IFP
Energies Nouvelles of France, who assisted in test plan development, vehicle procurement, and data analysis.

Approach

Work with IFP to import test vehicle and develop specific test/analysis plan
Leverage previous high-level data collection and insight
Install drive shaft torque sensors and other relevant instrumentation

Decode and record Controller Area Network (CAN) signals through testing as a means of measuring parameters
that would otherwise be too difficult, too expensive, or impossible to obtain

Run a broad range of tests for cycle fuel economy, energy consumption, performance, and steady-state operation
for vehicle assessment, component evaluation, and technology benchmarking

Major Accomplishments

Successfully conducted significant vehicle/component testing and analysis for selected vehicle
Evaluated a wide range of drive cycles and operating modes

Decoded and recorded significant CAN bus information through the development and leveraging of improved
tools

Future Activities

Continue additional data collection by leveraging instrumentation installed in vehicle. Areas of particular interest
include further component efficiency testing/mapping and vehicle temperature sensitivity testing under extreme
ambient conditions.

[1I.C.2.  Technical Discussion on the basis of technical merit for technology
assessment and data collection. Vehicles are
Background tested primarily on a chassis dynamometer by

This work focuses on in-depth instrumentation,
testing, and analysis of new and emerging vehicle
technologies. Vehicles are selected for evaluation
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using state-of-the-art instrumentation and data
analysis equipment. Testing and instrumentation
plans are developed specifically for each vehicle
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and reflect its particular technical merits and
unique features.

Introduction

The Peugeot 3008 Hybrid4 is a particularly
interesting and unique vehicle, which makes it an
excellent candidate for in-depth vehicle testing.
The vehicle can provide tractive effort though
either the front or rear axles because of its unique
configuration. The front axle is powered by a 2.0[]
L diesel engine mated to a 6-speed sequential
manual gearbox, as well as a stop-start system.
Peugeot claims the engine is capable of providing
120 kW, and testing has shown similar results.
The rear axle is powered by a rear motor that can
be used for electric vehicle operation, launch
assist, regenerative braking, or engine load
buffering. This unit can maximally provide a
claimed 27 kW of power with a peak torque of
200 Nm. The vehicle is a fairly large (for a
European vehicle) crossover and is claimed to
offer a mix of high fuel economy and excellent
driving characteristics, given the diesel engine
and rear electric capability. Also interesting is
that this vehicle offers a range of selectable
operating modes, which can be used to alter the
vehicle’s behavior, depending on the desired type
of operation. Figure 1 shows the 3008 on the
dynamometer in Argonne’s Advanced Powertrain
Research Facility (APRF).

Figure 1. Peugeot 3008 Hybrid4 on the Dynamometer
in the APRF.

Instrumentation

While not discussing all of the instrumentation
included in this vehicle, the following paragraphs
seek to highlight some of the important
instrumentation for this vehicle.
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Table 1 provides a summary of most signals used
in the testing and analysis of this vehicle. CAN
bus data were used fairly extensively for this
vehicle and offered a wide range of signals
relevant to overall vehicle operation, as well as
specific component capability and usage. When
required, more invasive instrumentation was used
to investigate certain power flows in the vehicle.
For example, Figure 2 shows some of the voltage
and current instrumentation used to find the
power provided by the main high- voltage battery
pack and DC-DC converter.

Table 1. Highlighted 3008 Hybrid4 Data Signals

CAN Data Signals

Power Analyzer Signals

Accel Pedal [%]

HV Battery Voltage (V)

Wheel Speed [kph]

HV Battery Current (&)

Weh_Spd_CaN[kph]

HY Battery Power (W)

Brake Switch

DCDC Qutlet Valtage (V)

Gear

DCDC Outlet Current (A)

Battery Current [A]

DCODC Qutlet Power (W)

Battery Voltage [V]

12 Battery Voltage (V)

Engine Speed [rpm]

124 Battery Current (&)

Engine Torgue [Nm]

12 Battery Power (W)

Eng. Coolant Temp. [C]

Alternator Torgue [Nm]

Additional Signals

totar Speed [Mm]

Front &xle Targue (Nm)

Battery SOC [%]

Rear Wheel Tarque {(Nm)

Engine Oil Dipstick Temp. (Nm)
THC (mg/s)

CH4 (mg/s)

MNOx (mgfs)

cOlow (mgfs)

Comid (mg/s)

CO2(mg/s)

HFID {mg/s)

Battery Temp. [C]

MNIMHC (mg/s)

Figure 2. High-Voltage Battery and DC-DC Electrical
Instrumentation.

Highlighted Vehicle Results

The following sections describe some of the
noteworthy findings related to tests of this
vehicle. These discussion items represent a small
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fraction of the information and insight gained
during testing.

Although a variety of both U.S.- and European-
based drive-cycles were used in the evaluation of
the Peugeot 3008 Hybrid4, of particular interest
are the UDDS, Highway, and US06 cycles.
Figure 3 shows the resulting fuel economy of the
3008 for the major U.S. regulatory cycles tested
at 25°C nominal ambient test conditions. Note
that these results are in miles-per-gallon of diesel
fuel, which has higher energy content per gallon.
As can be seen in the figure, the 3008 provides
high fuel economy across the range of drive
cycles. Unlike many power-split-type hybrid
vehicles, the Peugeot shows higher Highway fuel
economy, as compared to the UDDS cycle.
Higher fuel economy is due to its diesel engine,
as well as its hybrid architecture that utilizes a
relatively higher efficiency path during highway
type driving. The vehicle’s response in terms of
fuel economy to more aggressive driving, as
estimated by the US06 drive cycle, is slightly
lower than that of other recently tested hybrid
vehicles, but it is still in the commonly seen
range of roughly 30%.

uDDS -CS UDDS -HS Usoe

70

@
o

w
o

Diesel Fuel Economy (mpg)
5 8 8 8

o

Highway
Figure 3. Tested U.S. Cycle Fuel Economy.

Figure 4 shows estimated engine and battery
power of a segment of the UDDS drive cycle. In
this zoomed-in snapshot, most of the 3008
Hybrid4’s operating modes can be observed.
During initial launch (~20s), the vehicle is
powered electrically, as evidenced by the
increase in battery power with minimal engine
power. Following this operation, the engine is
started, and a mix of battery and engine power
can be observed. During decelerations, engine
power again falls to zero, indicating that fueling
does not occur during decelerations. Figure 4
shows that from 200 to 300 s, the battery charges
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off the engine power, which is used to propel the
vehicle. This phenomenon is indicated by the
negative battery power and positive engine
power.

Veh. Speed
59 ——Engine Power
----Battery Power

Power (kW)

Vehicle Speed (mph)

o 50 100 150 200 250 300 350 00
Time (s)

Figure 4. Mix of Battery and Engine Power during
Subset of UDDS Driving.

Given the Peugeot 3008’s ability to generate
power and capture regenerative braking energy
though either its front starter-generator or its rear
motor, the chosen split of power is of interest.
Figure 5 shows tractive power during UDDS
operation for both the front and rear axles.
Higher absolute power levels on the rear axle
indicate that the rear motor is providing the
majority of tractive power; conversely, higher
front absolute power levels indicate that the
front-drive diesel engine is providing the
majority of traction. The 3008’s electric launch,
followed by engine-powered operation, can be
observed in Figure 5. Additionally, the majority
of braking energy on the UDDS appears to be
handled by the rear brakes and, thus, the rear
motor for capturing regenerative braking energy.
While more aggressive accelerations may have a
more balanced mix of front and rear braking
energy, the UDDS segment shown is logical,
given the rear motor’s increased size and
capability compared to the front axle’s starter-
generator.
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—fFront Tract. Pawer
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Veh Speed %

Tractive Power (kW]
=

e ~S—
P-‘
&
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Figure 5. Mix of Front and Rear Axle Power during
Subset of UDDS Driving.

One of the well-known challenges of diesel
vehicles is their increased production of certain
criteria emissions, especially nitrous oxides —
commonly referred to as NOy. Figure 6 shows the
NOy emissions from the 3008 Hybrid recorded
over the UDDS cycle when operating “cold” (i.e.,
no prior operation, lack of cold ambient
temperature). Figure 6 also contrasts the 3008’s
emissions with those of the Toyota Prius under
the same operating conditions. The dramatically
increased emissions dwarf those of the Prius, and
large spikes of emissions can be seen during
every restart — in contrast, the Prius shows
relatively low emissions during warm-up,
followed by extremely low emissions during the
remainder of the test. Note that the spike in the
Prius’s emissions is just barely visible because of
the scaling required for the 3008.

60
e Wy 3008 NOX

—Toyota Prius Nex
Veh, Speed
50

1: !'JI M l.ﬂ ik (.ﬁ fii

0 200 600 800 1000 1200 1400
Time (s)

INOx Emissions (mg/s)
Vehicle Speed (mph)
& &
;1

e

400

Figure 6. NOx Emissions during Cold-start UDDS
Operation (diesel 3008 vs. gasoline Prius).

To help illustrate the 3008’s ability to provide
electric assist during performance driving,
Figure 7 shows battery power, engine power, and
gear during two back-to-back aggressive
accelerations. As would be expected for a vehicle
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providing electric assist, a large spike of battery
power is followed by a corresponding spike in
engine power as the engine increases its speed.
The sharp drops in battery power during shifts
are also noteworthy.

70 f
60 f
50

i

40000
Veh. Speed

\ ===Gear
. —Battery Power
\ Engine Speed

30000

20000

10000

-10000

Vehicle Speed (mph)
Gear
8
o
Battery Power (W)
Engine Speed (rpm)

Figure 7. Engine and Battery Usage during Aggressive
Accelerations.

In addtion to high-level, vehicle-type analysis,
the testing of the 3008 also considered specific
components of the vehicle. Of particular interest
in this vehicle are the rear electric traction motor
and the diesel engine, both of which are fairly
unique for a hybrid vehicle. Figure 8 shows the
estimated motor torque and speed observed
across the major U.S. drive cycles of interest.
From this figure, the motor’s maximum
capability of roughly 200 Nm can easily be
observed.

» UDDS, Hwy, USO8, Perf. Data

$i¥

4000 6000
Motor Speed (rpm)

0 2000

8000

Figure 8. Rear Motor Usage and Torque Capability
(only positive usage shown).

Figure 9 shows similar usage information for the
rear-drive motor, but it shows motor power as
opposed to torque. From the figure, the
maximum available motor power of roughly
25 kW can be easily observed. The maximum
observed motor torque and power are close to the
values claimed by Peugeot. The scatter plots
provide much added detail regarding the shape of



Lab & Field Vehicle Evaluations (Light Duty)

the capapcity curves, as wells as the usage seen
during standard operation.

30

+ UDDS, Hwy, US06, Perf. Data

Estimated Power (Nm)

0 2000 4000 6000 8000
Motor Speed (rpm)

Figure 9. Rear Motor Usage and Power Capability
(only positive usage shown).

Figure 10 shows similar information for the
3008’s diesel engine. A peak torque of roughly
300 Nm is observed, and peak power seen during
operation is roughly 113 kW, both of which are
close to the reported values given by Peugeot.
The usage information provided in Figure 10 is
particularly interesting given the differences
between gasoline and diesel engines, which
typically have a much flatter efficiency map
relative to a gasoline engine. In Figure 10, it can
be seen that the vehicle spends a significant
amount of time between ~1100 and 2000 RPM
across a wide range of torque values. These data
suggest that the vehicle operates in this region
quite extensively in order to maintain high engine
efficiency.

= UDDS, Hwy, USO6, Perf. Data

Engine Torque (Nm)
[ — (] (] w
(=3 w o w [=1
o o o o i=}

wn
o

0 1000 2000 3000 4000 5000
Engine Speed (rpm)

Figure 10. Engine Usage and Capability.

Figure 11 shows engine versus vehicle speed for
several drive cycles. From this plot, one can
casily observe the different ratios of the 3008’s 6
speed gearbox. This information is also helpful
for observing the varying time spent in different
gears during a mix of driving.
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Figure 11. Engine Speed versus Vehicle Speed.

Another interesting feature of the 3008 Hybrid is
that it offers a variety of driver-selectable
operating modes. These modes include Standard
(Auto) mode, which uses a traditional hybrid
vehicle operating strategy; Sport mode, which
adjusts the engine on/off operation and shift
points; a 4x4 mode, which runs the engine the
entire time and utilizes the electric rear motor to
provide 4x4 driving; and a zero emissions vehicle
(ZEV) mode, which seeks to provide EV
operation whenever possible (but switches to
Auto mode once the EV envelope has been
exceeded).

Figure 12 shows the engine speed for three of the
possible modes on a subsection of the UDDS
drive cycle. The differences between the modes
from an engine operation perspective can be
clearly seen in the figure. As mentioned
previously, the 4x4 mode runs the engine
continuously, even during idle. Sport mode
retains engine-off during vehicle stop, but it does
not show engine-off operation while the vehicle
is in motion (60-120 s). ZEV mode is not shown
below because it is nearly identical to Standard
mode for this testing. The ability to operate the
vehicle in these different operating modes is
particularly interesting from the perspective of
observing the impacts of control strategy on fuel
consumption and emissions; considerable work
has been done in this area, but the results of that
work are not included in this summary report
because of space constraints.
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Figure 12. Engine Speed in Different Selectable
Driving Modes for a Segment of the UDD.

Figure 13 shows the battery power during the
same segment of UDDS driving for the different
operating modes. Note the differences in battery
usage as the engine operation is changed in
response to the selectable mode. For example, the
4x4 mode shows minimal battery usage, aside
from some light launch assist and braking
regeneration. In comparison, the Sport mode
shows a fair amount of engine charging, as
evidenced by negative battery power during
driving. In contrast to the previous modes,
Standard mode shows a mix of battery usage,
indicating electric launch, EV driving, engine
charging, and load buffering.

40000 60
—Standard Mode

=—$port Mode
— x4 Mode

30000

Vehicle Speed (mph)

Time [s)

Figure 13. Battery Power in Different Selectable
Driving Modes for a Segment of the UDDS.
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Conclusions

As with previous years and Level-2 vehicle
testing, significant time and effort were invested
on the instrumentation, testing, and analysis of
the selected Peugeot 3008 Hybrid4. Efforts were
made to evaluate the most noteworthy aspects of
this vehicle, especially its unique hybrid
architecture and diesel engine. Additionally,
testing was tailored to this vehicle’s European
origin, and a mix of U.S. and EU drive cycles
were used for this evaluation. The results and
analysis contained in this report represent a small
but important subset of the entire project. given
the ever-changing dynamics of the advanced
vehicle marketplace Research regarding this
unique vehicle, as well as previous Level-2
vehicles, will likely continue.

[.C.3. Products

Publications
NONE to date.
Tools & Data

The plan is for the data to be made available as part
of the APRF Downloadable Dynamometer Database
(D3) at:

transportation.anl.gov/D3/index. html
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l1I.D.  Assessment of Conventional Vehicle Technology Baseline

Principal Investigator: Henning Lohse-Busch, Ph.D.
Argonne National Laboratory

9700 South Cass Avenue

Building 361, Office B-217

Argonne, IL 60439

Phone: (630) 252-9615; Email: hib@anl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

1.D.1.  Abstract

Objectives

Benchmark fuel consumption and performance of conventional vehicles available in 2012 while collecting
powertrain component information.

Build a database of powertrain technologies in conventional vehicles to enable a comparative study.
Investigate the potential for petroleum displacement by new automotive technologies.

Disseminate vehicle and component test data to partners of the DOE, such as the national laboratories, the U.S.
Council for Automotive Research, original equipment manufacturers (OEMs), and suppliers, by populating the
Downloadable Dynamometer Database (D3).

Approach

Develop a comprehensive test plan with the DOE partners (e.g., simulation groups and OEMs) to collect relevant
vehicle-level data. The primary focus of the data includes fuel consumption, vehicle efficiency, and shift patterns
for standard drive cycles. Furthermore, data about acceleration performance, steady-state speed performance, idle
fuel flow rates, cold-start penalties, deceleration fuel cutoffs, and accessory loads are desired.

Implement the comprehensive, but noninvasive, Level 1 instrumentation and perform the testing on a two-wheel
drive (2WD) chassis dynamometer at Argonne National Laboratory’s (Argonne’s) Advanced Powertrain
Research Facility (APRF).

Develop a test summary template to facilitate direct vehicle-to-vehicle comparisons.
Leverage a decade of experience in testing vehicles to refine the test procedures and test plans.

Major Accomplishments

Benchmarked vehicles of multiple engine and transmission configurations through comprehensive testing on the
chassis dynamometer with a consistent test plan and instrumentation.

Completed testing and summary sheets for eight conventional vehicles.

Distributed the test results and analysis through several mechanisms, such as reports, presentations, and sharing of
raw data by using a standardized template for data representation.

Future Activities

Use the vehicle data that were generated to determine the potential for petroleum displacement by electrified
powertrains or alternative fuel powertrains.
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11.D.2. Technical Discussion

Introduction

The Advanced Powertrain Research Facility
(APRF) at Argonne National Laboratory
(Argonne) has been testing advanced-technology
vehicles to benchmark the latest automotive

technologies and  components for the
U.S. Department of Energy (DOE). Recently,
DOE expressed an interest in acquiring

conventional (non-hybrid gasoline and diesel)
vehicle data for comparison purposes. To enable
these comparisons, Argonne staff has tested a
number of conventional vehicles of different
configurations. These configurations include
naturally aspirated and turbocharged gasoline
with torque converter automatic transmissions
and automated manual transmissions of varying
ratio counts, as well as one continuously variable
transmission. Summary sheets for all of the
vehicles tested can be found in Appendix A.

Over the last decade, the staff has developed
expertise in automotive testing. During this time,
the instrumentation of the powertrains has
evolved and the test procedures have been
refined. Two main levels of testing exist today.
Level 1 testing involves basic, but complete, non[
invasive instrumentation of a vehicle, which
leaves the vehicle unmarked after the testing.
Level 2 involves a comprehensive invasive
instrumentation of a vehicle and its powertrain
components and leaves the vehicle with
irreversible alterations. All vehicles in this study
were tested with Level 1 instrumentation.

This report summarizes the Level 1 conventional
vehicle benchmarking activities of year FY 2012.
The dynamometer testing and instrumentation
plans are described and data summary sheets are
attached.

Approach

General Test Instrumentation and Approach

The results presented in this report are focused on
the basic and complete non-invasive Level 1
testing type. Typically, Argonne receives these
vehicles on loan from partners or obtains them
through commercial rental agencies. The
vehicles, therefore, need to leave the test facility
in the “as-received” condition. This limits the
installation of instrumentation to those sensors
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that can be easily removed without damaging the
vehicles.

Despite this limitation, a significant amount of
data has been collected successfully for all
vehicles. Instrumentation was applied to monitor
the engine speed, fuel flow (using a fuel flow
meter where possible and verified by modal
emissions), and engine oil temperature (achieved
through dipstick instrumentation). A power
analyzer was used to record 12-V loads and
modal emissions were taken by using a Semtech
mobile emissions analyzer. Additional measured
parameters include the temperature of the vehicle
cabin and, often, the position of the accelerator
pedal. These signals can vary from vehicle to
vehicle. A final part of the Level 1 benchmark is
the recording of messages from the vehicle’s
onboard information buses, where available.

Test Matrix

To facilitate direct vehicle-to-vehicle
comparisons, a test matrix was developed to
provide a consistent and wide range of driving
conditions. Testing was largely focused on the
existing U.S. Environmental Protection Agency
(EPA) cycles, including the Urban Dynamometer
Driving Schedule (UDDS), US06, and the
Highway Fuel Economy Driving Schedule
(HWFET) tests. Additional tests were included to
gather data on acceleration performance, steady-
state speed performance, idle fuel flow rates, cold
start penalties, deceleration fuel cutoffs, and
accessory loads. Table 1 lists the details about the
tests that were performed.

Table 1. Conventional Vehicle Test Summary

Test Distance [mi] Phases Time [s]
UDDS#1 Cold Start 7.49 2 1374
UDDSs#2 7.49 2 1374
UDDS#3 or 505 (until 55 temp) 7.49 2 1374
HWYx2 20.63 2 3090
Usoex2 16.11 4 2580
5SS (55 mph until Eng Oil > 95C) N/A 1 N/A
Jjcos 5.1 1 1205
NEDC 6.92 2 1180
LA S92 9.87 1 1435
ldle Test N/A 1 N/A
Cycle Beating UDDS 7.49 2 1374
Steady State Speed 0-80-0 30 sec NfA 1 N/A
WOTx3 N/A 1 N/A
1.2 HWYx2 ED 20.63 2 1287
1.2 UDDS ED 7.49 2 1147
1.4 UDDS ED 7.49 2 986
Accessory Test N/A 1 N/A
Gear Shift Test NfA 1 N/A
Engine Map Test NfA 1 N/A
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Results

Results Sharing

As previously discussed, data summaries for
vehicles tested for this study can be found in
Appendix B. However, the RAW 10-Hz data will
also be made available on Argonne’s
Downloadable Dynamometer Database (D°). D’
is a public website that provides access to vehicle
testing data collected at Argonne.
(transportation.anl.eov/D3/index.html). The data
directly serve the development of codes and
standards, as well as the development and
validation of simulation models. These activities
impact the modification of test plans and
instrumentation. Additional partners in the testing
are U.S. manufacturers and suppliers, through the
U.S. Council for Automotive Research
(USCAR).

As of this writing, the study is ongoing. It is
anticipated that two additional vehicles will be
tested: a 2013 Honda Civic and a vehicle with an
8-speed automatic, pending availability.

Selected Results

Figure 1 of Appendix A summarizes fuel
economy results over EPA urban, highway, and
US06 cycles. The conventional vehicle data
obtained as part of this study have been
supplemented with existing data for a Ford
Fusion hybrid electric vehicle (HEV) and a
Hyundai Sonata HEV, for comparison purposes.
Several conventional engine technologies are
represented in the results, including naturally
aspirated and turbocharged gasoline engines with
port fuel injection and direct fuel injection, as
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well as a turbo-diesel. Transmission technologies
are equally diverse, with torque converter,
automated dual-clutch, and continuously variable
transmission (CVT) varieties represented.

Figure 2 of Appendix A summarizes overall
vehicle powertrain efficiency (positive energy at
the wheel divided by fuel energy) over the
aforementioned cycles.

Figure 2 shows that the typical vehicle efficiency
for the urban cycle ranges from 15 to 20%.
Because of the lack of engine idle time and
higher required loads, vehicle efficiency on the
highway cycle improves to 25-30%. The results
of the Fusion and Sonata hybrids included for
comparison purposes show that these powertrains
arc able to improve on the urban vehicle
efficiency numbers by as much as 15%. This
improvement is due in large part to the hybrid’s
capacity for regenerative braking, as well as the
technology’s greater flexibility in operating the
internal combustion (IC) engine at more efficient
speed/load points. On the highway cycle, this
advantage is negated because of the higher loads
required of the powertrains and fewer
opportunities for regenerative braking.

Attachments
Appendix A — Selected Results Figures

Appendix B — Summary of Conventional Vehicle
Data
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Appendix A — Selected Results Figures

Vehicle Fuel Economy for EPA Cycles
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Figure 1. Vehicle Fuel Economy Summary.

Vehicle Efficiency for EPA Cycles
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Figure 2. Vehicle Efficiency Summary.
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H.E.1.

Abstract

Objective

This work seeks to develop techniques to improve the estimation of real-world energy consumption using chassis
dynamometer testing. Although numerous cycles can easily be assessed in simulation, the resource and time
constraints of dynamometer testing necessitate an intelligent approach to reducing the amount of testing and
increasing the information provided by testing. These goals are addressed in two distinct ways. First, a range of
real-world drive cycles have been evaluated using both simulation and actual testing to assess the variability
observed over these cycles. These data have then been processed to observe trends and select representative
cycles that appear to be most relevant. Secondly, alternative techniques for improved usage data in-filling and
consumption prediction have been developed.

Approach

Utilize Autonomie to simulate numerous real-world drive cycles across a wide range of vehicle technologies.
Supplement simulation runs with selected testing using a chassis dynamometer and Argonne test vehicles.

Process simulation and chassis testing results to identify relevant cycles and issues/sensitivities to be addressed
with further vehicle testing.

Major Accomplishments

Assessed a wide variety of real-world drive cycles across a wide range of technologies and found two cycles to
represent the observed consumption within one standard deviation for the range of cycles and technologies
evaluated.

Created vehicle mapping techniques for a range of vehicle technologies that have been shown to be accurate in
predicting the fuel consumption characteristics of additional cycles (without additional testing).

Developed a space-filling technique for increased test data relevance and prediction accuracy.

Future Activities

Expansion of techniques to comprehend differences due to real-world driving at a range of ambient operating
temperatures. Continued improvement of space-filling techniques to improve both positive and negative
(regenerative braking) vehicle power consumption estimation.

lI.LE.2.  Technical Discussion Highway, US06 and SCO3. This suite is
typically used in order to evaluate vehicles on a
Background consistent basis as well as to allow lab-to-lab

The majority of dynamometer-based vehicle
testing is done using the traditional suite of
U.S. regulatory cycles comprised of UDDS,
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and vehicle-to-vehicle comparisons to be made.
Furthermore, many testing facilities are mainly
interested in EPA fuel-economy testing and
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validation. In contrast, technology evaluation
testing done at Argonne National Laboratory’s
Advanced Powertrain Research Facility is
concerned with both the EPA schedule results
and obtaining a broad view of how a technology
performs during real work conditions. When
assessing a vehicle’s behavior relative to real-
world driving, the cycles used for assessment are
particularly important. For example, Figure 1
shows the benefits of vehicle start-stop for both
the U.S. UDDS and European NEDC cycle. As
can be seen in the figure, the benefits of start-
stop are dramatically higher on the NEDC as
compared to the UDDS cycle.

uDDS NEDC (Citv)
=» Average start stop improvement4% | > Average start stop improvement 10%
17.6% idle
- — ~ 30.6%idle \

CRLIMT] Smat WD Nassdis ] VI GF1
op  Wissmok

Figure 1. Comparison of UDDS versus NEDC with
Respect to Start-Stop Fuel Consumption
Benefit.

Plug-in hybrid vehicles (PHEVs) pose even
more difficulty in terms of assessing how the
vehicle responds to real-world driving, which
may include more aggressive accelerations and
decelerations as well as higher average speeds as
compared to the standard regulatory cycles.
Figure 2 shows some of the possible energy and
fuel-consumption responses for a PHEV,
depending on the characteristics of a particular
driving style. For each case, both the energy and
fuel consumption change, and it is likely
unknown a priori which direction a particular
vehicle may move in for a specific driving cycle.
Figure 3 shows some real-world test data
overlaid with the regulatory cycles. In this
figure, the wide range and multiple directions of
real-world fuel and electricity consumption
adjustment can easily be observed.
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Figure 2. Possible Fuel and Energy Consumption
Responses to Alternative Driving Style.
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Figure 3. Scatter of Real-World Driving versus
Regulatory Cycle Results.

Comparison of Real-World Drive Cycle
Simulations

Introduction

The current methods for testing advanced
vehicles using the UDDS and Highway drive
cycles have many disadvantages. The UDDS
and Highway [a.k.a. Highway Fuel Economy
Test (HWFET)] cycles no longer represent the
way vehicles are actually driven on the road.
Hence, the fuel economy observed in those tests
differs from what is observed in real-world
driving. The EPA uses correction factors, which
help to make the UDDS/Highway test results
more realistic; however, a better approach might
be to use drive cycles that are more
representative of real-world driving. Another
issue with the current regulatory test cycles is
that the benefits we observe during these tests
due to varying degrees of hybridization do not
reflect the benefits we see during real-world
driving.
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Hence, the objective of this study is to
investigate how EPA-prescribed drive cycles
compare with real-world driving situations in
terms of (a) various drive-cycle characteristics
and (b) the fuel consumption associated with
various vehicle technologies.

Methodology

The methodology followed for this study is
shown in Figure 4. Autonomie® (an Argonne
developed software tool for powertrain modeling
and vehicle simulation) allows the modeling and
simulation of various vehicle technologies over
real-world drive cycles (RWDCs) recorded by
the EPA in Kansas City, MO. The vehicles
considered for this study are all midsize sedans
with varying degrees of hybridization. A
conventional vehicle, a starter-generator hybrid,
a pre-transmission hybrid and a split hybrid were
considered. In addition to RWDCs, these
vehicles were simulated over the EPA test
cycles. It is assumed that a normal distribution is
obtained when we plot the fuel consumption
observed over a RWDC (Figure 5).

. h

Evaluate fusl consumption for RWDC

Analyre Drive cycle propertios.

Figure 4. Autonomie Allows Running Multiple Vehicle-
Cycle Combinations

I
A P &=
/ \\ for / e )

Figure 5. It Is Assumed that a Normal Distribution Is
Obtained for the Fuel Consumption over a
RWDC.

It is not clear which number can accurately
represent the fuel consumption as plotted in
these figures. We assume that any prediction
within one standard deviation (SD) or less of the
mean value is a relatively good one.
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Analysis

A conventional mid-size vehicle, when
simulated over the entire RWDC, provides a
miles-per-gallon distribution as shown in
Figure 6. We see that the unadjusted Highway
fuel economy prediction is 40 mpg, which is an
overestimation. The unadjusted UDDS cycle
gives a slightly lower mpg number than the
mean value. With adjustment equations, we get
different estimates which fall at different regions
of the distribution.

The fuel-economy distribution observed for a
hybrid is shown in Figure 7. Comparing
Figure 6 and Figure 7, we see that the drive
cycle that provides a good fuel economy
estimate for the conventional vehicle does not do
so for the hybrid, and vice versa. So, which
drive cycle we choose to test could determine
how much improvement we obtain with
hybridization. To ensure a fair comparison of the
performance of a conventional and a hybrid
vehicle, it is necessary to compare them over a
fair drive cycle. It is imperative that the drive
cycle chosen represent the real-world driving
scenario.

There are many ways to find a representative
drive cycle. The studies done at the University
of Michigan and the National Renewable Energy
Laboratory (NREL) are notable in this regard.
However, in this case, we are asking which
cycle can represent the RWDC from a fuel-
economy perspective. We hope to find at least
one cycle that can provide a mean +/-1-SD fuel
economy for all the technologies we are
considering.

Pre 2008 adjusied

Probability density

Mean +/-15D

oo usos

e
(;-:w«umume
City Adpanted

HWTEL
*

Fuel consumption (imer/100km)

Figure 6. Distribution of mpg for a Conventional
Vehicle.
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Figure 7. Distribution of mpg for a Hybrid Vehicle.

Such a cycle may not exist, but if it does, it will
be interesting to conduct studies with such a
cycle and compare the results against the
representative cycle selections made by other
methods.

We found that there are at least 27 separate daily
driving patterns (Figure 8) that can predict the
real-world fuel economy with a +/-1-SD
accuracy.
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Figure 8. 27 RWDCs that Provide a Representative
Fuel Consumption Figure for All Technologies
Considered in This Study

If we reduced the margin of error to +/-0.5 SD,
there was still one cycle that could predict the
fuel economy for all the technologies
considered. That cycle is shown in Figure 9.

LR

o £ 40 [

Figure 9. Representative Daily Cycle: 46 mi, 106 min,
36 Stops, 25 min Idling.
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However, at 106 min, this cycle is too long to be
used for a dynamometer test. So a decision was
made to look at the individual trips (portions
between two key-on events) and find a
representative trip (Figures 10 and 11).

representative cycles
T

time(minutes)

Figure 10. Two Trips that Can Represent Real-World
Driving.
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Figure 11. The Two Representative Trips Provide
Fuel Consumption Results that Are Very Close
to the Average Observed Values for All the
Vehicle Technologies Considered in this Study.

Owing to the reduced distance covered by these
individual trips, it was no longer meaningful to
have a PHEV with a 40-mile all-electric range in
this study. So the study is focused on
conventional, mild and strong hybrids and a
PHEYV with a 10-mile all-electric range.

As a result of that exercise, we found that there
are two cycles that can predict the fuel economy
within the mean +/— 0.5 SD for all the
technologies considered in this study. These two
cycles are shown in Figure 7. These two cycles
are remarkable in that the fuel consumption data
observed over these cycles are very close to the
mean value observed over all the RWDCs, for
all vehicle technologies considered in this study.

These two cycles are being further analyzed for
their suitability for dynamometer testing. For
simulation tests, these cycles provide an
interesting baseline test case. If a particular
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technology can provide a 10% improvement on
these test cycles, it is very likely that we will
observe a similar gain when that technology is
implemented on a vehicle in a real-world driving
scenario.

Vehicle Dynamometer Testing for
Additional = Real-World  Performance
Testing Insights

The following paragraphs seek to provide some
selected insights and results from the
dynamometer portion of this work. Although a
range of vehicle technologies were evaluated,
only illustrative highlights are provided in this
brief summary document.

Although selecting a small subset of additional
cycles is an appealing concept for streamlined
dynamometer testing, several issues arise that
complicate one’s ability to truly evaluate real-
world performance for a particular vehicle or
technology. First, while the previous simulation
revealed some promising cycles that appear to
provide a representation of the “average” real-
world performance for a variety of technologies,
this value may not necessarily provide all the
information desired for a particular vehicle
technology. It is often equally important to
assess how well a technology performs for a
particular driving style, and that information
may be lost in the averaging that the reduced
subset of cycles provides. Figure 12 shows the
relative rank for several of the RWDCs
evaluated in the previous simulation discussion.
It is clear that certain cycles show a very high
rank (i.e., high fuel consumption) for the
conventional and Integrated Starter Generator
(ISG) case, whereas the hybrid (pretrans, split)
and PHEV rank very low (i.e., low fuel
consumption). Cycles 4 and 6, marked with
asterisks, represent two selected cycles from the
simulation assessment. Cycle 4 in particular
shows a large discrepancy in ranking between
the conventional and hybrid cases and suggests
that these technologies may be behaving
differently relative to the overall mix of
RWDCs.
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Figure 12. Relative Fuel Consumption for Selected
Kansas City RWDCs across Technologies
Evaluated.

Furthermore, it was observed that many of the
supplemental RWDCs provide minimal
information relative to the information obtained
from the standard regulatory tests. While the
fuel consumption for a particular cycle may
differ significantly from that for the standard
cycles, the actual usage was found to be
typically very close to that observed for the
envelope provided by UDDS, Highway and
US06 testing. Moreover, many RWDCs had
several very similar accelerations and
decelerations, which are very representative of
real-world driving but provide no additional
insight beyond the first cycle. Figure 13
illustrates this issue by showing the speed and
tractive load of two RWDCs overlaid with the
usage provided by the standard U.S. regulatory
cycles. As discussed above, there is improved
in-filling of the usage envelope, but usage data
in a new operating area is not evident.

UDDS, Hwy, USO6
* 40mi RW Cycle
 Smi RW Cycle

§

§

Tractive Load (N)

0 10 20 30 40 50 60 70 80 90

Vehicle Speed (mph)

Figure 13. Selected RWDC Loads and Speeds,
Overlaid with Regulatory Usage.

With these two key insights in mind, the scope
of the vehicle testing was adjusted to focus on
techniques and issues related to improving
space-filling in addition to evaluating
supplemental cycles, which may or may not
provide additional information.
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Although a range of vehicle technologies,
including conventional, hybrid, plug-in hybrid,
and electric, were evaluated for this work, the
next section of this summary focuses on electric
vehicles. A walkthrough highlighting some
important steps in the analysis for an electric
vehicle is provided below.

Figure 14 shows the overall efficiency
calculated for an electric vehicle over a variety
of drive cycles. On the basis of this information,
it appears that the efficiency varies significantly
cycle-to-cycle, and thus each of these cycles
must be evaluated on a dynamometer to properly
assess the energy consumption.

ubDS  Hwy  USO6

w & v @ ~
o o [=] o o
=® R ® ® =®

Overall Efficiency (%)
1]
o
ES

Integrated Tractive Power/Battery Energy

-
o
®

=]
=®

5m| 10rn| 15m| 25ml

Figure 14. Overall Vehicle Efficiency for an Electric
Vehicle over a Subset of Regulatory and Real-
World Driving Cycles.

Fortunately, some intelligent processing was
found to dramatically decrease the range of
observed efficiencies, enabling certain cycles to
be predicted using previously run tests.

Figure 15 shows an estimate of accessory load,
which was found to vary linearly with time.
Since this load changes minimally with usage
but changes efficiency as a function of time, it is
very helpful to remove this usage when
performing efficiency calculations.
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Figure 15. Accessory Energy Consumed versus
Operating Time.

Figure 16 shows an additional step that is
important  for  estimating  representative
efficiency for the entire range of vehicles tested.
Namely, this figure illustrates the breakdown of
the various cycles relative to acceleration,
deceleration, and idle. This step facilitates
identifying separate efficiency factors for
acceleration and deceleration events, which
often differ dramatically.
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Figure 16. Breakdown of Acceleration, Deceleration,
and Idle for Various Drive Cycles.

Using the breakdown provided in the previous
two figures, Figure 17 shows the estimated
efficiency for both positive and negative traction
events for the cycles selected. One of the most
interesting results from this analysis is that the
majority of efficiencies are close together, which
enables estimation of the different energy
consumption values using prior testing as
opposed to additional testing.
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Figure 17. Tractive and Braking Efficiency for
Selected Cycles.

Taking this procedure a step further, the ultimate
technique for predicting real-world consumption
would be to produce a power versus vehicle
speed/tractive effort mapping that would allow
the effective evaluation of any drive cycle given
sufficient test data to support the mapping.
Figure 18 shows the speed and tractive effort
observed over the standard U.S. cycles plus a
maximum acceleration. This information is then
used to create a map of battery power
corresponding to each usage point. This map can
then be used to estimate the positive tractive
energy consumption for a particular vehicle.

7000
S " + UDDS, Hwy, US06, Perf. Data

6000

Tractive Load (N)
N w - w
(=] [=] o (=]
g 8 8 8

1000

Vehicle Speed (mph)

Figure 18. Speed and Dynamometer Tractive Effort
Observed Over the Standard U.S. Cycles.

While this process is fairly straightforward for a
vehicle moving with positive tractive effort (a
simple power-to-road-loading mapping), the
process for analyzing regenerative braking is
much more difficult to map because of vehicle-
specific capability constraints. Fortunately, these
data could be mapped as well, using a similar
power-versus-speed/ tractive-effort approach
with some additional braking-system constraints.
Figure 19 shows the estimated regenerative
braking envelope for the example vehicle. As
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with most vehicle regenerative energy, recapture
is minimal at lower speeds and then ramps up to
a maximum near 10 mph. Maximum
regenerative braking is then held constant (lower
than the maximum braking force) and thereafter
begins to decrease and follow the system
power/capability limits. The red Iline in
Figure 19 illustrates a simple force constraint
that was added to include the wvehicle’s
regenerative braking limitations. Using this

information in conjunction with the mapping
technique discussed previously, regenerative
could be

energy capture estimated with

sufficient accuracy.
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Figure 19. Regenerative Braking Envelope for
Example Vehicle.

Using these two maps created from a minimal
amount of standardized testing, the estimated
energy consumption was compared to the tested
consumption for a variety of RWDCs. Figure 20
shows the comparison of estimated versus actual
energy consumption for a selection of RWDC:s.
All of these cycles have been estimated within
2%, which seems adequate given the large
amount of time and effort saved by creating
these estimates as opposed to evaluating these
additional cycles on the dynamometer.
Furthermore, the main differences between the
actual and estimated data are actually related to
the fact that idle loading shows some variability
owing to vehicle standstill. This behavior is
likely an artifact of the 12-V battery usage and
can likely be estimated with greater fidelity if
more accurate results are needed.
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Figure 20. Actual versus Estimated Energy
Consumption for Selected RWDCs [Source:
UM- U. of Michigan and KCC- Kansas City
Consortium data sets].

This walkthrough has provided an example for
an electric vehicle; this technique was also
evaluated for conventional and hybrid vehicles.
Although the individual accommodations for
each technology might differ (i.e., idle fueling
for the conventional vehicle and state-of-charge
control for the hybrid), this technique appears
promising for enabling the robust estimation of
energy/fuel consumption for a large range of
driving styles.

The last technique developed for this work was a
methodology to create a simple procedure for
mapping additional usage points that may not be
observed during typical UDDS, Highway, US06,
and maximum-performance testing, thus filling
the space of possible operation. This technique
uses a set of special road load and vehicle mass
values to distribute usage points across the
capability envelope by running a vehicle through
a series of constant accelerations up to roughly
80 mph. The vehicle mass can be increased
significantly, which allows for much higher
tractive loads while removing the need for fast
accelerations that tend to lead to vehicle wheel
slip. This supplementary data, in concert with
the standard data collected, can then be used to
create a more accurate vehicle map, as discussed
previously. Figure 21 shows both the standard
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and supplemental data collected for an example
conventional vehicle. As would be expected, the
supplemental data helps to in-fill areas where
some data are not available during standard
testing. It should be noted that this procedure
can be done iteratively and thus, if needed,
another pass could be used to in-fill the usage
space even more.
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Figure 21. Speed and Tractive Effort Points for
Standard Test Cycles and Supplemental
Testing Procedure.

Conclusions

In summary, a significant amount of both
simulation and dynamometer testing effort was
spent investigating how to improve the
estimation of a given technology’s impact on
real-world driving. The simulation component of
this study was able to identify two supplemental
cycles that appear promising for gauging the
overall impact of real-world driving within
roughly one standard deviation.  The
dynamometer-testing portion of this work
focuses on ways to improve overall data
collection and space-filling techniques so that
the data collected during testing may be used to
accurately assess a range of new cycles without
the need for significant additional testing.
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II.F. Evaluation of Existing ANL Benchmark Vehicles at a Range of

Temperatures
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DOE Program Manager: Lee Slezak
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[.F.1. Abstract

Objective

Provide understanding of the ambient temperature impact on the fuel and energy consumption of a range of
vehicles from conventional vehicle technology to full hybrid electric vehicle and battery electric vehicles. The test
temperature range considered in this project is from a freezing 20F to a hot 95F with emulated radiant sun
energy.

Disseminate vehicle and component testing data to partners of the DOE, such as national laboratories, the U.S.
Council for Automotive Research, OEMs, suppliers and university. This data is also used to support codes and
standards development as well as support for powertrain model development and validation.

Approach

In FY 2012, the Advanced Powertrain Research Facility (APRF) completed the thermal chamber upgrade of the
4WD chassis dynamometer test cell. Now vehicles can be tested at the standard 72F as well as the freezing 20F
ambient condition and hot 95F with 850 W/m? of radiant sun energy emulation. With these new capabilities, the
APREF staff can test vehicles in all of the EPA 5 cycle fuel economy testing conditions.

This study utilized the unique facilities of the APRF such as the chassis dynamometer in the thermal chamber that
includes with extensive instrumentation expertise. A wide range of instrumentation equipment with an emphasis
on measuring energy consumption, both fuel and electric are available. Argonne staff has over a decade of
experience in testing advanced vehicles, and uses that expertise to refine the test procedures and test plans.

Major Accomplishments

In general, a higher degree of hybridization of the powertrain will yield a larger fuel/energy consumption increase
at the 20F and 95F than the standard 72F test condition.

The cold start UDDS causes the largest fuel/energy consumption increases for both hybrid and electric vehicles.
At 20F the hybrid depends on running the engine more frequently to provide heat to the cabin, while the electric
vehicle is penalized by the use of the electric heater.

The highway fuel/energy consumption penalty is less severe compared to the UDDS across the different vehicles
architectures. At 95F, the average powertrain load required to move the vehicles on the highway and US06 cycles
is significantly higher compared to the UDDS cycle so the average load of the air conditioning system remains
constant. For hybrids at a cold 20F, engines operate more frequently on the highway and the US06 cycles
compared to the UDDS, thus enough engine heat is generated to provide adequate cabin heating with no increased

penalty.

Future Activities

In the future the 5 cycle test conditions will be included as part of the standard test protocol at the APRF for the
majority of vehicles tested.

131


mailto:Lee.Slezak@ee.doe.gov
mailto:hlb@anl.gov

Lab & Field Vehicle Evaluations (Light Duty)

[.F.2. Technical Discussion

Background

The Advanced Powertrain Research Facility
(APRF) at Argonne has been testing advanced-
technology vehicles to benchmark the latest
automotive technologies and components for the
U.S. Department of Energy (DOE) for well over
a decade. The staff has tested a large number of
vehicles of different types such as hybrid electric
vehicles (HEVs), plug-in hybrid electric vehicles
(PHEVs), and battery electric vehicles, in
addition to conventional vehicles including those
powered by alternative-fuels.

During FY 2012, the APRF integrated a thermal
chamber into the 4WD chassis dynamometer test
cell. With this thermal chamber the following
EPA 5 cycle fuel economy test conditions can be
replicated:

® 72F ambient temperature
® 20F ambient temperature for the cold CO test

* 95F with 850 W/m® radiant sun energy for the
SCO03 test.

The UDDS (Urban Dynamometer Driving
Schedule), the highway cycle and the US06 are
fuel economy test cycles which are performed at
an ambient temperature of 72F. The UDDS and
the highway are the classic city and highway test
cycles used by the EPA for fuel economy testing
since the 1970s. The US06, which is an
aggressive drive cycle with heavy accelerations
and high speed sections, is now part of the fuel
economy label calculation. The fourth test is the
UDDS performed in a sub-freezing ambient
temperature of 20F. The fifth and final test is the
SCO03 which is urban type driving in ambient
temperatures of 95F with emulated solar radiant
energy levels of 850 W/m? including cooling air
proportional to the vehicle speed. Figure 1
illustrates the cycles and the test conditions for
the EPA fuel economy label calculations.
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Figure 1. lllustration of the EPA 5 cycle fuel economy
tests.

Approach

Through years of benchmark testing of advanced
technology vehicles, the APRF has acquired a
number of instrumented test vehicles ranging
from a conventional vehicle to many hybrid
electric vehicles and a plug-in hybrid electric
vehicle. This study uses these vehicles as test
objects.

A fundamental gateway to the data is Argonne’s
Downloadable Dynamometer Database (D?),
which is located on a public website at
(transportation.anl.cov/D3/index.html). The D’
website provides access to data and reports from
vehicles tested on the standard test cycles. The
data directly serves the development of codes and
standards as well as the development and
validation of simulation models. These activities
impact the modification of test plans and
instrumentation. Further partners in the testing
are U.S. vehicle manufacturers and suppliers,
through the U.S. Council for Automotive
Research (USCAR).

Many of the research activities of the DOE rely
on benchmark laboratory and fleet testing results
to make informed progress towards desired goals.
Figure 2 details some of these DOE research
activities and partners.
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Figure 2. Data dissemination and partners.

Advanced Powertrain Research Facility

In FY 2012, the 4WD chassis dynamometer test
cell of the APRF was upgraded to enable
running the EPA 5 cycle procedures. The test cell
now includes a thermal chamber and an air
handling unit with a large refrigeration system
that enables vehicle testing at ambient
temperature of 20F (-7C) to 95F (35C). A set of
solar radiant emulation lamps can provide 850
W/m® of radiant sun energy. The new capability
is illustrated in Figure 3.

Advanced Powertrain Research Facility
4WD Chassis Dynamometer Thermal Test Cell

Figure 3. Nissan Leaf testing displayed at 95F with
solar emulation on the left and testing at cold
ambient temperature on the right.

In addition to requiring ambient test temperatures
of 95F with the 850 W/m? of radiant sun energy,
the SCO03 cycle, which acts as the air
conditioning test, requires a blower fan that can
provide an air flow proportional to the vehicle
speed. The test cell now includes such a variable
speed fan as shown in Figure 4.
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Figure 4. Details of the upgraded test chamber during
Chevrolet Volt testing at 95F with sun emulation.

Due to the evolution of the distinct tests over a
period of almost 40 years, some differences in
test conditions and vehicle setup exist such as
different vehicle cooling fan requirements and
climate control settings. Additionally the 5 cycle
equations consider the UDDS and the SCO03 test
cycles to be similar to city type driving that the
air conditioning fuel is derived by the fuel
consumption difference between the two cycles.
Considering all these facts, the APRF staff
carefully decided to harmonize some of the test
conditions to achieve the most consistent test
environments, even if that requires deviating
from certification conditions.

The following test conditions apply to all the
results below unless otherwise specified:

e The vehicle cooling fan is always run in
vehicle speed matching mode and the hood is
closed at all ambient test temperatures.

® All test sequences include a cold start UDDS,
a hot start UDDS, a highway cycle and a
USO06 cycle at all ambient temperatures. The
SCO03 cycle was not always conducted over all
vehicles

e 72F ambient tests: The vehicle climate control
was turned off for all tests at an ambient
temperature of 72F. The driver window is
down at 72F.

® 20F ambient tests: The climate control was set
to 72F in automatic mode at ambient test
temperatures of 20F which causes the heat to
be turned on. The target road load coefficients
are not adjusted or re-derived at the
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recommended 10% longer coast down period.
This was done in order to be able to dissociate
the temperature related vehicle losses and
accessory loads only.

® OSF ambient tests: The climate control was set
to 72F in automatic mode at ambient test
temperatures of 95F which causes the air
conditioner to turn on. During all 95F tests,
the solar emulation lamps were turned on and
the 850 W/m” of radiant sun energy level was
calibrated at the base of the windshield of the
test vehicle.

The test ambient temperature is the test cell
temperature. This is the temperature experienced
by the vehicle and the powertrain during testing
as well as the soak period.

The cold start terminology refers the first test
after the vehicle and its powertrain has been
temperature soaked for at least 12 hours. The
powertrain is off during the soak period and the
powertrain is turned on as the cold start cycle is
started. Typically at the APRF, the vehicle soak
period preceding the cold start tests was between
14 and 16 hours. A cold start test can be run at all
test temperatures- 20F, 72F, and 95F.

Results

Overview of Vehicles in the Study

The wvehicles in this study span from a
conventional vehicles and hybrid electric
vehicles to a battery electric vehicle including a
plug-in hybrid vehicle. Table 1 summarizes all
the vehicles along with select details related to
their powertrain thermal management.

Table 1. Test vehicle summary

09 Insight ] 11 Sonata HEV 10 Prius 11valt 12 Leaf

Mild HEV Pre-trans HEV Full HEV PHEV EREV BEV

Air conditioning: | Air conditioning:

444444

Air conditioning: | Aireonditioning
" Heater: Heater:

Battery thermal:

=ve
=

Battery thermal:

The hybrid electric vehicles were strategically
selected to represent the major different types of
hybrid architectures available. The Honda Insight
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is a mild hybrid which does not have the ability
to launch or drive the vehicle in electric only
mode. The 10kW motor enables engine idle stop,
regenerative braking and can provide some
electric assist during accelerations.

The Hyundai Sonata is a full hybrid which can
operate in electric mode at very high vehicle
speeds using its P2 hybrid architecture. The
30kW electric motor can be declutched from the
engine and drive the transmission input directly,
allowing for only the electric motor to move the
vehicle.

The Toyota Prius is also a full hybrid. The power
split architecture does not enable the high vehicle
speed electric mode operations, but it does
provide a higher degree of freedom to operate the
engine optimally.

Overview of the Test Process

Each car was tested on a cold start UDDS cycle,
a hot start UDDS cycle, a highway cycle and a
US06 cycle at the three EPA 5 cycle test
conditions which are 20F, 72F and 95F with 850
W/m? of emulated sun energy.

To prepare for a cold start test, the test cell was
set to the target test conditions of the cold start
test, and then a UDDS cycle was performed to
prepare the vehicle. This step is especially
important to condition the battery state of charge
level for the hybrid vehicles. After this ‘prep’
cycle, the vehicle was temperature soaked in the
test cell at the target temperature for at least 12
hours.

The battery electric vehicle and the plug in
vehicles were left on charge over night to enable
the full charge test sequence the next day.

For the charge sustaining cold start tests, the
plug-in hybrid performed two charge sustaining
UDDS preparation cycles the evening before the
cold start test.

Impact of Ambient Temperature on Fuel or
Energy Consumption

Cold testing results (20F)

Figure 5 shows the increase in fuel required to
complete the drive cycles at 20F with respect to
the fuel consumption of the 72F drive cycles.
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Figure 5. Extra energy used at 20F ambient
temperature compared to the standard 72F
testing.

At 20F ambient temperatures, the first cold start
city cycle has the largest fuel penalty with respect
to the 72F testing. All vehicles have to overcome
the higher friction losses of the cold powertrain
systems at 20F. Hybrid electric vehicles incur a
large fuel consumption penalty compared to the
conventional vehicle because the engine has to
operate more frequently compared to the 72F
ambient temperature test to provide the heat from
the engine to warm up the cabin. On the hot start
UDDS at 20F, the conventional vehicle and the
hybrid electric vehicles significantly reduce the
fuel consumption penalty compared to the cold
start.

The fuel or energy consumption penalty is much
lower for the highway and the aggressive US06
cycle which is partially due to the powertrain
systems reaching their normal operating
temperatures and the cabin is already warm from
the previous tests.

The BEV, as well as the PHEV in charge
depleting mode, endure a much larger energy
consumption penalty on all the cycles compared
to the conventional and hybrid electric vehicles.
The use of electric heaters to warm up the cabin
and some powertrain components is the primary
factor behind the higher energy consumption
penalty.

Hot testing results (95F + 850 W/m®)

Figure 6 shows the additional fuel required to
complete the drive cycles at 95F with respect to
the fuel consumption of the 72F drive cycles.
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Figure 6. Extra energy used at 95F ambient
temperature compared to the standard 72F
testing.

At 95F ambient temperatures, the fuel and energy
consumption increases are a lot more consistent
between the cold start and the hot start tests. The
powertrain systems have to provide the extra
energy to run the compressor in the air
conditioning system in order to cool down the
cabin.

The energy consumption penalty is much lower
on the highway and the US06 cycle compared to
the UDDS cycle. The average powertrain load
required to move the vehicles on those cycles is
significantly higher compared to the UDDS cycle
while the extra average load of the air
conditioning system remains constant, thus the
ratio of air conditioning load to powertrain load
is low which results in a lower energy
consumption penalty. The 17% vehicle idle time
of the UDDS, also contributes to the increase in
fuel penalty for some hybrids with mechanical
compressors for the air conditioning system.
These hybrids no longer stop the engine while the
vehicle is stopped as the engine is required to run
the compressor to maintain cooler cabin
temperatures.

City Type Driving Results and Details

The degree of hybridization provides a
perspective on some of the trends in the energy
consumption penalty increase at 20F and 95F
with respect to the 72F testing. The terminology
“degree of hybridization” as referred to in this
study is defined in Equation 1.

MotorPower

Degree of Hybridization =
(EnginePower + MotorPower)

Equation 1: Degree of hybridization
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Figure 7 shows the energy consumption penalty
of all the test vehicles as a function of the degree
of hybridization for the UDDS cycle. In general,
the higher the degree of hybridization results in a
higher energy consumption penalty. Figure 8
shows the percentage of the time the engine is
used for the different vehicles at the different test
temperatures. Full hybrids on the UDDS at 72F
can operate the engine less than 40% of the time,
but in the cold or hot ambient temperatures the
engine usage is increased to either warm the
cabin or provide additional power to the air
conditioning compressor. During the 20F cold
start UDDS test, the engine usage is significantly
higher for all the full hybrids compared to the hot
start UDDS where enough powertrain heat is
available to maintain a heated cabin temperature.

[ 04Focus | [115onats HEV | [ 11voltCs (HEVmode) |

120% | ] o9 msight | [ 10rius |

-
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£ wox
-E_ 60% —s— 207 (IDDS cold start
E 95F UDDS cold start
§ 0% | —a PSS e 20F UDDS hotstart
)
E ————— 95F UDDS hotstart
2 2% K< T
u P — ; ==
0%
0.00 0.50 1.00

;E"‘. Ml

Figure 7. Energy penalty as a function of degree of
hybridization for the UDDS cycle.
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Figure 8. Engine ON time from the test vehicles for the
UDDS cycle.

The mild hybrid in the study (Honda Insight)
relies on the engine to move the vehicle and thus
its engine ON percentage is quite close to the
conventional vehicle and the fuel consumption
penalty for both of these vehicles is quite low at
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20F and 95F. Since the Insight uses a mechanical
compressor for the air conditioning system, its
engine usage increases to 100% in the 95F test in
order to maintain a cool temperature in the cabin
even when the vehicle is stopped. Both the
conventional and the Insight are the only vehicles
that experienced a higher fuel consumption
penalty at 95F compared to 20F.

Highway Type Driving Results and Details
Figure 9 shows the energy consumption penalty
of all the test vehicles as a function of the degree
of hybridization for the highway cycle. Figure 10
shows the percentage of the time the engine is
used for the different vehicles at the different test
temperatures.
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Figure 9. Energy penalty as a function of degree of
hybridization for the highway cycle.
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Figure 10. Engine ON time from the test vehicles for
the highway.

In general, on the highway cycle, the vehicle
operation due to the higher speeds includes
higher engine usage regardless of ambient
temperatures. This is a primary reason of lower
energy consumption penalties on the highway
cycle compared to the UDDS cycle.
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At 20F ambient temperatures the energy
consumption penalty is much lower compared the
UDDS cycle. As previously mentioned, the
powertrains have reached normal operating
temperatures and can provide heat to maintain
the 72F cabin temperatures. The Volt is an
interesting exception as it uses the engine at 20F
in the charge depleting mode to generate some
heat for the cabin and some powertrain
components.

For hybrids the energy consumption penalty on
the highway cycle is slightly higher for the 95F
test condition compared to the 20F, since the
powertrain has to provide extra power to run the
compressor of the air conditioning system.

Figure 10 shows high vehicle speed EV mode
operation of the P2 hybrid with the lowest engine
ON percentage of all the hybrids. The Sonata
also shows the largest percent increase on the
highway at 95F.

Conclusions

The APRF determined the impact of extreme
temperatures on the energy/fuel consumption for
a range of vehicles from a conventional through
hybrid electric vehicles to a BEV, and a PHEV.

The energy/fuel consumption increase at 20F
ambient test conditions on the cold start UDDS
ranges from 20% for the conventional vehicle to
100% for the battery electric vehicle compared to
a baseline condition of 72F. The BEV depends
on running a 4kW electric heater to warm up the
cabin, whereas the conventional vehicle uses
waste heat from the engine. In general, the higher
the degree of hybridization, the higher the energy
consumption penalty at varying temperatures.
The electric vehicle is set apart as it does not
have an engine.

On the highway and the US06 cycle, the energy
consumption penalty is lower compared to the
UDDS regardless of the temperature. At 95F
ambient temperature, the average powertrain load
required to move the vehicles on those cycles is
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significantly higher compared to the UDDS
cycle. Meanwhile, the incremental average load
of the air conditioning system remains constant,
thus the ratio of conditioning load to powertrain
load is comparatively low which results in a
lower energy consumption penalty when driving
at higher speeds/loads. This differs from the 20F
environment, where on the highway and the
USO06 cycles the engines operate frequently at
any ambient temperatures compared to the
UDDS generating enough engine heat for the
cabin.

The test results and analyses were distributed
through several mechanisms such as reports,
presentations, and sharing of raw data. The
testing activity helped directly in the
development of some codes and standards, as
well as supporting model development and
validation.

[.F.3. Products

Publications

1. Leaf DOE update EV everywhere

2. Leaf VSATT presentation

3. DOE EV Everywhere workshop 5

4. SAE Technical Paper submitted for 2013
SAE Congress, “Comparing the Impact of

Temperature on PHEV and EV Energy
Consumption”

Tools & Data

1. The basic vehicle test data is uploaded to the
APRF’s Downloadable Dynamometer
Database and available of public download.
Both the test results as well as 10Hz data is
posted. transportation.anl.gov/D3/index.html

2. Some of the dynamometer test results are
also integrated into the AVTA website
maintained by INL. avt.inel.gov/
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Il.G. In-Depth Thermal Testing of PHEV and EV

Principal Investigator: Henning Lohse-Busch, Ph.D.
Argonne National Laboratory

9700 South Cass Ave.

Argonne, IL 60439-4815

Phone: (630) 252-9615; Email: hib@anl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

11.G.1. Abstract

Objective

Provide understanding of the ambient-temperature impact on the fuel and energy consumption of a Plug-in
Hybrid Electric Vehicle and Battery Electric Vehicle. The temperature range considered in this project is from a
freezing-range 20°F to a warm 95°F with emulated radiant sun energy.

Characterize the battery-pack performance change at the different temperatures.

Disseminate vehicle and component testing data to partners of the DOE, such as national laboratories, the U.S.
Council for Automotive Research, OEMs, suppliers and universities. Provide data to support codes and standards
development. Support model development and validation with test data.

Approach

In FY 2012, the Advanced Powertrain Research Facility (APRF) completed the thermal-chamber upgrade of the
4WD chassis dynamometer test cell. Now vehicles can be tested at the standard 72°F as well as the freezing 20°F
ambient condition and at 95°F with 850 W/m?” of radiant sun energy emulation. The APRF staff can now test
vehicles under all of the EPA’s 5-cycle fuel economy testing conditions.

Use advanced and unique facilities with extensive instrumentation expertise. A wide range of equipment and a
focus on measuring energy consumption (fuel and electricity) is available. A decade of experience in testing
vehicles refined the test procedures and test plans

Test the powertrain systems as well as components of the systems.

Major Accomplishments

The range of a BEV can be cut in half in city-type driving in 20°F ambient temperatures with the heater on to
maintain a 72°F cabin temperature. On the UDDS (Urban Dynamometer Drive Schedule) cycle, the air
conditioning will decrease the range by less than 20%. The more aggressive or higher speed the cycle, the lower
the proportional impact of the climate control.

A PHEV may choose to turn on its engine at 20°F even if the battery is fully charged, to generate heat for the
cabin and battery pack. The largest impact on energy consumption occurs at 20°F in charge-depleting mode. In
charge sustaining mode the largest energy impact occurs at 95°F ambient temperature.

The battery-system resistance at 20°F can be double the resistance at 72°F. The resistance may be decreased
slightly at 95°F ambient temperature compared to 72°F.

Future Activities

In the future, the 5-cycle test conditions will be included as part of the standard test protocol at the APRF for the
most relevant research vehicles.
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[11.G.2. Technical Discussion

Background

The Advanced Powertrain Research Facility
(APRF) at Argonne has been testing advanced-
technology vehicles to benchmark the latest
automotive technologies and components for the
U.S. Department of Energy (DOE) for well over
a decade. The staff has tested a large number of
vehicles of different types such as hybrid electric
vehicles (HEVs), plug-in hybrid electric vehicles
(PHEVs), battery electric vehicles (BEVs), and
conventional vehicles, including alternative-fuel
vehicles.

During FY 2012, the APRF integrated a thermal
chamber into the 4WD chassis dynamometer test
cell. With the thermal chamber, the EPA 5-cycle
fuel economy test conditions can be replicated:

e 72°F ambient temperature;

® 20°F ambient temperature for the EPA ‘cold
CO (Carbon monoxide)’ test; and

® O5°F with 850 W/m2 radiant sun energy for
the SCO3 test.

The UDDS (Urban Dynamometer Driving
Schedule), the highway cycle and the US06 are
fuel economy test cycles that are performed at an
ambient temperature of 72°F. The UDDS and the
highway cycle, respectively, are the classic city
and highway test cycles used by the EPA for fuel
economy testing since the 1970s. The USO06,
which has an aggressive drive cycle with heavy
accelerations and high-speed sections, was an
emissions test and is now part of the fuel
economy label calculation. The fourth test is the
UDDS performed at a sub-freezing ambient
temperature of 20°F. The fifth and final test is the
SC03, which is urban-type driving at ambient
temperatures of 95°F with emulated radiant sun
energy levels of 850 W/m?® as well as cooling air
proportional to the vehicle speed. Figure 1
illustrates the cycles and the test conditions for
the EPA fuel economy label calculations.

139

FY 2012 Annual Progress Report

Classic cycles! Aggressive cycle! Extreme Temperatures!
FTP UDDS @ 72F _ US06 @72 (" SC3@95F o
! #1 Cold'start " "’&o )| =L
4 #2Hotstart N W e T
gt im I STEREN EE i b
HWFET @ 72F ( UDDS @ 20 F (=i )
it 1| [ =57
o - I TA—A
il ¥l .?-” : \ /
E | ]

Figure 1. lllustration of the EPA 5- cycle fuel economy
tests.

Introduction

The energy consumption and range impact of
different ambient temperatures on BEVs and
PHEVs is potentially more significant than that
for HEVs and conventional vehicles. BEVs and
PHEVs have higher powertrain efficiency and
lower energy consumption, and therefore the
auxiliary loads of climate control systems have a
proportionally larger impact on the overall
vehicle energy consumption.

Approach

The APREF staff has extensively tested a Nissan
Leaf and a Chevrolet Volt on the chassis
dynamometer in the new thermal chamber. The
Nissan Leaf represents the production BEV and
the Chevrolet Volt represents the production
PHEV.

A fundamental gateway to the data is Argonne’s
Downloadable Dynamometer Database (D),
which is a public website
(transportation.anl.gov/D3/index.html). The D?
website provides snapshot of data and reports
from vehicles tested on the standard test cycles.
The data directly serve the development of codes
and standards as well as the development and
validation of simulation models. These activities
impact the modification of test plans and
instrumentation. Further partners in the testing
are U.S. manufacturers and suppliers, through the
U.S. Council for Automotive Research.

In many of its research activities, the DOE relies
on the benchmark laboratory and fleet testing
results to make progress towards its own goals.
Figure 2 details some of these DOE research
activities and partners.
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Figure 2. Data dissemination and partners.

In FY 2012, the 4WD chassis dynamometer of
the APRF was upgraded to be an EPA 5-cyclel]
capable test cell. The test cell now includes a
thermal chamber and an air-handling unit with a
large refrigeration system that enables vehicle
testing at ambient temperatures of 20°F (-7°C) to
95°F (35°C). A set of solar emulation lamps can
provide 850 W/m’ of radiant sun energy. The
new capability is illustrated in Figure 3.

Advanced Powertrain Research Facility
4WD Chassis Dynamometer Therfnai Test Cell

Figure 3. Nissan Leaf testing: (left) at 95°F with sun
emulation and (right) at cold ambient
temperature.

In addition to ambient test temperatures of 95°F
with the 850 W/m® of radiant sun energy, the
SC03 cycle (which is the air-conditioning test)
requires a fan that can provide an air flow
proportional to the vehicle speed. The test cell
now includes such a variable-speed fan, as shown
in Figure 4.

Independent
technology validation

EV testing and
charging evaluation
NRELAC evaluation
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Figure 4. Details of the Chevrolet Volt testing at 95°F
with sun emulation.

Owing to the evolution of the various tests over
the last almost 40 years, some differences in test
conditions and vehicle setup exist; for example,
different tests require different vehicle cooling
fan and climate control settings. Additionally, the
5-cycle equations consider the UDDS (72°) and
SC03 (95°) test cycles so similar that the fuel
consumed by the air conditioning is derived
simply by -calculating the fuel consumption
difference between the SCO03 and UDDS test
results. Considering all these facts, the APRF
staff carefully decided to harmonize some of the
test conditions to achieve the most realistic and
consistent tests, even if that required deviating
from certification conditions.

The following test conditions apply to the results
below unless otherwise specified:

® The vehicle cooling fan is always run in
vehicle speed match mode and the hood is
closed at all ambient temperatures.

® All test sequences include a cold-start UDDS,
a hot-start UDDS, a highway cycle and a
USO06 cycle at all ambient temperatures. (The
SCO03 cycle was not tested for all vehicles.) A
test is considered cold-start after the vehicle
has been soaked at the target temperature for
at least 12 hours with the powertrain turned
off.

® For all tests at 72°F ambient temperature, the
vehicle climate control is turned off and the
driver window is down.

® For all tests at 20°F ambient temperature, the
climate control is set to 72°F in automatic
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mode, which causes the heater to be activated.
All windows are closed. The target road load
coefficients are re-derived using the 10%
longer coast-down period. Keeping the road
load the same at all temperatures allows
dissociating the temperature-related vehicle
losses from losses due to accessory loads
only.

® For all tests at 95°F ambient temperature, the
climate control is set to 72°F in automatic
mode, which causes air conditioning to be
activated. All windows are closed. During all
95°F tests, the sun emulation lamps are turned
on and the 850-W/m? radiant sun energy level
is calibrated at the base of the windshield of
the test vehicle.

The test ambient temperature is the test cell
temperature or the temperature experienced by
the vehicle and the powertrain during the testing.

Battery Electric Vehicle: 2012 Nissan Leaf

Vehicle description

The Nissan Leaf is a pure BEV. A single electric
motor coupled with a large battery pack moves
the wvehicle. Table 1 presents the technical
specifications of the vehicle.

Table 1. Nissan Leaf powertrain specifications

Architecture
Engine
Motor

Battery Electric Vehicle

None

Electric Permanent Magnet motor
® 80 kW AC synchronous

Lithium lon battery

® 24 kWh (nominal capacity)*

® 18.5 kWh (usable DC energy)**
Charging

® 3.3-kW on-board charger (J1772

connector)
® DC fast-charge connector (not
used during testing)

The helium in the pack is stirred by
agitators to increase internal
convective heat transfer. There is no
active thermal management of the
battery pack through coolant use.
Electric air-conditioning compressor
system; 4kW electric heater for
heating.

Battery

Battery pack
cooling

Climate control
features

*Nissan data
**Test data
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The battery pack contains helium, which is
stirred to increase the pack internal heat transfer
convection. The pack is mounted under the
vehicle and convective heat transfer from the
case to the environment provides the cooling
mechanism. This convective heat transfer
increases with vehicle speed.

The passenger cabin is heated with a 4-kW
electric heater with heated coolant that is pumped
to the heater core of the vehicle. A high-voltage
electric air compressor provides the work of the
air-conditioning system to cool down the cabin.

Impact of ambient temperature on energy
consumption and range

Figure 5 presents the energy consumption on the
UDDS, highway and US06 cycles at 20°F, 72°F
and 95°F with sun emulation.

Advanced Powertrain Research Facility

AVTA Nissan Leaf "
- R - Argonne

e

'y
o
o

+25%

+101%

T 492%

w
vl
o

+2%

&
S

g

Energy consumption [DC Wh/mi]
] ]
(=] (=]

8

=20 [deg F]

g

u 72 [degF]

m 55 [deg F] + 'sun’ 850 [W/m~2)

=]

uDDs ¢S UDDS Hs T HWY USOGI

Figure 5. Nissan Leaf energy consumption for different
test cycles and ambient temperatures.

The energy consumption doubles between 72°F
and 20°F ambient temperatures in city-type
driving. The average battery power used to move
the Leaf on the UDDS cycle at 72°F ambient
temperature is about 3.8 kW, which is about the
power used by the electric heater during the
UDDS cycle to reach and maintain a cabin
temperature of 72°F while the ambient
temperature is 20°F. The 20°F ambient
temperature is a challenging condition for an
electric vehicle, as it cannot rely on waste heat
from its powertrain, such as the waste heat of an
internal combustion engine.

The air-conditioning system increases the energy
consumption by less than 30% in city-type
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driving. An electric vehicle uses an -electric
compressor which can be modulated at different
speeds and power levels to increase operating
efficiency. The low average electric energy
consumption of the powertrain in city-type
driving makes the power consumption of the air-
conditioning system relatively significant.

The Leaf needs 10.8 kW and 16.0 kW of average
power on the highway and US06 cycle,
respectively. So proportionally, the power
consumption of the heater or the air-conditioning
system is less significant relative to the
propulsion power requirements during these
cycles.

The increased energy consumption at the ambient
temperature extremes has a direct impact on the
vehicle’s range, as shown in Figure 6. The range
in the graph is calculated using the J1634 MCT
shortcut method for each individual cycle at the
specified temperatures.
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Figure 6. Range for different test cycles and ambient
temperatures.

For all driving cycles, the additional load of the
heater has the largest impact on range. In terms
of range, the worst case for an EV is perhaps
being delayed in a traffic jam on a very cold
winter day. But even under those conditions, the
Leaf can operate for hours, which constitute a
more relevant dimension. The battery is depleted
fast in aggressive and high speed driving with the
heater on, but under those driving conditions,
distances are covered quickly.

The Leaf was tested using the SAE J1634 Multi-
Cycle Test Shortcut method, which is described
in Project 1000197. Figure 7 presents the details
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of the energy consumption during that test
sequence under the different ambient-temperature
test conditions.
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Figure 7. Details of Nissan Leaf energy consumption

distribution for the different drive cycles at
different temperatures.

The energy measurements performed during the
test sequence enable detailed energy tracking for
the different drive cycles at the different ambient
temperatures, as presented in Figure 8.
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Figure 8. Nissan Leaf energy distribution on the UDDS
and highway cycles at 20°F, 72°F and 95°F.

Battery characterization at extreme

temperatures

Figure 9 presents the polarization curves of the
Leaf battery pack at 20°F, 72°F and 95°F for the
first UDDS cycle of each test sequence. The
graph is based on the 10-Hz data collected by a
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power analyzer, which measures the battery-pack
voltage and current. Note the extra power pulled
by the air-conditioning system and the heater.
The battery-system resistance is derived from a
linear regression. The resistance increases from
0.1 ohm at 72°F to 0.23 ohm at 20°F. The
increased resistance also contributes to the
increase in energy consumption through
increased  powertrain  losses, which are
proportional to the system resistance and the
square of the current.
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Figure 9. Nissan Leaf battery characterization at 20°F,
72°F and 95°F.
Plug-in Hybrid Electric Vehicle: 2012
Chevrolet Volt

Vehicle description

The Volt is considered to be an extended-range
plug-in  hybrid because it achieves full
performance in the charge-depleting mode, i.e., it
achieves full performance without needing to use
its internal combustion engine. Table 2 presents
the technical specifications.
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Table 2. Chevrolet Volt powertrain specifications

Architecture Extended-range plug-in hybrid

1.4-Lin-line 4-cylinder DI VVT-i
Atkinson-cycle
® 83 bhp

Engine

Traction PM motor
® 149 hp

® 273 ft:lb
Generator

® 80 hp

Motor

Lithium ion battery
® 16-kWh capacity (10.4-kWh
usable)

Battery

The pack is actively cooled or heated
using coolant. The coolant can
interface with the air-conditioning
system to cool down the pack, or
with an electric heater to warm up
the pack.

Battery pack
cooling

Electric air-conditioning compressor
system; 360-V PTC heater for
heating, supplemented by the waste
heat from the internal combustion

Climate control
features

engine.

The thermal management of the battery pack
allows for cooling as well as heating. The cooling
is achieved by using the air-conditioning system
in the wvehicle to chill the coolant before
circulating it through the battery pack. An
electric high-voltage heater is used to warm up
the coolant before circulating it through the
battery pack.

The cabin climate control uses a high-voltage
electric compressor for the air-conditioning
system. The cabin heating system can use a small
high-voltage heater or waste heat from the engine
to warm up the cabin. Electric seats provide
individual heating for the driver and passenger.
These electric seats warmers are enabled during
20°F tests but manually turned off at the
beginning of the testing.

Vehicle operation

The Volt has two distinct operating modes. The
first mode is the charge-depleting mode, where
the vehicle operates in electric-only mode using
only electric power for propulsion and therefore
depleting the battery. The second mode is the
charge-sustaining mode, which occurs only after
the battery is depleted. In the charge-sustaining



Lab & Field Vehicle Evaluations (Light Duty)

mode, the Volt operates similarly to a charge-
sustaining hybrid, relying on the burning of fuel
for energy.

Figure 10 shows the charge-depleting operation:
the Volt operates in electric mode while
depleting the battery. Figure 11 shows a cold-
start UDDS cycle at 72°F in charge-sustaining
mode. The Volt starts the cycle in electric mode.
Since the powertrain can obtain all the tractive
effort from the electric motor, the engine is
completely isolated from the power required at
the wheels. In fact, the engine is maintained at a
constant 1400 rpm for the first 60 seconds with a
6-kW load. This approach allows a very clean
and controlled warm-up of the exhaust after-
treatment system. Even in charge-sustaining
mode, the Volt appears to operate in electric
mode frequently, using the engine to regulate the
battery state of charge.

Engine ON
——Vehicle Speed [MPH]
—— Wheel_power[kW]
———Est_Engine_Powerfkw]

= = = Fuel_Power[kW]

Engine speed [rpm/100]
———- Engine oil temperature [C]
——— Battery_Pawer[kW]
Battery [Ah]

100
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40 i
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' 10 00 0 0
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Time [s]

Figure 10. Chevrolet Volt operation on a cold-start
UDDS cycle in electric mode with a fully charged
battery.
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Figure 11. Chevrolet Volt operation on a cold-start
UDDS cycle in charge-sustaining mode with a
depleted battery.

Impact of ambient temperature on energy
consumption and range

Test protocol and results organization

To test a PHEV, the vehicle is charged until the
battery pack is full. Then the vehicle is tested
repetitively on a single drive cycle until the
vehicle is charge-sustaining over a full drive
cycle. The recharge energy after the test is used
to determine the AC energy consumption. Such
full-charge tests (FCTs) were completed on the
UDDS, the highway and the US06 cycles at 20°F,
72°F and 95°F with solar emulation. This test
matrix is quite labor-intensive to implement.

For each FCT, time history results are first
presented for 20°F, 72°F and 95°F with fuel and
electric (DC) energy consumption for each test.
Then the fuel and electric energy consumption
for each test sequence is summarized in a single
graph.

Each test cycle set (UDDS, highway and US06)
is deliberately presented on a single page to help
the reader focus on a single test sequence.
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Energy consumption and range on the UDDS
cycle

Figure 12 and Figure 13 present the FCT data for
the Volt on the UDDS cycle for all the
temperature conditions.
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Figure 12. Fuel and energy consumption as a function
of time on the UDDS cycle.
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Figure 13. Fuel consumption as a function of energy
consumption on the UDDS cycle.

The lowest energy consumption and longest
electric range are achieved at 72°F. The 46-mile
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all-electric range is reduced to 34.7 miles in the
95°F environment, owing to additional energy
usage by the air-conditioning system. The
electric energy consumption is increased by
about 30%. All-electric vehicle operation is
maintained at the warmer temperature, as the air-
conditioning system is fully electric. Once the
vehicle is operating in charge-sustaining mode,
the fuel consumption is increased by 40%. The
engine-on time is increased from 30% to over
40% to provide the extra energy for the air-
conditioning compressor.

For the 20°F test condition, the internal
combustion engine is turned on at the beginning
of the test to generate heat to warm up the cabin
and possibly the battery pack as well. It is
interesting to note that under 20°F ambient-
temperature conditions, the engine comes on at
every start of every UDDS cycle or at every key
start. On the very first UDDS cycle, the engine is
on 17% of the time, and during the subsequent
key events the engine is on for only 5 to 6% of
the cycle. Once the vehicle transitions to charge-
sustaining operation, the energy consumption is
only increased by 15%; the heat is provided by
the internal combustion engine; the extra energy
goes to additional loads for the battery pack and
higher vehicle losses at the lower temperatures.

Figure 13 illustrates that the energy consumption
impact is higher at 20°F compared to 95°F in the
charge-depleting mode and at the same time the
impact is lower at 20°F compared to 95°F in the
charge-sustaining mode. This observation is
explained by the availability of engine waste heat
in the charge-sustaining mode at 20°F.
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Energy consumption and range on the highway
cycle

Figure 14 and Figure 15 present the FCT data for
the Volt on the highway cycle for all the
temperature conditions.
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Again, the lowest energy consumption and
longest electric range are achieved at 72°F. The
36.6-mile all-electric range is reduced to 32.5
miles in the 95°F-with-sun environment because
of additional energy usage by the air-
conditioning system. The electric energy
consumption is increased by about 18%. This
reduced effect on range compared to the UDDS
cycle is explained by the fact that the air-
conditioning load is proportionally lower
compared to the higher average power at the
wheels.  All-electric  vehicle operation is
maintained at the warmer temperature, as the air-
conditioning system is fully electric. Once the
vehicle is operating in charge-sustaining mode,
the fuel consumption is increased by 20%. The
engine-on time is increased from 65% to over
75% to provide the extra energy for the air-
conditioning compressor.

For the 20°F ambient-temperature test condition,
the internal combustion engine is turned on at the
beginning of the test to generate heat to warm up
the cabin and possibly the battery pack as well.
This test confirms that the engine comes on at the
key-on event, since the highway cycles were
performed in pairs and the engine came on at the
start of the first and third highway cycles. Once
the vehicle transitions to charge-sustaining
operation, the energy consumption is only
increased by 15%, since the heat is provided by
the internal combustion engine; the extra energy
goes to additional loads for the battery pack and
higher vehicle losses at the lower temperatures.
The engine-on time is 65% in charge-sustaining
mode for both 20°F and 72°F operation.

Figure 15 illustrates that the energy consumption
impact is higher at 20°F compared to 95°F in the
charge-depleting mode, and at the same time the
impact is lower at 20°F compared to 95°F in the
charge-sustaining mode. This observation is
explained by the availability of engine waste heat
in the charge-sustaining mode at 20°F.
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Energy consumption and range on the US06
cycle

Figure 16 and Figure 17 present the FCT data for
the Volt on the US06 cycle for all the
temperature conditions.

22 o

E

ES = Engine start
| pereycle

EO = Engine On
percent per cycle

----- <eeeeeeeeo| ——Scaled Speed
[ P 10000x[galimi]
[ EC [DC Whimi]
- Engine ON
* It fuel [100xgal] |
Int battery [10xkWh]
Test cell [F]
Distance [mi]

_0___
olt US6 FCT

i ED244%

— Ambient 72F

EQ:76.0%

EO:T1 %

" Volt US06

[ EO:00%  EO:0i0

t 95F + sun 850W/m? |

EO-gigl

........................

Time [s]

Figure 16. Fuel and energy consumption as a function
of time on the US06 cycle.
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The lowest energy consumption and longest
electric range are achieved at 72°F. The 29.40)
mile all-electric range is reduced to 25.7 miles in
the 95°F-with-sun environment, owing to
additional energy usage by the air-conditioning
system. The electric energy consumption is
increase by about 12%. All-electric vehicle
operation is maintained at the warmer
temperature, as the air-conditioning system is
fully electric. Once the vehicle is operating in
charge-sustaining mode, the fuel consumption is
increased by 7%. The engine-on time is very
similar at the two temperatures.

For the 20°F ambient test condition, the internal
combustion engine is turned on at the beginning
of the test to generate heat to warm up the cabin
and possibly the battery pack as well. Again, this
test confirms that the engine comes on at the key-
on event, since the US06 cycles were performed
in pairs and the engine came on at the start of the
first and third highway cycles. Once the vehicle
transitions to charge-sustaining operation, the
energy consumption is only increased by 6%,
since the heat is provided by the internal
combustion engine; the extra energy goes to
additional loads for the battery pack and higher
vehicle losses at the lower temperatures.

Again, Figure 17 illustrates that the energy-
consumption impact is higher at 20°F compared
to 95°F in the charge-depleting mode, and at the
same time the impact is lower at 20°F compared
to 95°F in the charge-sustaining mode. This
observation is explained by the availability of
engine waste heat in the charge-sustaining mode
at 20°F.

Battery characterization at
temperatures

Figure 18 presents the polarization curves of the
Volt battery pack at 20°F, 72°F and 95°F for the
first UDDS cycle of each test sequence. The
graph is based on the 10-Hz data collected by a
power analyzer, which measures the battery-pack
voltage and current. Note the extra power pulled
by the air-conditioning system and the heater
under the 20°F and 95°F conditions. The battery-
system resistance, derived by linear regression
analysis, increases from 0.08 ohm at 72°F to 0.20
ohm at 20°F. The increased resistance also

extreme
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contributes to increased energy consumption
through increased powertrain losses, which are
proportional to the system resistance and the
square of the current.
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Figure 18. Volt battery characterization at 20°F, 72°F

and 95°F.
Conclusions
Testing at the APRF was used to determine the
impact of extreme temperatures on the

energy/fuel consumption and range of a BEV and
a PHEV.

The impact of ambient temperature on the
driving range can be very significant, owing to
the extra auxiliary load to maintain cabin
temperature. In city-type driving, the range of an
electric vehicle can be cut in half by the extra
load of the electric heater for maintenance of
cabin comfort.

At 20°F, the engine in the PHEV came on to
provide heat to the cabin and the battery pack. In
charge-depleting mode, the PHEV experiences a
higher energy consumption impact at 20°F and a
lower impact at 95°F with the air-conditioning
system on, but in charge-sustaining mode the
largest impact on fuel consumption is observed in
the 95°F test with the air-conditioning system on,
as the heat used during the 20°F test is from the
waste heat of the engine.
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The more aggressive and higher speed the drive
cycle, the lower the proportional impact on
energy consumption and range, as the average
power at the wheel increases while the heater or
air-conditioning load stay the same. It is also
worthwhile to note that even a traffic jam in city-
type driving at cold temperatures has the greatest
impact on vehicle range, that situation generally
requires the lowest range.

Temperatures of 20°F can double the system
resistance of the battery pack compared to the
resistance at 72°F. The higher resistance has a
direct impact on powertrain efficiency

The test results and analyses were distributed
through several mechanisms such as reports,
presentations, and sharing of raw data. The
testing activity helped directly in the
development of some codes and standards and
supported the model development and validation.

The data points to the research need for a
reduction in vehicle accessory load and
alternative means to heat or cool the vehicle
occupants.

1.G.3. Products

Publications

1. Leaf DOE update EV everywhere

2. Leaf VSATT

3. DOE EV everywhere workshop 5

4. Pending 2012 SAE world congress paper

Tools & Data

1. The basic vehicle test data are uploaded to
the APRF’s D’, where they are available for
public download. Both the test results and
the 10-Hz data are posted at
transportation.anl.gov/D3/index.html.

2. Some of the dynamometer test results are

also integrated into the AVTA website
maintained by INL, at avt.inel.gov/


http:avt.inel.gov
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[.H. Electric Drive Vehicle Climate Control Load Reduction

Principal Investigator: John P. Rugh
National Renewable Energy Laboratory

Center for Transportation Technologies and Systems
15013 Denver West Parkway. MS 1633

Golden, CO 80401

Phone: (303)275-4413; Email: john.rugh@nrel.gov

DOE Program Manager: Lee Slezak and David Anderson
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov
Phone: (202) 287-5688, Email: David.Anderson@ee.doe.gov

[1.H.1.  Abstract

Objectives

* Minimize of the impact of climate control on PHEV and EV range
* Reduce the size of the battery by minimizing

— Energy consumption of vehicle climate control

— Time the battery exceeds the desired temperature range

* Increase electric range by 10% during operation of the climate control system through improved thermal
management while maintaining or improving occupant thermal comfort.

Approach

» Develop and evaluate the effectiveness of strategies to reduce climate control loads
» Leverage zonal climate control approach developed under DOE’s thermoelectric HVAC projects
* Develop new strategies for thermal comfort evaluation.

Major Accomplishments

» Signed CRADA with Ford
* Initiated testing on two Ford Focus Electric vehicles
— Completed baseline hot weather characterization testing
o Thermal soak and cooldown

— Determined that most thermocouples matched well; adjustments were defined to compensate for the inherent
differences between vehicles in future tests

» Completed initial thermal soak CFD simulations; most locations compared well to test data.

Future Activities

* Engage team members (manufacturers and suppliers) to obtain in-kind support and guidance for NREL research
* Complete cold weather characterization testing
* Develop and evaluate promising techniques in outdoor vehicle thermal soak and transient tests
— Heating and cooling
 Investigate new thermal comfort evaluation techniques.
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III.LH.2.  Technical Discussion
Background
As in conventional vehicles, passenger

compartment climate control is required for
electric drive vehicles (EDVs) for occupant
comfort and safety (e.g., demisting and
defrosting). A challenge in meeting this
requirement is that electrical energy consumed
for climate control can significantly reduce the
range of an EDV. For example, air conditioning
(A/C) and heating can reduce the range of a
Mitsubishi iMiEV by 46% and 68%,
respectively’. A Nissan Leaf tested at Argonne
National Laboratory’s Advanced Powertrain
Research Facility showed a reduction in range of
48% due to heating and 18% due to air
conditioning over the UDDS drive cycle”. Range
anxiety will impact customer acceptance of
EDVs and the penetration of these vehicles into
the national fleet.

Introduction

Currently, manufacturers are building EDVs at a
low volume. They design vehicles to maximize
customer satisfaction, and range and thermal
comfort are linked to this satisfaction. If climate
control exacerbates an already challenging range
problem and leads to increased range anxiety,
future sales of EDVs could be at risk.

Energy for heating EDVs is a new challenge for
automobile manufacturers because there is no
engine waste heat. Conventional vehicles heat
cabins with engine waste heat, but EDVs do not
have an engine. Using stored electrical energy for
cabin heating takes valuable energy away from
propulsion. Electric heaters are a lower-cost
option, but only have a coefficient of
performance (COP)=1.

Historic climate control system designs are
validated using air temperatures and limited
subjective testing, with little regard for energy
use. EDVs cannot afford excessive energy use for
climate control. Cooling and heating the entire
interior mass of the vehicle may not be necessary
since, typically, not all of the seats are occupied.
A new way of looking at climate control design
with a focus on thermal comfort is required.
Improved thermal comfort test and analysis
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techniques would assist in the design and
development of technologies to reduce climate
control loads. A =zonal approach to climate
control could also reduce climate control energy
consumption.

With current battery technology, the premium
price for EDVs is a barrier. The climate control
system and interior cabin temperatures impact the
battery in two ways. First, climate control impact
on range affects battery size. If a range target is
identified with the climate control operating, a
larger battery will be required compared to no
climate control operation. What if the battery size
(and initial cost) could be reduced through lower
energy consumption by the climate control
system? Second, depending on battery location
and cooling strategy, the cabin climate control
system can impact battery temperature. Higher
Li-ion battery temperatures can lead to
degradation and reduced life. Designing batteries
to account for high temperature degradation leads
to larger (and higher-cost) batteries.

Approach

The objective of this task is to increase in-use
EDYV range by minimizing climate control energy
requirements. Our initial goal is to increase range
by 10% with improved thermal management
during operation of the climate control system.
This may lead to increased customer acceptance
of EDVs through the reduction of range anxiety.
In addition, improving thermal comfort upon
entry into a hot-soaked or cold-soaked vehicle
may lead to additional motivation for drivers to
adopt EDVs, and may also improve safety
through reduced driver thermal distraction.

Our approach is to collaborate with the
automotive industry to research and develop
techniques which will reduce cooling and heating
loads on EDVs to improve range. The following
areas will be considered:

® Thermal load reduction technologies
¢ Occupant thermal comfort optimization
® Climate control using a zonal approach

* Intelligent heating, ventilating and air
conditioning (HVAC) control to minimize
energy use

® Advanced seating concepts
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¢ Unique thermal needs of EDV batteries and
power electronics

® Secondary fluid loop options
® Thermal preconditioning.

Test and analysis techniques will be used to
develop and evaluate the effectiveness of
strategies to reduce the climate control loads.

Vehicle Thermal Testing

Under a cooperative research and development
agreement (CRADA), Ford has provided two
Ford Focus  Electric  vehicles.  These
battery-electric vehicles (BEVs) were used in
outdoor thermal tests at NREL’s Vehicle Testing
and Integration Facility (VTIF). During the
summer of 2012, baseline thermal soak and
cooldown tests were conducted to characterize
the inherent differences between the two
vehicles.

Figure 1. Ford Focus Electric vehicles (Photo by
Matthew Jeffers, NREL).

Hot Thermal Soak

Prior to testing, the Focus Electric vehicles were
each outfitted with 48 K-type thermocouples: 18
equipped with radiation shields for air
measurements; 17 on opaque surfaces; 4 on
glazing surfaces; and 9 reserved for future
HVAC  systems  measurements. The
thermocouples were connected to a National
Instruments SCXI data acquisition system, and
then calibrated using a silicone oil micro-bath
and RTD (resistance temperature detector)
reference probe. Hot-weather thermal soak tests
were performed to evaluate the baseline thermal
performance of the vehicles. Both vehicles were
parked in a south-facing orientation and remained
closed and undisturbed for the duration of the
24-hour thermal soak tests. All test days were
warm days with minimal cloud cover to ensure

151

FY 2012 Annual Progress Report

that solar impacts were included in the baseline
characterization. Actual local weather conditions
at the test pad were recorded by NREL’s new
weather station located at the VTIF.

After performing baseline thermal soak tests, the
average temperature differences between the
vehicles were calculated and adjustments were
applied to the control vehicle measurements in
order to “calibrate” it to the test vehicle. This is
necessary to account for any inherent differences
in the thermal behavior of the wvehicles.
Improving the correlation between the vehicles in
this way enables the control vehicle to accurately
predict the performance of the unmodified test
vehicle during future tests.

A/C Cooldown

In addition to the vehicles, Ford also supplied the
communication database (DBC) files for vehicle
CAN bus communication in support of A/C
cooldown testing. The DBC files were used to
identify and select the CAN bus channels
containing relevant thermal systems data and to
configure the data logger which was connected to
the vehicle. Communication was established with
the Focus CAN bus and several preliminary
cooldown tests were performed to characterize
the performance of the on-board A/C system.

Air Infiltration

Lastly, tracer gas decay tests were performed on
the Focus Electric vehicles to establish baseline
air infiltration rates for the passenger
compartment and trunk. A Bruel and Kjaer
multi-gas, photoacoustic gas analyzer was used
to measure the rate of decay of sulfur
hexafluoride, from which the average air
infiltration rate was calculated. The weather
conditions for the air infiltration test days were
similar to those of the baseline thermal soak test
days.

The next step is to conduct baseline winter tests:
cold thermal soak and heating. After baseline
characterization of the Focus BEVs, promising
thermal load reduction techniques will be
evaluated in outdoor vehicle thermal soak tests.
Transient and steady-state thermal tests will be
conducted using the standard vehicle on-board
thermal systems as well as an off-board vehicle
climate control load hardware emulator system.
Characterizing the baseline thermal performance



Lab & Field Vehicle Evaluations (Light Duty)

of the vehicles, as well as the inherent differences
between them, will enable accurate measurement
of the impact of load reduction technologies in
upcoming tests.

Thermal Analysis

Thermal analysis tools (including computational
fluid dynamics, Radtherm, and human thermal
comfort) will be wused to evaluate the
effectiveness of potential strategies to reduce the
climate control loads. Under a CRADA, Ford has
provided the CAD geometry of a Ford Focus
Electric. Using this geometry, a RadTherm mesh
and a CFD mesh were developed. These meshes
are fundamentally different, as the CFD mesh is a
volume mesh and the RadTherm mesh is a
surface mesh. Thermal soak simulations were
performed to calibrate and validate the model.
After calibration, the model will be used for
cooldown and warmup simulations, with human
comfort simulations after the model is validated.

RadTherm Analysis Methodology

The thermal model includes a numerical
representation of a passenger compartment. The
numerical representation consists of a surface
mesh as shown in Figure 2. The thermal analysis
tool used for this analysis was RadTherm
(Thermo Analytics, Inc.). In the analysis, the heat
transfer between the interior and environment is
calculated. Inputs to the model include vehicle
geometry, material properties including glass
properties, and environmental (weather) data.
One of the strengths of RadTherm is the ability to
apply measured solar data (from the NREL test
site) to the model, so that the analysis uses
exactly the same solar and weather conditions
under which the vehicle testing was performed.

The environmental conditions were obtained
from the NREL weather station on
August 8, 2012. Heat transfer coefficients on the
interior surfaces and interior air temperatures
were computed during Fluent computational fluid
dynamics (CFD) simulations and then mapped to
the RadTherm model.
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Figure 2. RadTherm model — Ford Focus Electric.

Fluent Analysis Methodology

The CFD tool used for this analysis is Fluent
(ANSYS, Inc.). A numerical representation of the
cabin was also developed using the CAD model
provided by Ford. The numerical representation
was a volume mesh of tetrahedral cells, with
prism cells in the boundary layer. Figure 3 shows
a section of the mesh through the driver seat. The
flowrate of air through the model was based on
measurements performed on the test vehicles,
and was approximately one-third volume change
per hour. The temperatures of all surfaces in the
model were mapped from results of the
RadTherm simulation. Results of the Fluent
simulation were used to map fluid temperatures
and calculated heat transfer coefficients to the
RadTherm model described previously.

Figure 3. Cross section of Fluent mesh.

Results
Vehicle Thermal Testing

Hot Thermal Soak

During the baseline soak test period, four good
test days were observed at the VTIF. Overall, the
Focus BEVs displayed very similar thermal
behavior. During the hours of 10:00 am to
4:00 pm MST, the average difference in interior
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air temperature between the test BEV and control
BEV was only 0.08°C; the maximum difference
was only 0.22°C. Breath-level temperature
readings were, on average, 14.4°C hotter than the
footwell temperatures, demonstrating typical
temperature stratification during a hot thermal
soak. These results are shown in Figure 4 below.

—Control BEV - Breath Level — Control BEV - Avg. Interior — Control BEV - Footwell
Test BEV - Breath Level Test BEV - Avg. Interior Test BEV - Footwell
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Figure 4. Baseline thermal soak test — interior air
temperatures, September 5, 2012.

Surface temperature readings matched closely as
well, as illustrated in Figure 5, for the seat back,
seat bottom, and interior door trim on the
passenger side. The dips in the trends show that
even the shading of the thermocouples by the
vehicle A-pillars match closely in magnitude and
time-response.

—Control BEV - Front Pass. Seat Back Test BEV - Front Pass. Seat Back
—Control BEV - Front Pass. Seat Bottom — Test BEV - Front Pass. Seat Bottom
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Figure 5. Baseline thermal soak test — passenger seat
and door trim temperatures, September 5, 2012.

Because the temperature measurements at
corresponding locations between vehicles do not
match exactly, temperature adjustments were
calculated from the baseline thermal soak data
(4 days) and applied to the control vehicle
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measurements to calibrate them to the
corresponding test vehicle measurements. In this
way, the inherent differences between the
vehicles are accounted for, and the control
vehicle can be used to accurately predict the
thermal behavior of the test vehicle. Figure 6
shows an example temperature adjustment
applied to the instrument panel (IP) measurement
of the control BEV.
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Figure 6. Control BEV temperature adjustment for IP,
September 5, 2012.

A/C Cooldown

Several preliminary A/C cooldown tests were
conducted with the Focus BEVs. The vehicles
were allowed to thermally soak throughout the
morning, and then the on-board A/C system was
started at midday which dropped the passenger
compartment air temperature to the desired set
point. The A/C system settings that were
investigated include “MAX A/C” and “AUTO
A/C”, with temperature set points of 72°F
(22.2°C) and 59°F (15°C). Blower speed, degree
of air recirculation (%), and air distribution
(panel vs. floor vents) were automatically
controlled by the vehicle A/C system. Several
CAN bus channels were recorded with the data
logger, including interior air temperature,
evaporator temperature, compressor speed and
power, and battery voltage and current. The
performance of the vehicle A/C systems will be
evaluated under various control settings and
compared between vehicles. Figure 7 shows the
evaporator temperature, interior air temperature,
and compressor power for the AUTO A/C with a
15°C set point case.
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Figure 7. A/C cooldown test results, “AUTO A/C”
settings, 15°C air temperature set point.

Air Infiltration

Tracer gas decay tests were performed on the
Focus Electric vehicles. The measured average
air infiltration rates (Figure 8) of 0.35 and 0.32
air changes per hour (ACH) for the test and
control  vehicles, respectively, show the
passenger compartments are well sealed.
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1.00 Control BEV
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1.00 1.50

Time [hr.]
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Figure 8. Tracer gas decay test — average air
infiltration in passenger compartment.

Thermal Analysis

Steady-State Soak Results

Figure 9 shows the interior temperatures
predicted by the RadTherm model (the roof,
pillars and doors are not shown for clarity). Note
the shadow cast by the A-pillar on the passenger
seat cushion. As expected, the instrument panel
has the highest temperatures. Figure 10 shows the
air temperatures predicted by Fluent on a plane
through the driver seat. The air temperatures
show stratification with hotter temperatures near
the roof and windshield.
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Figure 9. RadTherm-predicted surface temperatures.

Figure 10. Fluent-predicted air temperatures.

The steady-state temperatures at 1:30 p.m. were
compared to soak test data from August 19, 2012,
averaged over 20 minutes from 1:20 to 1:40 p.m.
MST. Minor adjustments were made to the model
parameters to improve correlation.

The baseline soak analysis temperatures in
Figure 11 compared favorably to the test data.
The most important locations (air, dash,
windshield, and driver seat) matched well.
Locations that are partially shaded by other
vehicle components can be challenging for
comparison of the test and analysis. For example,
as the sun moved to the right side of the car, the
passenger seat had a shadow cast on it by the
A-pillar. Caution must be used when comparing
partially-shaded locations.
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Figure 11. Baseline comparison of analysis
temperature results to test data.

The close match to soak data validated the inputs
to the steady-state model. The model will be used
to compare load reduction technologies, or as the
initial conditions for a transient cooldown model.
Some of the next steps include performing a
transient cooldown analysis with comparison to
data. The same type of analysis will be
performed with a winter heatup. Driver and
passenger manikins will be added to the model,
and a thermal comfort analysis performed.

Conclusions

As part of a four-year CRADA project with Ford,
NREL researchers completed baseline summer
testing on two Ford Focus Electric vehicles.
Researchers installed numerous thermocouples in
the vehicles, established communication with the

m Simulation
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vehicle CAN bus, and performed preliminary
cooldown tests (after a thermal soak) to
characterize the power requirements of the
Focus’ on-board A/C system. The vehicles were
thermally very similar. These hot-weather and
upcoming cold-weather baseline tests will
characterize the inherent differences between the
vehicles, and enable accurate measurement of the
impact of load reduction technologies in future
tests. Initial computational fluid dynamics and
thermal simulations were also conducted. The
simulation results compared well with the test
data. After refining and adding thermal comfort
capability, the model will be used to assess
potential energy saving and comfort optimization
strategies.
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".1.1. Abstract

Objectives

» Collaborate with industry partners to research the synergistic benefits of combining thermal management systems
in vehicles with electric powertrains

* Improve vehicle range and reduce cost from combining thermal management systems

* Reduce volume and weight

* Reduce advanced power electronics and electric motor (APEEM) coolant loop temperature (less than 105°C)
without requiring a dedicated system.

Approach

* Build a one-dimensional thermal model of EV thermal management systems (using KULI software)

* Identify the synergistic benefits from combining the systems

* Identify strategies for combining cooling loops

* Solve vehicle-level heat transfer problems, which will enable acceptance of vehicles with electric powertrains.

Major Accomplishments

* Improved the individual thermal models of the cabin air conditioner (A/C), cabin heater, APEEM, and energy
storage system (ESS) fluid loops

* Completed a baseline EV thermal system model

* Added sophisticated controls to the A/C system and energy storage system (ESS) cooling loops

* Investigated combined cooling loop strategies

* Identified advantages of combining fluid loops.

Future Activities

* Based on the analysis results, select, build, and evaluate prototype systems in a lab bench test to demonstrate the
benefits of an integrated thermal management system

» Collaborate with automotive manufacturers and suppliers on a vehicle-level project to test and validate combined
cooling loop strategies.
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[.1.2. Technical Discussion

Background

In the first year of the project (FY 2011), Visteon
Corporation, a Tier 1 automotive HVAC
component supplier, supplied detailed thermal
component and system information. This
included drawings, thermal and flow component
data, and system performance data. NREL
researchers built component models in KULI
using the geometry, heat transfer, and pressure
drop information. The individual component
models were verified to function as expected.
Next we developed A/C, cabin thermal, and
APEEM cooling loop models by combining the
individual component models into systems.
These systems were then compared to test data.
This formed the basis for the complete analysis
of EV thermal systems and the assessment of
combining cooling loop strategies that was
performed in FY 2012.

Introduction

Plug-in hybrid electric vehicles (PHEVs) and
electric vehicles (EVs) have increased vehicle
thermal management complexity (e.g. power
electronics, motors, energy storage, and vehicle
cabin). Multiple cooling loops may lead to
reduced effectiveness of fuel-saving control
strategies. The additional cooling loops increase
weight, volume, aerodynamic drag, and fan/pump
power, thus reducing electric range. This reduces
customer acceptance of electric drive vehicles
(EDVs) by increasing range anxiety, and presents
a barrier for the penetration of EVs into the
national vehicle fleet. Our goal is to improve
vehicle performance (fuel use or EV range) and
reduce cost by capturing the synergistic benefits
of combining thermal management systems. The
overall goal is to solve vehicle-level heat transfer
problems, which will enable acceptance of
vehicles with electric powertrains.

The objective of this project is to research the
synergistic benefits of combining thermal
management systems in vehicles with electric
powertrains. Currently, EDVs typically have a
separate cooling loop for the APEEM
components. It would be beneficial to have an
APEEM coolant loop with temperatures less than
105°C without requiring a dedicated system.
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Range would be increased in the winter with a
combined thermal management system that
maximizes the usage of waste heat from the
APEEM and ESS components to minimize
electrical resistive heating using battery energy.
With increased focus on aerodynamics,
minimizing the area and number of heat
exchangers in the front end of the vehicle has the
potential to reduce drag. Combining cooling
loops enables the capability to thermally
precondition the ESS and passenger compartment
as well as the thermal management fluid loops.

Approach
The overall approach is to build a one-
dimensional thermal model (using KULI

software). This includes APEEM, energy storage,
and passenger compartment thermal management
systems. The model is used to identify the
synergistic benefits from combining the systems.
Once promising combined cooling loop strategies
are identified, bench tests will be conducted to
verify performance and identify viable hardware
solutions. The National Renewable Energy
Laboratory (NREL) will then collaborate with
automotive manufacturers and suppliers on a
vehicle-level project.

There are three main parts to the modeling
process: the vehicle cost/performance model [1],
the thermal model, and the battery life model.
The vehicle cost/performance model simulates an
EV over a drive cycle. An output of the model is
the time-dependent heat generated in the APEEM
and ESS components. These data are used as an
input to the thermal model. KULI [2] was used to
build a model of the thermal systems of an EV,
including the passenger compartment, APEEM,
and ESS. The thermal model calculates the
temperatures of the components and the power
required by the various cooling systems,
including the fans, blowers, pumps, and A/C
compressor. The power consumption profile is
then used in the vehicle cost/performance model,
and a new heat generation is calculated. If the
heat generation is significantly different from the
initial run, it is entered into the KULI thermal
model again, and the cycle is repeated. An
overview of the analysis process is shown in
Figure 1.



Lab & Field Vehicle Evaluations (Light Duty)

[ESS Waste Heat

APEEM Waste Heat —[

FASTSim — Vehicle
Cost/Performance

Model
Motar Waste Heat  —|

Inverter Waste Heat

Power Demand of Vehicle Thermal Systems

Battery Life Battery Life Model

Figure 1. EV integrated vehicle thermal management
analysis flow diagram.

The performance of the vehicle thermal
management system was evaluated over three
vehicle drive profiles, and each were created to
represent different driving conditions for hot and
cold environments. A summary of the drive
profiles and ambient thermal conditions is
summarized in Table 1.

Table 1. Drive profiles and environmental conditions

Condition Drive Cycle Ambient Relative

Profile Temperatures | Humidity
(°C) (%)

Hot soak with uso6 43, 35, 30, 25 25

cooldown*

Hot soak with | Davis Dam 43 25

cooldown*

Cold soak with| Bemidji -18 40

warmup

* In each of the hot soak tests, the vehicle cabin was
assumed to be soaked to an initial temperature of 20°C
above the ambient temperature.

The US06 drive profile [3] was selected as a
standard test cycle with aggressive driving to
evaluate the ability of the thermal management
system to manage thermal loads over aggressive
transient driving with multiple acceleration and
braking events. The Davis Dam drive profile
represents accelerating from a stop to 55 mph,
and maintaining 55 mph up a constant 5% grade
in a hot ambient environment. This profile
provided a test of the thermal management
system at extreme operating conditions. The
Bemidji drive profile was selected to represent
less aggressive driving conditions with a cold
ambient temperature. The drive profile is based
on the standard UDDS cycle [4]. A less
aggressive drive cycle was selected to reduce the
waste heat generated within the components and
reduce self-heating. The intent was to provide an
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extreme cold weather test. A comparison of the
motor heat load for each of the drive profiles is
shown in Figure 2.
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Figure 2. Comparison of drive cycles in terms of
motor heat load.

The  baseline electric  vehicle thermal
management system is illustrated in Figure 3 and
Figure 4. Figure 3 provides a schematic of the
thermal management system that enables heating
and cooling of the vehicle passenger
compartment or cabin, cooling for the electric
drive system consisting of power electronics and
an electric motor, and heating and cooling of the
ESS or battery. Heating for the vehicle cabin is
provided by an electric heater that heats a fluid
loop and transfers heat to the cabin with a
conventional heater core. Cooling for the vehicle
cabin is provided by a conventional vehicle A/C
system and an electric compressor. The power
electronics and motor are cooled through a
radiator that is located at the front of the vehicle
behind the A/C condenser. The ESS or battery
has multiple operating modes. Cooling is
provided by two methods using either a chiller
connected to the air conditioning system or a
radiator at the front of the vehicle. The chiller is
used for hot ambient conditions to provide
chilled liquid coolant to the battery. Battery
warmup can also be improved during cold
conditions through the use of an electric heater to
heat the liquid coolant circulating through the
battery.
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[ Vehicle Cabin

Figure 3. Baseline cooling system and primary
components.

In addition to modeling the liquid and refrigerant
loops of the vehicle thermal management system,
the model also simulates the external airflow
through the heat exchanger surfaces as shown in
Figure 4. As outside air passes through upstream
heat exchangers, the air is heated. For this reason,
the performance of the down-stream heat
exchangers are impacted by the heat rejection of
the upstream heat exchangers. The model is
capable of capturing this interaction between heat
exchanger placement and airflow.

Figure 4. Air-side components of baseline thermal
model.

During FY 2012, modeling work focused on
improving the baseline vehicle thermal model
and developing preliminary thermal models of
alternative thermal management configurations.
The improvements to the baseline vehicle
thermal model were based on input from
component specialists and comparisons to
available thermal data. The baseline model
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improvements can be broken down into the
following areas:

® System thermal loads
¢ System thermal model enhancements

® System controls.

The thermal loads for the battery, power
electronics, and motor were revised based on the
latest updates to the FASTSim vehicle model for
a compact-sized electric car. In addition to
updating the vehicle model, additional drive
profiles were added to the vehicle model to

evaluate the wvehicle operation over more
operating conditions (i.e. Davis Dam and
Bemidji).

Improvements to the original baseline component
and system thermal models include the addition
of new system thermal models and the
improvement of existing models based on
reviews with component experts. The battery
cooling loop was revised to enable multiple
cooling modes for cooling and heating the
battery. The ability to heat the battery coolant
was added to improve battery warmup during the
new cold environment tests. The updated battery
thermal model thermal performance and
properties were reviewed with the NREL ESS
group. The power electronics and motor thermal
systems were improved based on input from the
NREL APEEM group. The initial motor thermal
model parameters were updated, and a new
inverter thermal model was created based on
feedback from the Electrical and Electronics
Technical Team (EETT) within US Drive. Also,
thermal models for cabin heating components
were created and integrated into a working cabin
heating system to enable vehicle warmup tests
from cold environmental temperatures. This
feature was added based on previous feedback
from the annual merit review. Finally, the air-
side positions of the vehicle heat exchangers
were adjusted to more closely match current EVs
with the condenser in the front.

System controls were created for the baseline
thermal model to control the battery and cabin to
the desired target temperatures. The cabin
temperature was controlled by regulating the
airflow into the cabin, activating an electric
heater, and controlling the refrigerant loop
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compressor speed. The battery temperature was
controlled by controlling the battery coolant loop
pump speed, and the valves controlling the flow
through the multiple fluid loop branches. When
the refrigerant loop was active to cool the vehicle
cabin, the controller adjusted compressor rpm to
prevent evaporator freezing. The thermal system
control logic was based on a state controller with
multiple  operating  states. The thermal
management operating state was determined
from the environment temperature, component
temperatures, and the cooling system fluid
temperatures. Each control state adjusted the
control variable for the multiple actuators in the
vehicle thermal system model. The control for
each of the actuators was based on a proportional
integrator (PI) antiwindup controller with the
general logic shown in Figure 5.

eo— K

Figure 5. Antiwindup PI Controller [5.]

In addition to improving the baseline thermal
model, new system thermal models were
developed to investigate potential combined
cooling loop strategies. The overall goal of
combining cooling loops was to identify the
potential use of waste heat from the electric drive
components, and to evaluate concepts that could
reduce the number of heat exchangers at the front
of the vehicle. Figure 6 shows an illustration of
the combined cooling system concept. The
system enables the use of waste heat from the
power electronics and electric motor for battery
heating or cabin heating. The concept reduces
front-end heat exchangers in the baseline system
from three to one. The combined system uses a
single chilled liquid loop for cabin and battery
cooling at hot ambient temperatures that enables
a compact refrigerant loop and heat pump
operation.

The key features of the combined cooling system
were evaluated to determine feasibility and
effectiveness. The ability to utilize waste heat
from the power electronics and electric motor
was evaluated along with the ability to satisfy
cooling demands during hot ambient conditions

160

FY 2012 Annual Progress Report

with a single front-end heat exchanger. Figure 7
shows the system schematic when operating in
heating mode. The refrigerant cooling loop is off
and cabin heating is provided with an electric
heater, similar to the baseline thermal system.
The primary difference is the connection between
the electric drive cooling system, battery thermal
management, and cabin. Waste heat from the
electric drive system can be used to enhance the
warmup of either the vehicle cabin or battery. To
prevent component overheating, the radiator
cooling branch can be activated as needed.
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Figure 6. Combined system drawing.
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cabin heating.
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Figure 8 shows the schematic when operating in
cooling mode for a hot ambient condition when a
chiller is needed for cabin and battery cooling.
The battery is cooled using a common chilled
fluid that is also used for cabin cooling. For the
illustrated condition, the battery is located
downstream from the cabin cooling heat
exchanger. For this reason, the battery coolant
inlet temperature is affected by the cabin cooling
airflow.

The intent of the analysis is to evaluate a worst-
case condition where the cabin cooling airflow is
set at the maximum value with a hot ambient
temperature. The heat removed from the chilled
liquid is transferred through another liquid loop
that circulates through a radiator at the front of
the vehicle. In addition to rejecting heat from the
chilled liquid system for the air conditioning and
battery, the radiator also rejects heat from the
power electronics and electric motor.
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Electric Drive WEG
Cooling System

Power
Electronics and
Motor

Battery

EERER

£
8
S
Q
Q
=
=
(]
>

Figure 8. Combined radiator system and cabin/battery
chiller.

Results

The performance of the baseline thermal
management system is shown in Figures 9-12
over the US06 aggressive transient drive cycle at
multiple ambient temperatures. The initial soak
temperature of the vehicle cabin is assumed to be
20°C above ambient, and the initial soak
temperature of the battery was assumed to be
1.6°C above ambient. The cabin target
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temperature was set to 25°C, and the battery cell
target temperature was also set to 25°C.

The cooldown curves for the cabin in Figure 9
show reasonable cooldown profiles. The
cooldown curves for the battery cell temperature
are shown in Figure 10. The reason for the
increasing battery cell temperature for the 25°C
ambient test case is because the system controls
were adjusted to force cooling through the
radiator in the moderate environment.
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.Figure 9. Baseline cabin air temperature over the
USO6 drive profile.
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Figure 10. Baseline battery cell temperature over the
USO06 drive profile.

The ability to cool the battery through the
radiator and not the chiller is reflected in the
reduced power needed for the thermal
management system in Figure 11. The coolant
inlet temperature to the APEEM system is shown
in Figure 12. The coolant temperature is below
the 70°C maximum inlet temperature limit [6].
Figure 12 also shows the interactions between the
air-side heat exchanger placement and the
coolant loops. For the 30°C ambient case, the
cabin and battery approach the target temperature
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and the total vehicle thermal management power
drops. The reduced cooling demand on the
condenser reduces the outlet air temperature of

the condenser and reduces the inlet air
temperature to the APEEM radiator.
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Figure 11. Baseline vehicle thermal management
power over the US06 drive profile.
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Figure 12. Baseline APEEM coolant inlet temperature
over the US06 drive profile.

The baseline heating performance over the
Bemidji test profile is shown in Figures 13-15.
The baseline heating performance uses 7 kW for
cabin heating and 1 kW to supplement the battery
warmup. The baseline results are compared
against two different combined cooling loop
strategies using the APEEM waste heat
(Figure 7). The first scenario links the APEEM
cooling system with the cabin heater. The cabin
heater power is reduced to 5.8 kW and the waste
heat from the APEEM components is used to
maintain equivalent cabin heating performance
as seen in Figure 13. While meeting the same
cooling performance, the coolant temperature to
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the APEEM components remains below the
upper temperature limit of 70°C as seen in
Figure 14. The second scenario links the APEEM
cooling system with the ESS thermal
management loop. The waste heat from the
APEEM system is used to improve the warmup
of the battery, and the 1 kW battery heater is off
(Figure 15). The total wvehicle thermal
management power was reduced 1 to 1.2 kW
with these configurations.
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Figure 13. Comparison of cabin air temperature for
baseline and alternative heating configurations
for Bemidji -18°C condition.
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.Figure 14. Comparison of APEEM coolant
temperature for baseline and alternative heating
configurations for Bemidji -18°C condition.
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. Figure 15. Comparison of battery cell temperature for
baseline and alternative heating configurations
for Bemidji -18°C condition.

Besides the alternative warmup configurations,
the ability to reduce the front-end heat
exchangers from three to one (as shown in
Figure 8) was evaluated. In this configuration,
the condenser, APEEM radiator, and ESS
radiator are combined into a single low-
temperature radiator. The air-to-refrigerant
condenser and evaporator are replaced with a
liquid-to-refrigerant condenser and evaporator.
The results of the combined system are compared
with the baseline system in Figures 16-18. The
single radiator configuration uses a radiator that
is 0.71 m tall and 0.51 m wide with a maximum
airflow per frontal area of 3.87 kg/(s-m®). Both
the size and airflow are within the range of
typical automotive radiators.

Figure 16 compares the cabin cooldown
performance and shows the combined system has
slightly reduced cabin air cooling performance.
This reduced cooling performance is typical for a
secondary loop system. The reduced performance
in cooling the battery (Figure 17) is because of
the increased emphasis on cabin cooling in the
combined cooling system. Both the cabin and
battery are cooled with the same secondary
loop chiller, although the battery is placed
downstream of the cabin cooling heat exchanger.
The impact on the battery could be mitigated by
adjusting the cabin cooling airflow.

Figure 18 compares the coolant temperature for
the APEEM system. The combined cooling
configuration provides a lower temperature
coolant temperature relative to the baseline
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system, and eliminates the dedicated liquid loop
and heat exchanger for the APEEM system.
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Figure 16. Comparison of cabin cooldown
performance of baseline and combined
configuration for Davis Dam 43°C condition.
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Conclusions

NREL researchers developed a modeling process
to assess synergistic benefits of combining
cooling loops. A KULI thermal model of a
compact-sized EV was built, which produced
reasonable component and fluid temperatures.
This model was then used to assess combined
cooling loop strategies. By using the waste heat
from APEEM components, the total vehicle
thermal management power was reduced.
Replacing the air-to-refrigerant heat exchangers
with  refrigerant-to-liquid heat exchangers
resulted in slightly reduced cabin air and battery
cooldown performance. By adjusting component
sizes and flowrates, it is likely the baseline
cooldown performance could be matched, and
the benefits of a secondary loop and perhaps heat
pump systems realized.
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Idaho National Laboratory

P.O. Box 1625
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Phone: (208) 526-6787; Email: james.francfort@inl.gov

Vehicle Mass and Fuel Efficiency Impact Testing

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak@ee.doe.gov

.J.1. Abstract

Objective

* Provide fully independent test track and dynamometer testing results documenting the vehicle mass reduction
contributions to improved petroleum efficiency for a battery electric vehicle (BEV), hybrid electric vehicle
(HEV), and an internal combustion engine vehicle (ICEV).

Approach

* Development testing approach and plans in agreement between Idaho National Laboratory, ECOtality, and
Argonne National Laboratory (ANL).

* Minimize all testing variables, including vehicle height changes, temperature impacts, and wind directions.

» Conduct coastdown testing at a Phoenix area test track.

* Conduct dynamometer testing.

* Analysis and reporting of results.

Major Accomplishments

* Performed vehicle mass and fuel efficiency impact tests on internal combustion engine (ICEV), hybrid electric
(HEV), and battery electric (BEV) vehicles. As FY 2012 concluded, presented initial findings, and prepared the
extensive result for industry forum presentations and publications.

Future Activities

» Publication of results and presentations in several formats that include via DOE / USCAR technical teams, SAE
conferences, and independent peer reviewed publications.

* Consider expanding testing to other vehicle technologies and weight classes.

[.J.2. PEVs Technical Discussion systems and subsystems in light-duty vehicles to
reduce petroleum consumption. A secondary
Background benefit is the reduction in exhaust emissions.

The U.S. Department of Energy’s (DOE’s)
Advanced Vehicle Testing (AVTA) is part of
DOE’s Vehicle Technologies Program (VTP),
which is within DOE’s Office of Energy
Efficiency and Renewable Energy (EERE). The
AVTA is the only DOE activity tasked by DOE
to conduct field evaluations of wvehicle
technologies that use advanced technology
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Most of these advanced technologies include the
use of electric drive propulsion systems and
advanced energy storage systems. However,
other vehicle technologies that employ advanced
designs, control systems, or other technologies
with production potential and significant
petroleum  reduction potential, are also
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considered viable candidates for testing by the
ATVA.

The AVTA light-duty activities are conducted by
the Idaho National Laboratory (INL) for DOE.
INL has responsibility for the AVTA’s
execution, direction, management, and reporting;
as well as data collection, analysis and test
reporting. INL is supported in this role by
ECOtality North America (ECOtality), which has
a competitively awarded contract that is managed
by DOE’s National Energy Technology
Laboratory (NETL). The AVTA sections of the
FY 2012 Annual Program Report jointly cover
the testing work performed by INL and
ECOtality. When appropriate, the AVTA
partners with other governmental, public, and
private sector organizations to provide maximum
testing and economic value to DOE and the
United States taxpayers, via various cost sharing
agreements.

Introduction

DOE, vehicle original equipment manufacturers
(OEMs), and others are all investigating in a
plethora of methods to maximize vehicle energy
efficiencies from advanced vehicle and engine
technologies. In addition to electric drive
technologies, direct injection engines, and other
methods such as drag reductions, vehicle mass
reductions are also being investigated. However,
publicly known mass reduction research to date
has mostly been estimated via modeling
activities, with no published real-world testing to
support the development of the modeling
variables. The AVTA conducted a real-world
vehicle mass impact testing study to support
DOE’s modeling activities.

Approach

The objective of this study was to isolate and
quantify the impact of vehicle mass changes on
vehicle energy efficiency for three different
powertrain types. This mass variation study
quantified the liquid fuel consumption impacts
for an internal combustion engine vehicle (ICEV)
and hybrid electric vehicle (HEV), and the
electrical energy consumption impact for a
battery electric vehicle (BEV) at various masses.
The study began by conducting a coastdown
procedure on each vehicle to obtain the
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coastdown coefficients at varying weights. The
coefficients were then utilized in dynamometer
testing to determine the impact of mass changes
on rolling resistance variation. The results of this
study will be used in modeling efforts for future
design and modeling-based optimizations
dependent on mass.

The overall process and testing methodology
were reviewed in a project kickoff meeting
between INL, Argonne National Laboratory
(ANL) and ECOtality.

It was agreed that the test weights would consist
of:

® +500 Ibs
® EPA certified weight
e -2501bs
® -500 Ibs.

Results

Three vehicles (one ICEV, one HEV, and one
BEV) were tested per coast down procedure
ETA-TP001 (see: avt.inel.gov/pdf/fsev/eva
[etatplr2.pdf) with modifications at varying
weights. The results of this testing was the set of
coastdown coefficients obtained for each ETP
and weight variation. The three vehicles chosen
for this study were:

® Ford Fusion 6 cylinder (ICEV)
® Ford Fusion Hybrid (HEV)
* Nissan Leaf (BEV) (Figure 1).

Figure 1. Mass impacts test vehicles.

The same three vehicles were then tested on the
dynamometer over standard drive cycles. The
dynamometer test results quantified the fuel
economy and electrical energy consumption
impacts of mass over the range in this study.

The testing was conducted in two phases: after
the initial break-in period, the ETP underwent
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coastdown tests at the proving grounds and then
dynamometer testing.

The testing results showed:

® A slightly non linear trend of decreasing
vehicle mass results in decreased vehicle drag

® Slight difference in trends (from vehicle to
vehicle) is likely due to tire technology, not
due to powertrain technology

* City driving: 3 to 4% Energy consumption
for a 10% mass reduction despite a powertrain
efficiency reduction. The more efficient the
vehicle powertrain the larger the energy
consumption benefits for a mass reduction

® Aggressive driving: 3% Energy consumption
for a 10% mass reduction across different
powertrain architectures

e Highway driving: Little benefit is derived
from a mass reduction on smooth highway
cruising

® Vehicle efficiencies impact: engine/motor
load change, idle to average load proportion,
more powered deceleration as light weighted,
regenerative breaking.

As FY 2012 ended, a formal SAE paper was
being prepared as the testing results were
receiving additional revaluation.

Conclusions

All three vehicles showed a non-linear trend

(Figure 2):

e 12% to 13% mass increase = 2% to 7%
increase in low speed road load

* 6% to 7% mass decrease =2 7% to 12%
decrease in low speed road load
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Figure 2. Non linear change in speed road load.

Difference in trend between Fusion ICEV and
Fusion HEV versus the LEAF BEV but there
may be impacts in that the Fusion HEV and
LEAF BEV utilize low rolling resistance tires
and the Fusion V6 ICEV utilizes conventional
tire technology.

Vehicle mass impact on vehicle road load and
drag losses was determined and coastdown
testing conducted for:

® Three Vehicles (BEV, HEV, ICE)

* Five weight classes for each vehicle.

Analysis of coastdown testing data provided road
load data to enable accurate chassis dynamometer
testing.

Mass impact on vehicle road load determined:

® A slightly non linear trend of decreasing
vehicle mass results in decreased vehicle drag

® Slight difference in trends (from vehicle to
vehicle) is likely due to tire technology, not
due to powertrain technology.

Publication

1. Only preliminary presentation (INL/MIS-12[]
26951) had been prepared at the end of FY
2012. However, SAE and other industry
forum peer reviewed publications were being
developed.
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ll.K. New York EV Taxi Simulation & Drive Cycle Development

Principal Investigator: P.T. Jones

Model Creation and Vehicle Systems Controls: Dr. David Smith and Paul Chambon
Oak Ridge National Laboratory

2360 Cherahala Boulevard

Knoxville, TN 37932

Phone: (865) 946-1472; Email: jonespt@ornl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: lee.slezak@ee.doe.gov:

".K.1. Abstract

Objective
* Project performance for Nissan Leaf Taxicabs that will be placed into service by the New York City Taxi and
Limousine commission (NYTLC).

» Develop representative drive/duty cycles for a typical NYC Taxi shift using existing HEV in-use Taxi drive cycle
data.

* Construct a basic Autonomie model of the Leaf to exercise created drive cycles and predict performance.
» Report to NYTLC initial performance projections and support field data set-up.

Approach

* Obtain Ricardo in-use data from Ford Escape HEV Taxi field trail

* Format data for use with ORNL DC_GEN tool for drive cycle creation

» Develop representative drive cycle modules for various types of taxi field use

* Identify appropriate components in AUTONOMIE and create baseline Leaf EV model

» Obtain Leaf test data from ANL level 1 AVTA testing to validate baseline model results

Major Accomplishments

* Basic Leaf EV AUTONOMIE model constructed and validated using Argonne National Laboratory (ANL) test
data
» Representative drive cycles created for performance projections

* Range and energy consumption projections presented to NYTLC for appropriate planning of field evaluation
project.

Future Activities
* No planned activities in FY 2013

[l.LK.2.  Technical Discussion reduction and energy recovery opportunities

available when replacing an ICE powertrain with
Battery Electric Vehicles (BEVs) have inherent an electrified one. Pure BEVs, however, must
efficiency benefits over conventional internal address the limitations with regard to recharging
combustion engine (ICE) and Hybrid Electric the energy storage system (ESS) when faced with
vehicles (HEVs) in certain drive cycles. Drive longer drives cycles or high levels of accessory
cycles with high idle times, and aggressive loading which can deplete the ESS.

stop/start profiles will often highlight the fuel
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Fleet and organized purchases of BEVs will
require appropriate infrastructure deployment for
the recharging of BEVs. Recharging of these
vehicles may be required in the field, for the
BEV to perform satisfactorily for the
customer/operator. Additionally some operations
will have lost revenue if the time for recharging
is long or required at a multiple times throughout
the expected daily operation.

Understanding the in-use impacts on BEVs in
appropriate drive cycles is imperative to their
mass adoption. Developing a representative

drive cycle is critical for that evaluation. New
York City taxi operation is a unique and
demanding driving application that is well suited
for the development and evaluation of BEVs and
required infrastructure.

Figure 1. Selected as NYC'’s Taxi of tomorrow the
NV200 will start to replace Crown Victorias in
2013. e-NV200s are in field test with an
electrified powertrain very similar to the
Nissan Leaf.

Background

In seeking to maximize efficiency and reduce
emissions produced for inter-city mobility, the
New York Taxi and Limousine Commission
(NYTLC) will place Nissan Leafs, which are
production BEVs, into limited service as taxis in
the New York City area. The NYTLC requested
assistance from Oak Ridge National Laboratory
(ORNL) to determine the capability of the Leaf’s
all electric powertrain to provide adequate range
of operation under various conditions. It is
understood that the Leaf’s production body was
not intended for use as a taxi, and that the focus
of this pilot project was powertrain evaluation
and performance projections leading to a field
trial. As the NV200 taxi vehicles begin service
(figure 1), the information from this study and
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the field trial would be directly applicable to the
e-NV200 development.

Introduction

This study attempts to provide performance
projections for a production Nissan Leaf BEV if
placed into service as a New York City Taxi Cab.
The drive/duty cycle created utilized actual HEV
taxi field data, though this data was of limited
sample size and time of year use was only for the
month of June. The data included nearly 3000
trips of speed versus time information similar to
that shown in Figure 2. A math model of the
vehicle was created using AUTONOMIE and
vehicle level controls developed for other DOE
funded activities. The simulation test vehicle was
operated over drive cycles 4 and 8 hours in
duration.

80

——HS Taxi
— LAY

Figure 2.Portions of Speed Vs. Time cycles compared.

These AUTONOMIE simulations take only
minutes by computer and allow for multiple
variations of key vehicle component parameters
to be evaluated in a fraction of the time it would
take to change components on a vehicle and
perform a test.

Approach

Simulations and resulting projections of vehicle
performance require field data and wvalidated
component/system math models. This project
utilized previously gathered data as well as tools
developed under other DOE Vehicle Technology
Program (VTP) projects.

Previous NYC taxi demonstration fleets have had
vehicle information recorded for research and
development.  Ricardo, a  multi-industry
consultancy, recorded Ford Escape HEV data
during a previous taxi service data collection
program (figure 3). Ricardo provided this data to
ORNL for analysis and composition into
synthetic NYC taxi drive cycle segments using a
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DOE/ORNL developed tool called DC_Gen tool.
The data provided to ORNL was reformatted into
a DC_Gen tool compatible file for analysis.

™
.II|||IIIII-__

Spoed Bins

Number of trips

Figure 3. Analysis of field data yields characteristics of
typical NYC taxi operation.

The DC_Gen tool produces statistical plots of the
field data, seen in figure 4, which are further used
to apply proper weighting to the types of ‘trips’
that are more frequent, and therefore more typical
of NYC taxi operation. Characteristics of ‘trips’
which occurred frequently were used in the
generation of the drive cycle modules. Modules
were developed, rather than simply developing a
full drive cycle, due to the limited sample size
and unique vehicle from which the field data was
taken.

10-25 kph Trip Distribution

Yelocity (kph)

i} 01

0z 03 0.4

Stopped [%]
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Figure 4. The lighter shaded boxes indicate a higher
number of trip segments with the axis values

The resulting analysis of the HEV taxi data and
use of the DC Gen tool produced drive cycle
modules (Speed vs. Time data files) that can be
used to build combined drive cycles with
appropriate speed, distance, idle frequency and
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durations, to properly emulate NYC taxicab
operation.

The synthesized drive/duty cycles compare
favorably with in use field data, however, the
field data did not include information for HVAC
loads. Since the vehicle was only operated in
June and July, no heater usage data was collected
from the HEV. Fortunately the ANL climate
capable Advanced Powertrain Research Facility
(APRF) was conducting Nissan Leaf testing
about the same time as this project. The ANL
researchers were able to add some testing
processes onto their planned tests to gain
additional information about the impact of
HVAC usage — and multiple passenger entries
and exists might have on energy consumption.
From the ANL data collected on HVAC energy
consumption, two energy usage rates were set for
typical accessory consumption during the
simulation drive cycles. One to emulate low
HVAC use (minimum impact to range) and high
HVAC use to highlight the impact of the heater
on the expected range of the vehicle.

The ORNL Leaf wvehicle components were
selected from the AUTONOMIE library, but the
control system used was developed as part of
another VTP project. This project, The
Advanced Battery Mule vehicle, is an Idaho
National Lab field evaluation project that
required a Leaf control system to emulate that
vehicle’s regenerative braking and propulsion
strategy in a complex series/parallel vehicle that
was built to evaluate various battery systems.
The developed control strategy and system model
was further exercised using certification drive
cycles, and then compared to actual ANL test
data over the same drive cycles. The results for
consumption rates varied within 5% between
simulation and actual test, which was determined
acceptable for this projection project.

Results

The modeled EV taxi and control strategy was
run through various drive cycle configurations
and SOC initial values to determine appropriate
range and time of use values for the NYTLC.
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Table 1. The combination of developed modules is shown
above for the two drive cycles (Nominal and High Load)
that were used to project the performance of the Nissan
Leafs placed into taxi service in NYC.

Cycle

LS MS MH
Nominal 1 5* 1 1
High Load 1 4% 2 1

Table 2. The two focus drive cycles of this study exhibit
very different parameters using a different combination of
the same modules.

Specifications

Drive

Avg Avg

Cycle Time Distance Spd Spd
(hours) (miles) (mph) (kph)

Nominal 4 56.0 14.0 225
High 4 69.4 17.3 27.8

Load

The two primary drive cycles for this study were
assembled from the developed modules, output
from the DC_Gen Tool as displayed in Table 1.
The modules, LS-HS, represent segments of the
drive trace that were synthesized from various
bands of speed data. Assumptions relating to
State of Charge (SOC) were of significant
importance as the performance predictions show
that the EV taxi range would not be sufficient to
run for an 8 hour shift, and recharging would be
required. The primary drive cycles shown in
Table 2 reflect the range limitations (and time of
operation) of the EV taxi based on the production
Leaf ESS. If the EV taxis are able to complete
the 4 hour drive cycle; then only one recharge
(and resulting non-operational time) will be
required per shift.

Module Type and Number
Drive

HS
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Table 3. The highlighted cells indicate that the vehicle
would not be able to complete the cycle.

Vehicle Nominal High Load | Comments
Configuration | cycle

Base Vehicle 238 wh/mi 231 wh/mi 0.5kW, 80% SOC
Base Vehw/ 584 wh/mi 553 wh/mi 3.5kW heater load,
Htr 39.1/56.0mi 42.8/69.4mi 80% SOC

As shown in Table 3, when considerations for
full heater HVAC accessory loads are taken into
account, the 80% SOC that a DC fast charge will
enable in 30 minutes is not sufficient to complete
the High Load cycle.

Conclusions

This project utilized previously generated lab and
field vehicle data combined with simulation and
modeling tools to project the performance of a
production based EV placed into NYC taxicab
service.

Based on the two drive cycles and an estimation
of start of shift SOC of the vehicle; performance
predictions of an EV Taxi with the drivetrain of a
production Leaf with a similar vehicle mass,
capability were produced. The results were
presented to the NYTLC in support of their
planned field evaluation program.

For complete satisfaction of the operator and the
end-use customer, driving restrictions will need
to be considered during in-field use in cold
environments. As a result of this study, the
NYTLC is considering route restrictions for the
EV taxi fleet.
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.K.3. Products

Publication

1. Planned presentation at the SAE HEV/EV
symposium in 2013.

Tools & Data

ORNL used a variety of VTP funded tools and
previously gather or otherwise available data to
complete this study.

1. Ricardo Ford Escape HEV Taxi NYC field
data

2. Argonne National Lab (ANL) chassis data
from Level 1 Leaf Testing
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DC Gen Tool, a drive cycle generation tool
developed by ORNL

AUTONOMIE vehicle simulation and
modeling software developed by ANL

Basic Leaf control Strategy developed for
INL advanced battery testing mule vehicle
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TADA LAB & FIELD VEHICLE EVALUATIONS LD

II.L. Advanced Vehicle Testing Activity — TADA Test Support to OEM
Data Collection

Principal Investigator: James Francfort

Idaho National Laboratory

P.O. Box 1625

Idaho Falls, ID 83415-2209

Phone: (208) 526-6787,; Email: james. francfort@inl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

I.L.1. Abstract

Objective
» Continue to provide to DOE, OEMs, taxpayers and other stake holders, fully independent, benchmarked feedback
on DOE technology investments and emerging industry transportation platforms.

* Benchmark grid-connected plug-in electric drive vehicles (PEV) to determine the contribution PEV and HEV
technologies can make to reduce petroleum consumption in the United States.

* Benchmark individual PEV models from original equipment manufacturers (OEMs).
* Reduce the uncertainties about PEV and HEV performance, and most importantly, battery performance and life.
» Reduce the uncertainties about drivers’ recharging practices and PEV acceptance.

* Provide PEV and HEV testing results to fleet managers and the general public to support their acquisition and
deployment decisions.

Approach

» Document via various testing methods real-world fuel use over various trip types and distances.
* Report liquid and vapor fuel use, and electricity use separately.

* Document any environmental factors, such as temperature and terrain that impact PEV and HEV fuel
consumption.

» Use published testing specifications and procedures developed by the AVTA that are reviewed by industry,
national laboratories, and other interested stakeholders.

» Place vehicles in environmentally and geographically diverse test fleets.

» Continue to use and develop cost-shared partnerships with public, private, and regional groups to test, deploy, and
demonstrate vehicles and infrastructure technologies in order to leverage DOE funding resources.

* As needed, reach additional cooperative research and development agreements (CRADAs) and non-disclosure
agreements (NDAS) in preparation for the testing of vehicles and components from OEMs.

Major Accomplishments

* Collected and published onboard data from a fleet demonstration of 21 Ford Motor Company Advanced Research
Escape PHEVs. As FY 2012 ended, 567,000 miles of vehicle use and charging profiles and up to 66% petroleum
use reductions were documented.

* Initiated data collection from a fleet demonstration of 23 Chrysler Town and Country Minivan PHEV. As FY
2012 ended, 43,000 test miles of vehicle and charging profiles, as well as mpg increases of up to 36% were
documented when comparing operations with at least a partially charging PHEV traction battery pack.
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Future Activities
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* Complete the reporting on the performance of 21 Ford Escape Advanced Research PHEVs and report the
petroleum reduction capabilities and operations of the same vehicles. However, this task will complete during FY

2012.

* Continue to report on the performance of 23 Town and Country PHEV minivans and report the petroleum

reduction capabilities and operations of the same vehicles.

* Develop additional low-cost vehicle and charging infrastructure demonstration relationships and support the
deployment of PEVs and electric drive vehicles (EDVs) in these testing fleets.

I.L.2. PEVs Technical Discussion

Background

The U.S. Department of Energy’s (DOE’s)
Advanced Vehicle Testing (AVTA) is part of
DOE’s Vehicle Technologies Program (VTP),
which is within DOE’s Office of Energy
Efficiency and Renewable Energy (EERE). The
AVTA is the only DOE activity tasked by DOE
to conduct field evaluations of vehicle
technologies that use advanced technology
systems and subsystems in light-duty vehicles to
reduce petroleum consumption. A secondary
benefit is the reduction in exhaust emissions.

Most of these advanced technologies include the
use of electric drive propulsion systems and
advanced energy storage systems. However,
other vehicle technologies that employ advanced
designs, control systems, or other technologies
with  production potential and significant
petroleum  reduction potential, are also
considered viable candidates for testing by the
ATVA.

The AVTA light-duty activities are conducted by
the Idaho National Laboratory (INL) for DOE.
INL has responsibility for the AVTA’s
execution, direction, management, and reporting;
as well as data collection, analysis and test
reporting. INL is supported in this role by
ECOtality North America (ECOtality), which has
a competitively awarded contract that is managed
by DOE’s National Energy Technology
Laboratory (NETL). The AVTA sections of the
FY 2012 Annual Program Report jointly cover
the testing work performed by INL and
ECOtality. When appropriate, the AVTA
partners with other governmental, public, and
private sector organizations to provide maximum
testing and economic value to DOE and the

174

United States taxpayers, via various cost sharing
agreements.

Introduction

DOE’s AVTA is evaluating grid connected plug-
in electric drive vehicle (PEV) technology in
order to understand the capability of electric grid
recharged electric propulsion technology to
significantly reduce petroleum consumption
when vehicles are used for transportation. In
addition, many companies and groups are
proposing, planning, and have started to
introduce PEVs into their fleets.

It should be noted that grid-connected PEVs
include several vehicle / energy storage schemes
that include: battery electric vehicles (BEVs or
simply EVs) such as the Nissan Leaf, plug-in
hybrid electric vehicles (PHEVs) such as the
Ford Escape and Chrysler Town and Country
Minivan PHEVs, and extended range electric
vehicles (EREVs) such as the General Motors
Volt.

During FY 2011, a transition occurred from
testing mostly PEV conversions to testing PEVs
from OEMs. When testing conversion vehicles,
the primary focus during FY 2011 was to study
the PEV technology’s potential contribution to
petroleum reduction and to understand and
document charging patterns. The drive to focus
on the overall petroleum reduction potential of
PEV technology versus testing individual PHEV
conversion models was driven by the mostly
conversion nature of the available PEVs during
pre-FY 2012 years, and the non-likelihood the
conversion vehicles would be the majority of
PEV deployments in future years. During late FY
2011, this transition was completed when the last
of the PEV conversions completed testing.
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This transition in focusing on PEV conversions
to focusing on PEVs from OEMs was made
possible as several OEMs made available during
late FY 2011, PEVs for the first time in about a
decade.

The PHEV conversions available for public
purchase in the few years prior to FY 2012 used
an HEV as the base vehicle, and either added a
second PHEV battery or replaced the base HEV
battery with a larger PHEV battery pack, with a 5
kWh PHEYV battery size the most typical size for
secondary batteries. However, some PHEVs and
EREVs used a single battery pack that ranged
from 10 to 15 kWh. PHEV control systems and
power electronics are also added to the base
vehicle to complete the upgrade. These larger
additional or replacement battery packs are
sometimes recharged by the onboard regenerative
braking and generator subsystems, but all of them
must also use onboard chargers connected to the
off-board electric grid to fully recharge the
PHEV battery packs.

Today’s OEM PEVs mostly have 10 to 15 kWh
of onboard battery storage in PHEVs and
EREVs, and more than 20 kWh of onboard
storage for BEVs. However, some other OEMs
are introducing PHEVs with smaller battery
packs.

Within the AVTA, INL and ECOtality make
extensive use of in-vehicle and in-charging
infrastructure data loggers to collect a variety of
vehicle and infrastructure generated performance
parameters. Experience has shown that
automated data collection in fleet environments is
the only way to ensure accurate data is collected.

The concept of advanced onboard energy storage
and grid-connected charging raises questions that
include the life and performance of these larger
batteries; the charging infrastructure required,
how often the vehicles will actually be charged —
driver and “smart grid” behavior and controls;
and the actual amount of petroleum displaced
over various missions, drive cycles, and drive
distances; all achieved with automated data
loggers.

Approach

Three basic types of test methods are used to test
vehicles and they discussed below.
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Baseline performance testing during which a
vehicle is track and dynamometer tested. The
track testing includes acceleration, range,
braking, and fuel use (both electricity and
gasoline) at different battery states-of-charge
(SOC). The vehicles are also coast-down tested
to determine dynamometer coefficients, which
are used during the various urban and highway
dynamometer test cycles. Note that the AVTA
dynamometer testing is conducted by Argonne or
Oak Ridge National Laboratories for the AVTA.
This sharing of vehicles and testing expertise also
reduces costs to DOE.

Accelerated Testing uses dedicated drivers to
complete a series of drives and charges (for
PEVs) on city and highway streets. This testing is
often used to ensure PEVs can accomplish
several charge and drive cycles in one day. For
some vehicles, this can include more than 5,000
miles of operation per month.

Fleet Testing is normally conducted by placing
vehicles into fleets with no highly controlled
structure to repeatable drive missions. The
AVTA partners with government, private, and
public fleets for fleet testing as these fleets are
often overwhelmingly the earliest adaptors of
advanced technology vehicles. Note that the
AVTA fleet testing does sometimes include
operations by the general public.

For PHEVs and EREVs, these vehicles can
operate on gasoline even when the vehicles’
battery packs are not charged. Therefore, with
some exceptions, the fuel-use result reporting is
normally broken down into three operating
modes for these vehicle technologies:

Charge Depleting (CD) Mode: During each
entire trip, there is electric energy in the traction
battery pack to provide either all-electric
propulsion or electric assist propulsion
throughout the entire trip.

Charge Sustaining (CS) Mode: During a trip,
there is no electrical energy available in the
PHEV or EREV traction battery pack to provide
any electric propulsion support beyond normal
HEV operations.

Combined (or Mixed) Charge Depleting and
Charge Sustaining (CD/CS) Mode: There is
electric energy in the traction battery pack
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available at the beginning of a trip. However,
during the trip, the PEV battery is fully depleted.

For EVSE benchmarking, the results are broken
down a variety of ways, including:

® Public versus private EVSE use
* Weekday versus weekend use
* By time of day

® National versus regional results.

Results

Ford Escape Advanced Research PHEV
During FY10, the AVTA signed a CRADA with
the Ford Motor Company that detailed data
collection, analysis and reporting by the AVTA
for the vehicle performance, fuel use, and
charging patterns for 21 Ford Escape Advanced
Research PHEVs. This work is being performed
to support a Transportation Acceleration and
Demonstration Activity (TADA) grant Ford
received from DOE.

Using server-to-server data transmission, the INL
receives raw data generated by data loggers
installed onboard the 21 Escape PHEVs. With
this data, INL generates a series of periodic
reports and year to date summary fact sheets

which can be accessed at: avt.inel.gov/
phev.shtml.

The November 2009 to September 2012 report
documents 567,000 miles of operation during
which the vehicles had an overall fuel economy
of 38 mpg. However, when operating in CD
mode, the vehicles averaged 52 mpg, which is
63% higher than the 32 mpg result in CS mode
operations.

These vehicles provide excellent documentation
that ambient temperatures impact mpg results in
all operating modes. As seen in Figure 1, the
biggest impact is during CD mode operations
(green line in the graph) where mpg results are
more than twice as high as during 60 to 75
degrees Fahrenheit operations compared to very
hot and cold operations.

The monthly reports also document seasonal
impacts on mpg results with August 2012
reporting 58 mpg in CD mode and January and
February 2012 both reporting 47 mpg in the same
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operating mode. For the monthly results see the
web site: avt.inel.gov/library.shtml#F.

Fuel Economy By Ambient Temperature
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Figure 1. Ford Advanced Research PHEV mpg for all
Explorers impacts at a range of ambient
temperatures.

Using the November 2009 to September 2012
results, when operating in CD mode during city
driving events the mpg is 60% higher (48 mpg)
than city driving CS mode (30 mpg). During
highway driving in CD mode, the mpg is 81%
higher (58 mpg) than highway driving in CS
mode (32 mpg).

Table 1 documents the Minivans recharging
information. It should be noted that the vehicle is
being charged 1.9 times per day for those days
the vehicle is operated.

Table 1. Ford Escape PHEV charging information for the
November 2009 through September 2012 reporting
period.

Average # charging events per vehicle month |28
Average # of charging event per vehicle day 1.9
Average miles between charging events 30.2
Average # trips between charging events 2.5
Average time plugged per charging event 7.4
Average hours charging per charging event 2.2
Average energy (AC kWh) per charging event |3.0
Average energy (AC kWh) per vehicle month  |85.5
Total charging energy (AC kWh) 57,301

It should also be noted that the Escapes were
mostly being driven in fleet operations and the
fleet drivers do not normally pay for fuel use, so
they may not be overly motivated to maximize
CD operations by ensuring the vehicle’s traction
battery packs are charged as often as possible.
However, compared to other fleets, these vehicles
are seeing fairly high operations with some
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energy in the battery packs. Only 28% of trips
commenced with no electricity in the traction
battery packs. It should be noted that these are
technology =~ demonstration  vehicles, not
production intent vehicles.

It should be noted that these Escapes were mostly
being driven in fleet operations and the fleet
drivers do not normally pay for fuel use, so they
may not be overly motivated to maximize CD
operations by ensuring the vehicle’s traction
battery packs are charged as often as possible. It
should be noted that these are technology
demonstration vehicles, not production intent
vehicles.

Chrysler Town and Country Minivan PHEV
During FY 2012 the AVTA initiated the data
collection, analysis and reporting for a
demonstration fleet of 23 Chrysler Town and
Country Minivan PHEVs. This technology
development is being supported by DOE with a
competitively awarded funding grant from the
Technology Acceleration and Demonstration
Activity (TADA).

Using the most recently published quarterly
report for  April through June 2012,
(avt.inel.gov/pdf/phev/ChryslerMinivanQ2 2012
.pdf) the vehicles had accumulated 43,000 test
miles. In addition, the individual monthly reports
for July, August and September 2012 document
an additional 80,000 miles of operations, but the
project to date report covering the entire 123,000
miles was not yet completed when this report was
written.

During August and September, the minivans
were not charged as often per direction from
Chrysler, so the July monthly report will be used
here to discuss the petroleum reduction benefits
of a minivan with PHEV technology. During July
2012 a total of 26,000 miles was accumulated on
the 23 Town and Country Minivan PHEVs
avt.inel.gov/pdf/phev/ChryslerMinivanJuly2012.

pdf. For combined city and highway operations
in charge depleting mode, the minivan was
averaging 35 mpg and 24 mpg for charge
sustaining operations. Therefore, by simply
maximizing charge depleting operations, the
vehicles were able to achieve a 46%
improvement in fuel use. For city only types of
driving, the minivan averaged 34 mpg in charge

177

FY 2012 Annual Progress Report

depleting operations and 21 mpg in charge
sustaining operations, a 62% improvement in
mpg.

As shown in Figure 2, the Minivan operating
scheme allows the internal combustion engine

(ICE) to be off 32% of the time, including 14%
engine off while the vehicle was being driven.

Percent of Drive Time by Operating Mode

14 %

Roo

3%

—18 %

I Vehicle Stopped Engine Idling
Vehicle Stopped Engine Stopped

I Vehicle Driving Engine Spinning

B Vehicle Driving Engine Stopped

Figure 2. Chrysler Town and Country Minivan PHEV
percent of drive time the engine is spinning or
stopped by whether or not the vehicle is moving.

While the Minivan PHEV does not exhibit a
linear mpg and aggressiveness driving profile,
Figure 3 documents the driving aggressiveness
impact on mpg, with less aggressive driving
results in an average of approximately 30 mpg
while the most aggressive driving results in mpg
in the low 20’s.

Effect of Driving Aggressiveness on Fuel Economy®

6-<8-

4-<6-

Mild — Aggressive

2.<d

Driving Aggressiveness

0-<2

Trip Fuel Economy (mpg)

Figure 3. Chrysler Town and Country Minivan PHEV
fuel efficiency impacts from aggressiveness
driving.

Table 2 documents the Minivans recharging
information. It should be noted that the vehicle is
being charged only 0.82 times per day for those
days the vehicle is operated.
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Table 2. Chrysler Town and Country Minivan PHEV
charging information for the July through September 2012
reporting period.

Average # charging events per vehicle month 16.9
Average # of charging event per vehicle day 0.9
Average miles between charging events 65.8
Average # trips between charging events 6.1
Average hours charging per charging event 1.8
Percent total charging energy at Level 1 3%
Percent total charging energy at Level 2 97%
Average energy (AC kWh) per charging event 5.6
Average energy (AC kWh) per vehicle month 93.7
Total charging energy (AC kWh) 2,155

It should be noted that the Town and Country
Minivans were mostly being driven in fleet
operations and the fleet drivers do not normally
pay for fuel use, so they may not be overly
motivated to maximize CD operations by
ensuring the vehicle’s traction battery packs are
charged as often as possible. In fact, as measured
by total distance traveled, 44% of the total
distance is in trips that start with no energy in the
tractor battery pack. It should be noted that these
are technology demonstration vehicles, not
production intent vehicles.

Conclusions

The Idaho National Laboratory, through the
AVTA, continues to provide the critical real
world testing needed to benchmark DOE
technology investments, including the critical
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tasks of determining suitability for deployment,
and life time performance and costs of new
technology components and vehicle systems.
This testing includes understanding the
infrastructure requirements of PEVs as well as
other alternative fuels, as well as the proper
placement of that infrastructure.

While neither the Escape or Town and Country
are production intent vehicles, the PEV
technology knowledge both Ford and Chrysler
are learning from the TADA demonstrations are
being applied to other vehicle platforms that are
production intent.

Publications

Specific fact sheets and reports have been
referenced in the report by including their
locations on the AVTA website. The AVTA is
generating a significant number of reports, fact
sheets, conference papers, and presentations each
fiscal year. Therefore, report locations are listed
below by projects or vehicle technologies.

1. Hybrid Electric Vehicle benchmarking
avt.inel.gov/hev.shtml

2. Plug-in Hybrid Electric Vehicle and
Extended Range Electric Vehicle
benchmarking avt.inel.gov/phev.shtml

3. All of the Town and Country PHEV reports
can be found at: avt.inl.gov/library.shtml#C2

4. The approximately 40 Ford Escape PHEV
reports can be found at:
avt.inl.gov/library.shtml#F
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LAB & FIELD EVALUATIONS (MEDIUM & HEAVY DUTY)

.M. AVTA Support of USPS Vehicle Electrification Development
Activities

Principal Investigator: James Francfort

Idaho National Laboratory

P.O. Box 1625

Idaho Falls, ID 83415-2209

Phone: (208) 526-6787; Email: james.francfort@inl.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak@ee.doe.gov

[1.M.1.  Abstract

Objective
* Benchmark grid-connected plug-in electric drive vehicles (PEV) to determine the contribution PEV technologies
can make to the U.S. Postal Service’s (USPS) efforts to reduce petroleum consumption in the United States.

* Provide the AVTA’s testing results of the five USPS PEVs to the U.S. Department of Energy (DOE), USPS,
vehicle modelers and designers, technology target setters, and industry stakeholders.

Approach
* Document any environmental factors, such as temperature and terrain that impact PEV fuel (electric and non[]
electric) consumption.

» Use published testing specifications and procedures developed by the AVTA that are reviewed by industry,
national laboratories, and other interested stakeholders.

Major Accomplishments

* Collecting and publishing onboard data from a fleet demonstration of five USPS electric Long Life Vehicles
(eLLV) converted from standard LLVs to pure battery electric operations. The five companies performing the
conversions were:

Autoport/AC Propulsion/University of Delaware
— Bright Automotive

— EDAG, Inc. — USA

— Quantum Technologies

— ZAP.

* While all five vehicles completed the FY 2011 baseline performance testing, fleet mission testing was
problematic for some models. A total of only 3,965 fleet miles were documented with one model unable to
operate for a life time total of 50 miles.

Future Activities

* Continue to support USPS activities directed towards introducing petroleum reduction vehicle technologies into
their mail delivery and distribution system as such vehicles are procured.
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[1.M.2. PEVs Technical Discussion

Background

The U.S. Department of Energy’s (DOE’s)
Advanced Vehicle Testing (AVTA) is part of
DOE’s Vehicle Technologies Program (VTP),
which is within DOE’s Office of Energy
Efficiency and Renewable Energy (EERE). The
AVTA is the only DOE activity tasked by DOE
to conduct field evaluations of vehicle
technologies that use advanced technology
systems and subsystems in light-duty vehicles to
reduce petroleum consumption. A secondary
benefit is the reduction in exhaust emissions.

Most of these advanced technologies include the
use of electric drive propulsion systems and
advanced energy storage systems. However,
other vehicle technologies that employ advanced
designs, control systems, or other technologies
with production potential and significant
petroleum  reduction potential, are also
considered viable candidates for testing by the
ATVA.

The AVTA light-duty activities are conducted by
the Idaho National Laboratory (INL) for DOE.
INL has responsibility for the AVTA’s
execution, direction, management, and reporting;
as well as data collection, analysis and test
reporting. INL is supported in this role by
ECOtality North America (ECOtality), which has
a competitively awarded contract that is managed
by DOE’s National Energy Technology
Laboratory (NETL). The AVTA sections of the
FY 2012 Annual Program Report jointly cover
the testing work performed by INL and
ECOtality. When appropriate, the AVTA
partners with other governmental, public, and
private sector organizations to provide maximum
testing and economic value to DOE and the
United States taxpayers, via various cost sharing
agreements.

Introduction
DOE’s AVTA and the USPS have a long history
of  cooperative  vehicle research  and

benchmarking. Previous activities included the
data collection and reporting support given to the
USPS demonstration of 500 Ford electric Long
Life Vehicle (eLLV) conversions operated
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mostly in California, with some on the East Coast
of the United States (see avt.inel.gov/
vehicles.shtml#U and scroll down to the USPS
section for 33 USPS reports and fact sheets). This
activity occurred from approximately 1999 to
2003. It should be noted that LLVs are the
standard mostly boxed shaped local delivery
USPS vehicles seen throughout the United States
that operates on an internal combustion engine.

More recently, the AVTA performed baseline
performance testing on five eLLVs that were
converted from standard LLVs to pure battery
electric operations. The five conversion
companies / consortiums performing the
conversions were:

* Autoport/AC of

Delaware

Propulsion/University

® Bright Automotive

* EDAG, Inc. - USA

® Quantum Technologies
o ZAP.

® The same five eLLVs were then introduced
into fleet delivery operations in the greater
Washington, D.C. area.

® The AVTA installed instrumentation and data
loggers to quantify both the vehicles’
performance and operating duty cycles.

Approach

The AVTA installed instrumentation and data
loggers to quantify both the wvehicles’
performance and operating duty cycles and it was
agreed that the fleet delivery results would be
presented in summary for all five vehicles.

Results

All five conversion eLLVs met the minimum
requirements of the baseline performance testing.
However, the fleet demonstration resulted in less
than stellar delivery fleet mileage accumulations
as various problems had been encountered with
the vehicles. A total of only 3,965 miles per
accumulated in the March to December 2011
time period (avt.inel.gov/pdf/fsev/usps/
USPS_SummaryReportMarl 1-Decl1.pdf).

It should be noted that this was not intended to be
a high mileage fleet and there was significant
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variability in several vehicles ability to
accumulate test miles. Two manufacturers’
vehicles accumulated approximately 1,300 and
1,600  miles  respectively,  while  one
manufacturer’s vehicle was only able to operate
for approximately 50 life time miles due to
various vehicle problems. The Summary Fact
sheet for the USPS eLLVs is available at:
avt.inel.gov/pdf/fsev/usps/USPS
SummaryReportMarl1-Decl1.pdf and it does
provide some insight into the types of missions
the eLL Vs encountered.

The summary results are presented in several
categories:

® All Trip Combined

® Stop & Go Trips (> 5 stops per mile)

® City Trips (<= 5 stops per mile and <37 mph
average)

® Highway Trips (<=5 stops per mile and >=37
mpg average).

Overall (All Trips Combined), the eLLVs

averaged about 70% charging efficiency,

consuming 452 DC Wh per mi and 645 AC Wh

per mile, with DC Wh per mile efficiency
ranging from 396 to 486 DC Wh per mile

(Figure 1).

USPS eLLV Energy Consumption
500
400
300
200
100

DC Whimi

All Stop
& Go

City Highway

Figure 1. USPS eLLV DC Wh per mile efficiencies in
various driving missions.

As would be expected, regenerative braking
energy returned to the traction battery varied by
drive missions (Figures 2 — 4).
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Stop & Go Trips Energy (kWh)
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Figure 2.

City Trips Energy (kWh)

Il Net Batt. Energy In (Regen)
Il Net Batt. Energy Out

Figure 3.

Highway Trips Energy (kWh)

.0, Net Batt. Energy In (Regen)
I Net Batt. Energy Out

Figure 4.
Figures 2 to 4 show USPS eLLV regenerative
energy and energy out of the traction battery pack
by trip type.
Figure 5 documents the high state of charge

(SOC) for the eLLVs at the start of daily
operations.
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Figure 5. eLLV SOC at start of daily operations.
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Figure 6 documents the mostly short daily
operations of the USPS eLLVs, with the majority
under 15 miles per day. This corresponds to past
LLYV operations experience (a documented source
was not found, but the author is aware of this).
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Figure 6. eLLV daily driving distances in miles.
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Conclusions

The total miles the conversion eLLVs were able
to obtain in fleet delivery operations was
certainly less than the AVTA, conversion
companies, and USPS had hoped to document.

Publications

1. Fact sheets that document baseline
performance testing and monthly fleet
demonstration results can be found at:
avt.inel.gov/fsev.shtml.

2. The Summary Fact Sheet for the fleet
demonstration of ELLs can be found at:
avt.inel.gov/pdf/fsev/usps/USPS_SummaryR
eportMarl1-Decl1.pdf.
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II.N. Medium and Heavy Duty In-Use Fleet Field Evaluations

Principal Investigator: Kevin Walkowicz

National Renewable Energy Laboratory

Center for Transportation Technologies and Systems

15013 Denver West Parkway

Golden, CO 80401

Phone: (303) 275-4492; Email: Kevin. Walkowicz@nrel.gov

DOE Program Manager: Lee Slezak
Phone: (202) 586-2335; Email: Lee.Slezak(@ee.doe.gov

[1I.N.1.  Abstract

Objective

» Validate and document the performance and costs of advanced technologies in medium- and heavy-duty
applications

* Provide third-party, unbiased report results for interested parties to further optimize and improve the systems

* Facilitate purchase decisions of fleet managers by providing needed information.

Approach

» Cooperate with commercial fleets to collect operational, performance, and cost data for advanced technologies;
» Characterize vehicle drive/duty cycles
» Analyze performance and cost data over a period of six months to one year or more

* Test and analyze in-use performance of advanced technologies in a laboratory setting to duplicate observed real-
world conditions

» Produce fact sheets and reports on advanced heavy-duty vehicles in service
» Provide updates on new, advanced technology to DOE and other interested organizations.

Major Accomplishments

» Published final results of 36-month effort in Phoenix, Arizona, to evaluate Gen I UPS hybrid electric vehicle
(HEV) delivery vans: nrel.gov/docs/fy120sti/53503.pdf

* Published final results of 18-month effort in Minneapolis, Minnesota, to evaluate Gen II UPS HEV delivery vans:
nrel.gov/docs/fy120sti/55658.pdf

* Published final results of 13-month effort in Miami, Florida, to evaluate Coca Cola’s Class 8 HEV beverage
delivery tractors: nrel.gov/docs/fy120sti/53502.pdf

* Initiated 6-month evaluation in Ontario, California, to evaluate FedEx Class 7 box trucks: Effort started in March
2012 and will be completed in December 2012; results to date are included in this report

* Initiated effort to collect field data in New York and California on Verizon Class 3 & 4 light aerial HEV bucket
trucks: effort is focused on drive cycle analysis and analysis of deployment options; effort started in July 2012
and will be completed in October 2012; results to date are included in this report.

Future Activities

» Complete evaluations on current fleet vehicles, and initiate new evaluations
» Coordinate activities with other DOE projects such as 21CT as well as other DOE laboratories

* Monitor and evaluate promising new technologies and work with additional fleets to test the next generation of
advanced vehicles.
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III.LN.2.  Technical Discussion
Introduction
Understanding how advanced technology

vehicles perform in real-world service, and the
associated costs, is important to enable full
commercialization and acceptance in the market.
DOE’s Medium and Heavy Duty Advanced
Vehicle Testing Activity (AVTA) works with
fleets that operate these vehicles in medium- and
heavy-duty applications. AVTA collects and
analyzes operational, performance, and cost data
and then uses the data to populate simulation
models and vocational databases for additional
research focused on removing barriers to
commercialization. The data analyzed typically
cover one year of service on the vehicles to
capture any seasonal variations. Because of this,
evaluation projects usually span more than one
fiscal year. The Medium and Heavy Duty AVTA

team also works on shorter-term projects
designed to provide updates on current
applications to DOE and other interested
organizations.

Approach

In FY 2012, AVTA focused on fleet evaluations
which were in various stages of completion.
Evaluations discussed in this document include:
1) Eleven Class 6 HEV delivery vans operating
in a UPS Minneapolis fleet, 2) Five Class 8 HEV
beverage delivery tractors operating in Coca
Cola’s Miami fleet, 3) Ten Class 7 HEV ‘box
trucks’ operating in FedEx’s Ontario, CA fleet
and 4) Assessing potential Class 4-6 aerial bucket
trucks with the Verizon Fleet in New York and
CA.

Preliminary efforts to evaluate class 5 EV food
delivery trucks operating in Frito Lay’s fleet
were initiated in FY 2012, but data collection
efforts have not yet started so this project is not
reported here.

An effort to evaluate 36 months of operation of
HEV UPS delivery trucks in Phoenix was
completed and published in FY 2012, but is not
discussed here. Final results can be found at
nrel.gov/docs/fy120sti/53503.pdf.
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1. UPS Minneapolis Generation Il 18-Month
HEV Study

This report discusses an 18-month in-use
evaluation of 11 model year (MY) 2010
Freightliner P100H hybrid step delivery vans that
were placed in service at UPS’s facility in
Minneapolis, Minnesota during the first half of
2010. The new hybrids featured more advanced
control algorithms and an integrated “engine off
at idle” feature. These hybrid vehicles were
evaluated against 11 MY 2010 Freightliner
P100D conventional step delivery vans that were
placed in service at the same facility a couple
months after the hybrids. The conventional vans
were chosen wusing UPS’s database and
comparing the average miles per day of the 11
hybrids to that of conventional vans of the same
size and cargo capability. Even so, the route
profiles were very different, requiring a route
assignment switch between the groups.

UPS has custom delivery vans built to the
company’s specifications. The P100 vehicles in
this study were manufactured by Freightliner for
UPS. Table 1 provides brief descriptions of the
vehicle systems.

Table 1. Vehicle Descriptions

Van Speci

Hybrid Electric Vans Conventi Vans

Van manufacturer
\an model
Van model year

Freightliner Corp.
P100H step van

2010

Cummins ISB 200 HP
MY 2009

DFF

Regenerative braking
Mone

23,000 lbs

Freightiiner Corp
P100D step van
2010

Cumming I15B 200 HP
MY 2009

DFF

None

None

23,000 Ibs

Engine manufacturer and model

Emissions eguipment
Retarder/regenerative braking
Air conditioning type

Gross vehicle weight rafing

Van Use

Figure 1 shows the average monthly miles driven
per van for each van group with £95%
confidence interval lines. In June 2011, a route
switch was initiated to balance the evaluation and
provide data for both vehicle groups on both
route types. Vehicles from each group were
assigned routes previously assigned to the other
group; the drivers kept their original route
assignments but with a new vehicle. The area in
orange denotes when the route switch took place
between the groups, causing the mileage change
from June into August 2011. Note that not only
did the average miles per van swap, but the width
of the 95% confidence interval lines swapped as
well. The original diesel group routes had a wide
range of daily miles driven while the hybrids
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were on routes with more tightly grouped daily
miles.

UPS Monthly Mileage Comparison
2500

2000

1500

Miles per Van

1000

S 08 A9 B B D N X R R aly B o ah el s o
WPl FEE Y

Month

Convantionalfung Mieage ConventionalAvg Mieage + §5% CI Convantional fvg Mieage - 95% CI

Hybrid AvgMisage === fybrid Awg Ml age + 65% €1 === = Hybiid Avg Milaage - 95% C1

Figure 1. Hybrid vs. Conventional Mileage
Comparison

In-Use Duty Cycle

Isaac Instruments DRU900/908 data logging
devices with GPS antennas and J1939 controller
area network bus (CANBUS) connections were
deployed to the UPS fleet on two occasions. In
total, 338 days of hybrid operation and 252 days
of conventional operation on 8 vans from each
group were documented. Comparing the routes
driven by the two groups is difficult because of
the disparity in the average daily miles driven.
Initially, the conventional vans averaged 64 miles
per day while the hybrids averaged only 43 miles
per day. Figure 2 shows the average distance (as
a percentage) that the vans with GPS loggers
drove at different vehicle speeds.

UPS Minneapaolis
Conventional vs hybrid delivery duty cycle

eled= 63.8mile |

8 Hybrid; Tota| distance

il :ﬂ“ﬂmmﬁ

N’f’m“’@“’ﬁ’_h“u"’s“w"é’é’go’
EEE I

traveled = 42.5 mies

% of Distance

Vehicle Speed (mph)

Figure 2. Percentage of Distance Travelled at Speeds.

The hybrids drove a greater percentage of their
distance at slower speeds than the conventional
vans; the conventional vans drove more of their
miles operating at higher speeds. The greater
percentage of miles driven by the hybrids at
slower speeds is an indication of a more urban
duty cycle. The lower percentage of miles driven
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at highway speeds is an indication of routes
closer to the depot.

These statistics indicate that the hybrid vans were
initially operating on very different route types
(urban vs. rural) than the conventional vans.
Because of these major differences, the study
groups switched route assignments in June/July
2011. As of August 2011 the hybrid vans had
assumed the drive characteristics of the
conventional group and the conventional vans
had assumed the drive characteristics of the
hybrid group. The hybrid fuel economy
advantage discussed below will be compared
while the groups were on the same routes rather
than during the same time periods.

In-Use Fuel Economy Analysis

Fuel economy was analyzed for each route over
similar calendar year time periods (August 1
through December 31 of both 2011 and 2012).
Figure 3 compares the route assignment time
periods.

UPS Fuel Economy Comparison
Meonthly Average and Cumulative

13% hybrid advantags on
Conventional Route 1

CR2 Period

CR1 Period

™~
20% hybrid advantage on
Conventional Route 2

Miles per gallon
=]

6

W N NN g\-\

©
?w»‘”cﬁ":’“&cf’ s"‘«@ \@wﬂ@ﬁ‘ & ?’ e

Conventional Group & Hybrid Group

Conventional Cumulative —essHybid Cumulative

Figure 3. Route Based MPG Comparison.

Both study groups had lower mpg on
Conventional Route 2 than on Conventional
Route 1: 14% lower for the conventional vans
and 9% lower for the hybrid vans, which
confirms that the conventional group was on a
less demanding duty cycle while the hybrids
were on a more demanding one. Table 2 shows
the group fuel economy comparison for the route
switch. Also of note is that the hybrid advantage
was 13% on the less kinetically intense, more
highway-based route assignments (Conventional
Route 1), matching well with the laboratory
results on the Heavy Heavy-Duty Diesel Truck
(HHDDT) cycle, while they achieved a 20%
hybrid advantage on the more kinetically intense
Conventional Route 2 assignments.
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Table 2. Fuel Economy Comparison

ckvichual van. in the

Conventional Route | Comventional Rosde | Effect of Higher KI'
1 Fi 4 Rowis Assignment
Comventional Aug o Dee 2010 | Sxm thu Do 2011
e age TS 804 i £
Frasi [Fex] 4 =41%
| Group MPG 8.2 (] 4%
NP vetuise months E ]
Hiybrid Group Bug e Dec 2011 [ Swp thiu Dec 2010
Minage [ 32,149 A
Fosl 5,088 3417 Al
Tarous PG 104 o4 o
| MPG vetsde months 25 B
LY ey
et B waboes
temisny pg of fubb s o 1484

| groun

In-Use Maintenance Cost Analysis

This cost category includes the costs for parts and
for labor at an artificial rate of $50 per hour; it
does not include warranty costs. Table 3 shows
total and propulsion-related maintenance costs
for the two study groups.

Table 3. Maintenance Cost

Sty Geowp | M | Patacow | Laber | Maisscrance -l

b e ok e [ S1amEa ITE a5 T o] $3080
| S e e [ s B 114,651 0T tEL]
| Converisons we iy | AiTae [ [ Wi | WK
R ey | woam 1 ST SO0HT 2a

In-Use Reliability

UPS records instances in which a vehicle is not
available to load in the morning as scheduled.
Figure 4 shows the monthly and cumulative
uptime for each group as a percentage of the total
available delivery days.

[\
L~

Uptime

100% =

85%

YUptime

Conventionsl Monthly % uptime

—— Hybnid Monthiy % uptime
85% 1
Conventional Cumulative % uptime

e Hy b rid Cumulatiee % uptime

80%

VDS:\G'\Q:\Q:\Q:\QQ I A AT WA
P ' I WS S P

Month

Figure 4. Monthly and Cumulative Uptime

Laboratory Fuel Economy and Emissions
Testing

Two UPS delivery vehicles were tested on the
chassis dynamometer at NREL's Renewable
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Fuels and Lubricants (ReFUEL) Research

Laboratory.

All fuel economy and emissions results are
averaged over four test runs of each cycle. Fuel
economy results for the vans are shown in
Table 4. The hybrid vans showed a 13%-36%

improvement in fuel economy over the

conventional vans on the tested duty cycle.

Table 4. Fuel Economy Comparison

Fuel Econony WG Comp | HIUFA | HADOT

Corvansonal F1000 (mpg) 6.4 [E] &
I'hbr\dF‘_ll:l:l'Hn'W! [T 101 108
Hytridd Advantage (%) % 6N 1%
t4ent P volue 10,0001 0 0000 00002

Ton-mi./gal fuel economy results for the vans are
shown in Table 5. The hybrid vans showed a
21%45% improvement in fuel economy over
the conventional vans on the tested duty cycles.

Table 5. Freight Efficiency Comparison

T Fiael Economny NYC Comp HTUF4 HHDOT
Ciormgnional 100D Mipn-miigal) st %2 .0
Pybricl P1008 {Bon-miigall) 709 816 aT2
Hybiid Adbvartage (%) % 454 %
et P walus 0.0000 00000 00001

Emissions results for oxides of nitrogen (NOx)
are shown in Table 6. NOx emissions increased
with the hybrid on all cycles, and the results were
statistically significant.

Table 6. Emissions Comparison

Nx Emissions L HTUF4 HHDOT
Ceenentional F1000 (i) 68 52 B
Iyt P00 | gimie) LF] LK [¥]
Foybirid Increass | 1% % 123
Piest P vl 00001 00001 Fle o]

Figure 5 shows a comparison of laboratory
results to the corrected in-use vehicle days and
vehicle averages. The vehicle days show the wide
daily variat