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Strategic Vision

Vision

Our nation's trucks and buses will safely and cost-effectively move larger volumes of freight and greater
numbers of passengers while emitting little or no pollution and dramatically reducing the dependency on
foreign oil.

Message

Accelerate the introduction of advanced truck and bus technologies that use less fuel, have greater fuel
diversity, operate more safely, are more reliable, meet future emissions standards and are cost-effective.
The ultimate goal is safe, secure, and environmentally friendly trucks and buses, using sustainable and self-
sufficient energy sources that enhance America’s global competitiveness.

National Imperatives

>

>

Transportation in America supports the growth of our nation’s economy both nationally and
globally.

Our nation’s transportation system supports the country’s goal of energy security.

Transportation in our country is clean, safe, secure, and sustainable.

America’s military has an agile, well-equipped, efficient force capable of rapid deployment and
sustainment anywhere in the world.

Our nation’s transportation system is compatible with a dedicated concern for the environment.

Strategic Approach

>

Develop and implement an integrated vehicle systems R&D approach that validates and deploys
advanced technology necessary for both commercial and military trucks and buses to meet the
aforementioned national imperatives.

® Conduct research for engine, combustion, exhaust aftertreatment, fuels, and advanced materials
to achieve both significantly higher efficiency and lower emissions.

Conduct research focused on advanced heavy-duty hybrid propulsion and auxiliary power
systems that will reduce energy consumption and pollutant emissions.

® Conduct research to reduce vehicle power demands to achieve significantly reduced energy
consumption.

Support research toward the development of technologies to improve truck safety, resulting in
the reduction of fatalities and injuries in truck-involved crashes.

Support research toward the development and deployment of technologies that substantially
reduce energy consumption and exhaust emissions during idling.

Conduct the validation, demonstration, and deployment of advanced truck and bus technologies,
and grow their reliability sufficient for adoption in the commercial marketplace.

Final- February 27, 2013
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® Research, validate, and deploy technologies and methods that save fuel through more efficient
operations of trucks and transportation systems, targeting an overall improved freight efficiency.

This is an “agreement to agree” between Government and Industry - a public-private partnership. Through
this initiative the members of this Partnership will conceive, develop and deploy future transportation
technologies that will keep America rolling efficiently, safely and securely while respecting our
environment.

Final - February 27, 2013
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Executive Summary - Goals

Specific technology goals! have been defined in six critical areas that will reduce fuel usage and emissions
while increasing heavy vehicle safety. The aim of the Partnership is to support research, development and
demonstration that enable achieving these goals with commercially viable products and systems.

Engine Systems

Engine system refers to the combination of fuel, engine, and emissions aftertreatment equipment.
Increasing the energy-efficiency of the engine system reduces fuel consumption by a corresponding
amount. Specific technology goals are:

» Develop and demonstrate an emissions compliant engine system for Class 7-8 highway trucks that
achieves 50% brake thermal efficiency in an over-the-road cruise condition, improving the engine
system fuel efficiency by about 20% (from approximately 42% thermal efficiency today). (2015)

B Research and develop technologies which achieve a stretch thermal efficiency goal of 55% in prototype
engine systems in the lab. (This efficiency gain would be equivalent to an additional 10% gain in over-
the-road fuel economy when prototype concepts are fully developed for the market.) (2015)

» Through experiments and models with FACE fuels and other projects, determine the most essential fuel
properties, including renewables, needed to achieve 55% engine brake efficiency. (2014)

» Identify alternatives to fossil petroleum based fuels and technology pathways (vehicle, fuels, and
infrastructure) to a sustainable, long-term fuel supply.

Heavy-Duty Hybrids

Hybrid Electric

A heavy-duty hybrid implies a hybrid-electric propulsion system and auxiliary power system and/or any
equivalent hybrid technology. The electric propulsion system refers to the combination of the drive unit (a
system of electric motor(s), generator(s), mechanical power transmission elements, and inverter(s)),
energy storage system(s) and control device(s). Overall challenges include reliability, cost and system
integration, with the conventional heavy-duty automatic transmission as the benchmark. Specific
technology goals are:

» Ability to attain fuel consumption reductions (compared to today’s conventional, non-hybridized
heavy-duty vehicles) in a commercially viable manner.

» Develop a hybrid system with a design life of 15 years.

» Achieve cost targets for energy storage ($45 per kW and/or $500/ kW- hour for an energy battery by
2017; $40 per kW and/or $300/ KW- hour for a power battery by 2020; and cost of overall battery pack

! Achievement of the goals contained in this document is subject to a number of factors, including availability of funding to
perform the research work. This document will be reviewed periodically by the Partnership to ensure that it reflects current
goals and funding availability.
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should not exceed cost of the cells themselves by more than 20% by 2016) and for e-machines
($23/kilowatt by 2016).

Hybrid Hydraulic

A heavy-duty hydraulic hybrid implies a hybrid-hydraulic propulsion system with auxiliary hydraulic
power components. The hydraulic propulsion system refers to the combination of the drive unit (a system
of hydraulic pump-motor(s) and mechanical power transmission elements), hydraulic energy storage
system(s) and control device(s). In this type of system, deceleration energy is taken from the drivetrain by
an inline hydraulic pump/motor unit by pumping hydraulic fluid into high pressure cylinders. The fluid,
while not compressible, pushes against a membrane in the cylinder that compresses an inert gas (usually
nitrogen) to 5,000 to 7,000 pounds per square inch or more when fully charged. Upon acceleration, the
energy stored in the pressurized tank pushes hydraulic fluid back into the drivetrain pump/motor unit,
allowing it to motor into the drivetrain and assist the vehicle’s engine with the acceleration event. Overall
challenges include reliability, system integration and manufacturing costs, with the conventional heavy-
duty automatic transmission being the benchmark. A family of similar, but different sized, devices is needed
to adequately cover vehicle applications ranging from Class 2b through Class 8. Specific technology goals
for hydraulic hybrid technology are:

» Hydraulic energy conversion devices: Develop and demonstrate a new generation of hydraulic pumps
and motors that meet the on-highway markets demands for performance, cost, durability, and
reliability. Higher pressure limits (7000-10000 psi) and the optimization of efficiency, weight, and NVH
will also be important areas of development. Axial piston, radial piston, bent-axis, and variants of these
types and potentially other types of pumps and motors are being studied to determine their suitability
for HD hydraulic hybrid systems.

» Hydraulic energy storage: Develop and demonstrate energy storage systems that meet the life targets
of the vehicle. Develop storage devices with higher specific energy and energy density (e.g., higher
maximum pressure, lower weight, etc.). Develop the manufacturing processes needed for high-volume
production and the associated supplier base.

» Hydraulic controls: Develop and demonstrate valves capable of higher operating pressures while
maintaining low cost, high efficiency, and high reliability. Develop and demonstrate sensing and control
solutions to lower cost and improve reliability and safety. Optimize hydraulic circuit design to enhance
system performance while maintaining simple system architecture.

» Hydraulic energy transfer fluids: Develop and demonstrate cost-effective fluids that meet the
performance requirements of the system over the entire operating temperature range of the vehicles.
These fluids must also meet the bio-degradability and fire resistance requirements. Many of these
requirements are undefined and resources will be focused on both defining the requirements and
testing the potential fluids to verify fluid life and component and system durability under anticipated
environmental conditions.

» Technical readiness: Advance the designs of promising hydraulic hybrid component systems to a
technical readiness level that will make them commercially viable (advanced hydraulic pump-motors,
valves and high pressure accumulators that are: a) capable of attaining the high fuel efficiency gains
shown by series hydraulic hybrid demonstration trucks and buses, b) durable and have long life, and c)
easy to manufacture and install for both domestic and international markets).
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Power Demands (Vehicle Technology)

The power demand of a heavy-duty vehicle includes aerodynamic drag resistance, rolling resistance,
drivetrain losses, and auxiliary loads. Fuel consumption is reduced in direct proportion to the reduction in
power demand. Specific technology goals for 2021 are:

>

Develop and demonstrate advanced technology concepts that reduce the aerodynamic drag of a Class 8
highway tractor-trailer combination by 20%. Evaluate a stretch goal of 30% reduction in aerodynamic
drag.

Develop and demonstrate low rolling resistance tires that can reduce vehicle rolling resistance and
wheel weight for a Class 8 tractor-trailer. Demonstrate 35% reduction in rolling resistance.

Develop and demonstrate technologies that reduce essential auxiliary loads by 50% for Class 8 tractor-
trailers.

Develop and demonstrate engine, transmission, and driveline systems that enhance engine cycle
operating efficiency and reduce friction losses.

Develop and demonstrate lightweight material and manufacturing processes that lead to a 10%
reduction in tare weight for a tractor/trailer combination. Establish a long-term stretch goal of
reducing combined vehicle weight by 20%.

Increase heat-load rejected by thermal management systems by 20% without increasing radiator size.
Develop and demonstrate technologies that reduce powertrain and driveline losses by 50%.

ldle Reduction

Extended idling by commercial trucks costs truck owners about $6 billion annually and wastes over 1% of
our petroleum usage. 21CTP goals to address this issue are:

4

Promote the incorporation of idle reduction (IR) equipment on new trucks as fuel saving devices as
they are identified through the DOE SuperTruck project.

Establish a nationwide multi-mode IR education program.

Work with OEM truck manufacturers to obtain data on the number of new trucks being ordered with IR
options.

Conduct a fleet survey to gather data on the amount of in-use idling hours that are accumulated by type
of heavy-duty vehicle.

Analyze data from the EPA SmartWay Transport Partnership to measure fuel savings and emissions
reductions associated with the various type of IR equipment available.

Develop improved IR systems to minimize fuel required, cost, and weight to meet hotel functions in
sleeper cabs.

Safety

>

The 21CTP will work collaboratively with DOT to enhance safety primarily through a variety of crash
avoidance strategies that include on-board vehicle technologies as well as operationally-focused
programs designed to reduce crash risk. The overall goals of this collaboration are to 1) ensure that
advancements in truck design and technology to improve fuel efficiency do not have any negative
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impacts on safety; and (2) conversely, to ensure that efforts to improve safety to not reduce
efficiency—and, where possible actually contribute to improvements in overall motor carrier industry
system efficiency.

Operational Efficiency

Medium- and heavy-duty trucks cover a broad spectrum of vehicle types, and their operations are as
diverse as the applications themselves. The fuel efficiency improvements that can be achieved and the
technologies that will be most effective depend strongly on operational characteristic that are unique to
each application. Improved understanding of heavy-duty truck usage, targeted operational changes
(through incentives or elimination of barriers imposed by regulations, legacy industry practices, etc.) and
widespread implementation of high-impact technologies can yield significant fuel consumption reductions.
Specific goals and recommended projects are listed below:

# Develop and demonstrate technologies that minimize the impact of driver behavior for optimal
acceleration efficiency by automatically controlling vehicle accelerations at a level for which the engine
operates in its most efficient operational state for the current environment. Driver feedback
information devices can also be implemented as a retrofit option for existing vehicles.

» Develop simple tools for the trucking industry that will provide estimates of the fuel savings potential
of advanced efficiency technologies and technology combinations depending on specific usage
information of a particular fleet (measured drive cycle data). The tools will provide cost and benefit
analyses for the selection of technologies on a case-by-case basis when representative drive cycles for
an individual fleet or owner-operator are available (and recommendations to the fleet for obtaining the
drive cycles can be provided).

» Conduct a study to identify proposed ITS/connected vehicle technologies that offer significant fuel
savings and quantify the reduction in fuel consumption for technologies that offer the greatest benefits.
Select one technology, evaluate the benefits for fuel consumption as a function of market penetration
and identify the infrastructure needs and costs for deployment of the technology to a level at which the
benefits of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) networking are realized.

Bk Establish a real-world test corridor for commercial vehicles focused on improving Commercial Vehicle
Operations, including Fuel Efficiency. The test corridor should include DSRC and Wi-Max technologies
in the infrastructure, would involve one or more fleets enabled for DSRC/Wi-Max capability and
outfitted with various applications designed for improved efficiency of commercial vehicles.

» Explore regulatory changes to permit the replacement of body-mounted mirrors with a camera-based
system and quantify the fuel saving benefits associated with such a change.

# Quantify the fuel consumption penalty imposed by mirror regulations on highway-based
commercial vehicle operations. Perform track test evaluations to demonstrate a 3-5% reduction
in fuel consumption when mirrors are removed from class 8 tractor trailers.

Develop safety and robustness requirements for camera-based systems and conduct human

factors research to develop and demonstrate equivalent safety of a camera-based system.

® Assess procedural requirements for implementing the necessary regulation changes and

quantify the efforts required to modify regulations to permit camera-based systems in place of

truck mirrors for class 8 long-haul vehicles.
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» Demonstrate the fuel savings benefits and develop policy guidelines for extending the use of long
combination vehicles (LCVs), particularly triple-trailer units.
® Complete long-term in-fleet measurements to quantify the fuel savings of triple-trailer
combination vehicles in comparison with single- and double-trailer operations in the same fleet
(on a load-specific fuel consumption basis). Conduct an analysis to quantify expected fuel
savings if triple trailers are permitted on all interstate highways in the United States.
» Promote improved supply chain management strategies in the commercial freight industry with an
objective to increase the loads carried per truck and reduce vehicle miles traveled (VMT).
# Conduct a study to identify fleet best practices for supply chain management, and quantify the
fuel savings that are achieved with efficient fleet operations vs. operations of fleets that do not
have streamlined supply chains.

Additional Infrastructure Considerations

Our nation’s infrastructure has a large impact on the amount of fuel used by medium-duty and heavy-duty
commercial vehicles. Additional opportunities to reduce fuel usage may include:

» Harmonization of national and state regulations for the commercial vehicle industry.
® MD and HD commercial vehicle speed limit
# MD and HD commercial vehicle weight restrictions
# MD and HD commercial vehicle length restrictions
» Road congestion
® Dedicated truck lanes within the National Interstate Highway System

Conclusion

The heavy duty vehicle industry is a small base of companies with a huge impact on petroleum
consumption and economic growth. Despite this, there has been minimal public-private partnership
activity to address these many opportunities. The commercial vehicle industry comes together with
governmental agencies within the 21st Century Truck Partnership, and 21CTP is poised to serve as a focal
point to create a longer term vision for the future of commercial vehicle technology.
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|. Introduction

|.1. Partnership History

The 21st Century Truck Partnership (21CTP) was formally launched on
April 21, 2000, in a press event in Romulus, Michigan. This event "\

——

gathered together U.S. truck and supporting industries, concerned O —— ‘\

environmentalists, and federal agency representatives. At that time, the

Vice President of the United States said, “The heavy truck manufacturing ) )

1ndu§t1?y de.:serves great credit for pledging to work with this 21st CENTURY TRUCK
Administration to create trucks and buses that are cleaner,safer, and P AR TN ER S H I P
more economical. We have learned that a strong economy and a safe

environment go hand in hand.”

One of the first accomplishments of the Partnership was the development of an initial research roadmap
outlining the areas of focus for the Partnership and the research barriers to be overcome. That roadmap set
aggressive goals for fuel efficiency and safety for specific classes of heavy vehicles. As the Partnership has
worked together over the past decade, it became apparent that the participants could best achieve common
interests by establishing goals more specific to industry sectors. For that reason, this roadmap document
was developed to pursue detailed goals for engine systems, heavy-duty hybrids, parasitic losses, idle
reduction, and safety, and should be considered the current roadmap for the Partnership. The specific goals
may have changed since 2000, but a common thread is shared among the first roadmap, this current
roadmap/white paper document, and all other Partnership discussions: the need for safer, cleaner, and
more fuel efficient trucks and buses. The Partnership’s focus has not wavered from this vision throughout
its history.

|.2. Partnership Benefits

The 21st Century Truck Partnership is structured to coordinate efforts to improve the efficiency, emissions,
and safety of class 2b to 8 commercial trucks and buses. Industry members include original equipment
manufacturers and, unique to a public-private partnership, also include key suppliers such as heavy-duty
diesel engine manufacturers and major component suppliers. Member companies are all multi-national
organizations with major U.S.-based research and development activities and domestic manufacturing
capabilities. The industry members are joined by relevant federal agencies; the Department of Energy, the
Department of Transportation, the Department of Defense, and the Environmental Protection Agency. In
addition, fleet customers and small suppliers can gain access to 21CTP programs by working through the
partner companies.

The 21st Century Truck Partnership is not merely a means to fund research projects, but also serves as a
forum for information exchange across all government and industrial sectors related to heavy truck
research. This allows for all partners to clearly understand the breadth of research activities, avoiding
duplication of effort and enabling industrial partners to build relationships to more effectively team on
research projects. In this way, the entire Partnership can move together to meet the goals as set forth in
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these white papers. This “one-stop-shop” forum also enables outside agencies to bring issues to the entire
heavy-duty industry at once, saving time and hassle.

The forum also enables sub-groups to pursue individual discussions on issues relevant to an industrial
sector, and to work effectively toward a conclusion that can be returned to the group to benefit the entire
Partnership. A sub-group that resulted from 21CTP discussions was a group of hybrid team members, truck
manufacturers, and electrical suppliers that came to agreement on areas in need of standardization relative
to electrical truck components and systems. This group came together quickly, and with a single one-day
workshop was able to agree on three areas of interest and press forward with outlining standardization
needs, working with SAE to incorporate these thoughts into their standards work.

|.3. Strategic Importance of the Partnership

A productive, innovative U.S. trucking and 7000
supporting industry is essential for the
economic prosperity of every American _ 60007
A i A [] Gross Domestic Production (1992$)
business. Innovation is also needed to ensure § 0%
that truck and bus manufacturers and suppliers & 440 -
located in the United States remain competitive % 3000 |
in world markets and continue to provide 2 Ton Miles of Travel
rewarding employment opportunities for large G 2000
numbers of Americans. U.S. manufacturing 1000 |
facilities face stiff worldwide competition. New o . . . . , ‘ ' ,
truck and bus technologies will help truck and 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995
bus owners and operators and their customers Year

|
] Figure 1. The Nation’s Economy is Linked to Truck
The Department of Defense, a major owner and Transport.

operator of trucks, would share these gains and Source: Argonne National Laboratory.

also benefit from reduced logistics costs associated with transporting fuel during operations. The truck and

cut fuel and operating costs and increase safety.

bus manufacturing and supporting industries face a range of new challenges: increasingly stringent
emissions standards, new concerns about the threat of global warming, concerns about U.S. fuel supplies,
increased expectations about safety, and more. The truck and bus industry’s future depends on its ability to
produce affordable, high-quality, safe, environmentally sensitive products. The new challenges can be met
best if government, industry, and universities work together to develop technologies for an improved
generation of commercial trucks and buses for our nation’s commercial and military truck fleet.

Trucks are the mainstay for trade, commerce, and economic growth in the United States. The gross
domestic product (GDP) of the United States, and hence the country’s economic activity, is strongly related
to freight transport (Figure 1). It is estimated that currently as much as 80% of the total quantity of goods
is transported by trucks; therefore, meeting truck transport energy demands for movement of goods and
for services is critical to the economy.
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Within the U.S. transportation sector, truck Projected Oil Consumption (MMBD) by Vehicle Type
. . Presuming 75% Oil Reduction for Light-Duty Vehicles
energy use has been increasing at a faster rate

than that of automobiles. Since the 1973 oil L
embargo, all of the increase in highway 5
. z 10
transportation fuel use has been due to trucks, -
. . . 0 o
mainly because of their extensive use in trade 2 g cARs
and commerce and in providing essential 2 Hediee
. . g -
services. In recent years, another contributor 2 & DRI
to the increasing highway transportation 3
. E 4| LIGHT TRUCKS
energy use has been the popularity for 2
. o
personal use of low-fuel-economy pickup 2 W LMD
trucks, vans, and sport utility vehicles (SUVs). HEAVY TRUCKS
The demand for freight movement in this 9 T T T T
2000 2010 2020 2030 2040 2050

sector is directly tied to economic growth,
]

which is expected to grow at 2% or more for Figyre 2. Projection of Transportation Fuel Use to 2050
the next twenty years. Recent DOE projections Source: Internal DOE analysis, August 2008, comparing
heavy truck oil consumption at AEO 2008 reference case

estimate that total heavy-duty fuel use could levels with a 75% reduction in light-duty oil consumption

exceed light-duty fuel use by 2040, if all the relative to EIA's AEO 2008 reference case due to

targets for light duty fuel efficiency are met significant light-duty fuel economy gains and fuel
. switching.

(see Figure 2).

The 2002 Vehicle Inventory and Use Survey

(Department of Commerce, 2005) reports that
there were 79 million light trucks [Class 1 and Class 3-6
2 trucks up to 10,000 pounds (4,535 kg) in
GVW], 2.8 million medium trucks [Class 3-6
trucks between 10,001 and 26,000 pounds
(11,791 kg) GVW], and about 2.3 million heavy
trucks [Class 7-8 trucks between 26,001 and

4 — Class 7-8 (Local)

Class 7-8 (Intermediate)

Consumption
(million barrels per day)
W
|

130,000 pounds (56,550 kg) GVW] registered ™

in the United States. In total, heavy single-unit 1

trucks (trucks without trailers that are larger Class 7-8 (Long Haul)
than personal use vehicles) use about 10.6 0

billion gallons of fuel per year, according to ,100(’ 00 6° ,}010 ,10'2«‘9 ,1030 'L°4’6 29
the Federal Highway  Administration:

combination trucks (trucks with one or more Figure 3. Projected Fuel Use for Heavy Trucks through 2050.
Source: GPRA 06 FCVT Heavy Vehicle Benefits,
Preliminary Results, TA Engineering

»O 9 ) ,2'060

trailers) use about 26.8 billion gallons of fuel
per year. As the graph in Figure 3 shows, fuel
use for heavy trucks is projected to increase significantly in the next several decades if no significant
changes are made to current truck efficiency measures. Figure 4 illustrates the relationship between
vehicle class and gross vehicle weight rating, along with a general illustration of the types of vehicles used
in each class.
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Wartime operation typically increases military

CLASS 1 CLASS 5

Mnivan Uity van 6,000 Ib & less Bucket 16,001 to 19,500 Ib truck energy demands to sustain a military force
on the battlefield. It is estimated that military

e = === operation at the same level experienced during
Movan Ol oLasss Beverage  Single-ari van Lass 6 World War II could potentially contribute as

oot Sl By " much as 6% to total commercial and military
e e o truck energy use. The 21st Century Truck

m ﬁ cLAss 7 Partnership will strengthen our national security

GLASS 3 Refuse Furniture 26,001 10 33,000 Ib
[T,
—~ —~

Walk-in Conventional van

by dramatically reducing operational support

10,001 1o 14,000 Ib

v costs and increasing combat effectiveness
y delivery City transit bus Medium conventional
ﬁ through a lighter, more mobile military force

Comsntonaivan  Crydelvery  GLASS 4 Dums coment CLASS 8 resulting from rapid integration of advanced,
14,001 to 16,000 Ib 33,001 Ib & over

commercially viable technologies into military
Large walk-in Heavy conventional COE slesper

trucks.

Figure 4. Truck Types by Gross Vehicle Weight (GVW).
g)i;’;?\‘a\-'vvcv‘sx?sgggai‘?;re’i;ﬁ;’ma/ Government and industry will coordinate R&D
' ' ' ’ efforts and will share costs. The federal agencies
will build on existing research and will assign high priority to major new research identified in this
technology roadmap. DOE has been assigned to lead the federal R&D component of this program because of
the close alignment of the stated 21st Century Truck Program goals and research objectives with DOE’s
mission “to foster a secure and reliable energy system that is environmentally and economically
sustainable....” Since early 1996, DOE’s Vehicle Technologies Office (and its predecessor offices), in
collaboration with trucking industry partners and their suppliers, has been funding and conducting a
customer-focused program to research and develop technologies that will enable trucks and other heavy
vehicles to be more energy-efficient and able to use alternative fuels while simultaneously reducing
emissions. DOT brings its mission-oriented intelligent transportation systems and highway transportation
safety programs to this program. DOD, as a major owner and operator of trucks, will define the military
mission performance requirements and will fund appropriate dual-use and military-specific technologies
so that national security will benefit by innovations resulting from this Program. R&D will be closely
coordinated with EPA so that critical vehicle emissions control breakthroughs can cost-effectively address
the increasingly stringent future EPA standards needed to improve the nation’s air quality.

Industry will move research achievements into production vehicles rapidly when their commerecial viability
has been demonstrated. The partnership will work closely with fuel producers to accelerate the
development and production of new fuels required by new engine designs to meet the program goals.

A successful 21st Century Truck Partnership will enable the truck and bus industry and its supporting
industries to face new challenges, specifically, increasingly stringent emissions standards, concerns about
the threat of global climate change, concerns about U.S. fuel supplies, and increased expectations regarding
highway safety. These new challenges will be addressed as government and industry R&D teams work
together to develop improved technology for our nation’s commercial and military truck fleet. Major
advances and breakthroughs are expected toward achievement of the goals set to achieve cleaner, safer,
and more efficient trucks and buses.
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In recent years, typically about 10 to 12% of the total fatalities from vehicle crashes have involved medium
and heavy trucks. In 1998, truck-related crashes resulted in 5,374 fatalities and 127,000 injuries. The
majority of those killed were occupants of other motor vehicles. Most fatal crashes occurred on rural roads
and involved tractor-trailers, the most common large truck configuration. DOT seeks to enhance safety
primarily through a variety of crash avoidance strategies that include on-board vehicle technologies as well
as operationally-focused programs designed to reduce crash risk. It is expected that the technology
developed through the 21st Century Truck Program will assist in meeting this objective.

The Partnership will also strengthen U.S. national security by dramatically reducing operational support
costs and increasing the combat effectiveness of military vehicles. Fuel cost for the Army, as a major owner
and operator of military trucks, is more than 20% of the cost of operating and maintaining its truck fleet. In
addition, more than 70% of the bulk tonnage needed to sustain the Army during a conflict is fuel. As the
Army transforms itself into a lighter, more mobile force, the rapid introduction of advanced, commercially
viable technologies into military trucks is vital in reducing the logistics cost associated with transporting
fuels during wartime operation.

The Partnership’s work also supports recent regulatory initiatives for truck fuel efficiency. In 2011, the
Department of Transportation and the Environmental Protection Agency released final fuel efficiency and
greenhouse gas regulations for medium-duty and heavy-duty trucks2. These regulations take effect with the
2014 model year, and establish these standards:

» Certain combination tractors will be required to achieve up to approximately 20 percent reduction
in fuel consumption and greenhouse gas emissions by model year 2018.

Bk For heavy-duty pickup trucks and vans, separate standards are required for gasoline-powered and
diesel trucks. These vehicles will be required to achieve up to about 15 percent reduction in fuel
consumption and greenhouse gas emissions by model year 2018.

B Vocational vehicles - including delivery trucks, buses, and garbage trucks - will be required to
reduce fuel consumption and greenhouse gas emissions by approximately 10 percent by model
year 2018.

The standards are designed to account for the different types of work done by these categories of vehicle.
Heavy pickups and vans will meet targets for fuel consumption in gallons per mile, while combination
tractors and vocational vehicles have targets for fuel consumption expressed in gallons per thousand ton-
miles.

The Partnership’s work to increase the efficiency of medium-duty and heavy-duty trucks complements
these regulations. The new regulations will help stretch current technologies, while Partnership activities
will develop new technologies for the pipeline that push efficiency even farther. The SuperTruck project
has set a goal for combination tractor fuel efficiency improvements of 50% on a ton mile per gallon basis
(which translates to a 33% reduction in fuel consumption on a gallon per ton mile basis). In this way, the

2 National Highway Traffic Safety Administration, August 2011, http://www.nhtsa.gov/fuel-economy.
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Partnership is setting the technology stage for the future, and ensuring that new ideas are being explored to
further improve fuel efficiency of these critical transportation vehicles.

[.4. Vehicle Energy Balance - Class 8 Tractor-Trailer

Although it is not the only focus
Base Tractor-Trailer Configuration

for the Partnership, energy Average payload: 11,800 kg (26,000 Ibs)
Total Mass: 27,220 kg (60,000 Ibs.)

efficiency is a Significant Freight Specific Fuel Consumption = 14.7 gallons/1000 ton-miles
5.8 mpg

component of the work being
done. Heavy truck fuel efficiency
is influenced by several factors,
including basic vehicle design,
zone of operation, driver
technique, and weather factors.
Extending the definition of fuel

Average Power Use Inventory (Line Haul)

efficiency  to include the = | Fuelinputaskw | | Engine Output (145 kW) | | Tractive Power 121 k|
P « Engine Losses Accessory Loads Aerodynamic Losses
productivity measure of “ton- 193 KW (1eng=0.43) 15kW 61 KW (Cp=0.60
mile of payload transported” b Horid e et sy
presents a more meaningful TealEoiing Foesce

measure. Some of the new
technologies being developed, 21st Century Truck Partnership Technology Goals

: A load: 11,800 kg (26,000 Ibs.]
such as aerodynamic treatments  ©uE R0 ko ey
Freight Specific Fuel Consumption = 9.0 gallons/1000 ton-miles
9.4 mpg

and idle reduction equipment,

will require flexibility in the
application of size and weight
regulations, as will some of the
operational  strategies that
benefit fuel efficiency.

Key Enhancements:

¢ Engine efficiency

* Aerodynamic Improvements
* Low rolling resistance tires
* Regenerative braking (HEV)

The nature Of heavy tI'LICk Average Power Use Inventory (Line Haul)

W Fuel Input (211 kW) l } Engine Output (105 kw) “ I Tractive Power (92 kW) l
energy use can be better Engine Losses Accessory Loads Aerodynamic Losses
appreciated if it is summarized 1050 (eag0.50 miiipaton)

. . . Auxiliary Power Unit Drivetrain Losses Rolling Resistance
in a power use inventory. Figure 08 KW SkwW 32 W (Car=0.0055)
. Inertia/Braking Losses
5 shows an inventory for a 714 0% regeneratn
iciency)
typical Class 8  tractor-
semitrailer combination Figure 5. Power Use Inventory for Class 8 Heavy Truck (Base, and with

carrying a payload of 26,000 2ICTP Technology Goals)

pounds, assuming an over-the-road drive cycle. An inventory is shown for both the base case (current
technology) and a 21CTP case (including technologies achieving the goals outlined in this document). The
base case achieves a freight specific fuel consumption of 14.7 gallons per thousand ton miles, 3 and the

® These freight efficiency figures are based on “long tons” (2,200 pounds per long ton), for payload only.
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21CTP case achieves a 40% reduction in freight specific fuel consumption (9.0 gallons per thousand ton
miles).

For the base case, engine losses dominate the power use inventory, representing 56% of the total fuel
energy input. Drivetrain and accessory load losses take about 17% of the engine output power, resulting in
tractive power output that is about 35% of the total fuel energy input. Aerodynamic losses take 50% of the
tractive power, rolling resistance takes 36%, and inertia/braking losses represent the remaining 13%. This
analysis illustrates the areas in which 21CTP investments could be most useful from an energy basis -
engine efficiency, aerodynamics,

and other power demands on the  21CTP: Beyond SuperTruck

. . (Technology Goals Coupled with Operational Improvements)
engine. Hybrid technology can — awagepeycas 18140k @000 ws)

Total Mass: 36,290 kg (80,000 Ibs.)

address lnertla/braklng losses to Freight Specific Fuel Consumption = 6.9 gallons/1000 ton-miles
8.0mpg

improve overall efficiency. All of
these energy efficiency
improvements are dependent on
vehicle speed, terrain, traffic
conditions, and other factors, so
expected real-world  freight

Key Improvements:
* Payload Mass Increase
 Improved driver training
and ITS technologies for
improved efficiency
Average Power Use Inventory (Line Haul)

efflclency lmpacts Would be Fuel Input (251 kW) \ Engine Output (125 kW ‘ \ Tractive Power (110 kW)
. . . Engine Losses Accessory Loads Aerodynamic Losses
highly influenced by the vehicle 125 KW (1ng=0.50 8k 55 kW (Cp=0.54)
Auxiliary Power Unit Drivetrain Losses Rolling Resistance
dUty CyCIE. 0.8 kW 7 kW 46 KW (CRg=0.0055)

Inertia/Braking Losses
9 KW (70% regeneration

The truck configurations in Figure sacench)

5 conform to current regulations TEEEEEE—
Figure 6. Power Use Inventory for Class 8 Heavy Truck (Beyond 21CTP

for truck size and weight, and Technology Goals)

assume current levels of driver

training and current availability of external driver aids for fuel efficiency. If regulatory changes are made to
truck size and weight standards, and ITS technologies are available and can be used with driver training to
improve fuel efficiency, a future truck configuration such as that shown in Figure 6 can be envisioned. The
truck configuration shown here assumes the use of triple trailers, along with a payload mass increase. The
payload increase in this case is offset by reductions in the weight of the tractor and trailers to keep the total
mass at 80,000 pounds. This case represents an additional 23% improvement in freight specific fuel
consumption from the truck achieving 21CTP technology goals in Figure 5.

I.5. Vehicle Energy Balance - Medium-Duty Truck

The 21st Century Truck Partnership is not solely focused on Class 8 over-the-road trucks: Partnership
members are also producers of a variety of medium-duty trucks for a number of vocations. Duty cycles for
these medium-duty trucks vary depending on the application (urban pickup and delivery, utility bucket
trucks for line maintenance, etc.), and thus fuel use will also vary by application. Because of the differing
duty cycles and applications, many of the technologies used to reduce fuel use in the medium-duty truck
sector are different than those of the Class 8 tractor-trailer application. To help quantify the opportunity for
fuel consumption reductions in the medium truck sector, a representative medium-duty truck (a local
delivery truck) on a typical duty cycle (urban delivery) has been chosen for this roadmap.
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The power use inventories for the
medium-duty truck
applications are shown in Figure 7
and Figure 8. The base case vehicle
achieves a freight-specific fuel
consumption of 34.3 gallons per
thousand ton miles, and the 21CTP
case achieves a 34% reduction in
freight-specific fuel consumption
(22.7 gallons per thousand ton
miles).

delivery

As shown in Figure 7, the base case
truck carries a payload of around
9,000 pounds at a total vehicle
weight of 22,250 pounds. As with
the Class 8 tractor-trailers, the
engine losses are the most
significant portion of the power
use, representing 59% of the total
fuel energy input. Idling losses
represent another 5% of the fuel
energy input, resulting in engine
output power that is 36% of the
fuel energy inputs. Drivetrain and
accessory load losses take about
27% of the engine output power,
resulting in tractive power output
that is about 26% of the total fuel
energy input. Aerodynamic losses
take 42% of the tractive power,
rolling resistance takes 27%, and
inertia/braking losses represent
the remaining 30%. Note that,
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Medium-Duty Base Configuration
Average payload: 3,970 kg (8,750 Ibs.)

Total Mass: 10,100 kg (22,250 Ibs.)
Freight Specific Fuel Consumption = 34.3 gallons/1000 ton-miles

7.3 mpg Fuel Input (91.0 kw) ‘

Engine Losses
54.4 KW (1eng=0.38)

Average Power Use Inventory (Urban)

Idling Fuel Use
4.2 kW

Engine Output (33.3 kw) ‘

Accessory Loads

Drivetrain Losses
24 kW

Tractive Power (24.1 kW)

Aerodynamic Losses
10.2 kW (Cp=0.62)

Rolling Resistance
6.6 kW (Cgp=0.008)

Inertia/Braking Losses
7.3 kW

Figure 7. Power Use Inventory for Medium-Duty Truck (Base Case)

21st Century Truck Partnership Technology Goals Medium-Duty Truck

Average payload: 3,970 kg (8,750 Ibs.)

Total Mass: 10,100 kg (22,250 Ibs.)

Freight Specific Fuel Consumption = 22.7 gallons/1000 ton-miles
11.1 mpg

Average Power Use Inventory (Urban)

Fuel Input (62.4 kW)

Engine Losses
36.9 kW (jeng=0.40)

Idling Fuel Use
1.0kW

7ErEr;6utput (24.5 kW)

Accessory Loads
54 kW

Drivetrain Losses
1.7 kW

Tractive Power (17.4 kW)

Aerodynamic Losses
9.7 kW (Cp=0.59)

Key Enhancements:

Rolling Resistance
* Regenerative braking and 6.2 kW (Crp=0.0075)
engine stop-start (HEV)

Inertia/Braking Losses
* Engine efficiency

1.5 kW ( 80% regeneration
efficiency)

Figure 8. Power Use Inventory for Medium-Duty Truck (Improved
Efficiency)

relative to the higher-speed duty cycle of the Class 8 tractor that involves a considerable amount of steady-
state driving, the slower stop-and-go duty cycle of the delivery vehicle results in lower aerodynamic losses
and rolling resistance losses (both typically a function of speed), and higher braking/inertia losses
(because of the stop-and-go drive cycle). From an engine standpoint, the engine losses are similar to Class
8 trucks, but idling losses are a bit higher, driven again by duty cycle.

The truck in Figure 8 achieves improved fuel efficiency chiefly through engine efficiency improvements,
along with regenerative braking recovery and engine stop-start through a hybrid system. Slight
improvements in aerodynamic drag and rolling resistance are also included. The improved engine
efficiency and hybrid system allow for a reduced fuel energy input to meet the duty cycle. The hybrid
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system enables a significant drop in idle fuel use, and significant reductions in the losses from inertia and
braking.

|.6. Partnership Organization and Structure

The Partnership brings together the major

federal agencies involved in medium-duty @%ﬁg},}l DAIMLER IJEIESH
and heavy-duty truck research and 23 R— @DETRDIT

development with the major industry
players across the broad spectrum of truck
manufacturers and truck suppliers.
Industry partners include the major North
American truck manufacturers, engine
manufacturers, hybrid system
manufacturers, and Tier 1 suppliers to the
industry. The full list of partners appears in

E-T-N -8

CATERPILLAR’ Y
Honeywell @

ﬁ, NAVISTAR  woz>

Figure 9. Dotted boxes indicate groupings 2 ¢
of companies within the same parent %7 QQ
Q/Q/,WJXEO\O

LCOVERNMENTE ____INDUSTRY

organization. Prior to the inception of this

Partnership, no mechanism existed to bring
these key industry and government
stakeholders together. The Partnership was
established to form that mechanism and forge new partnerships among a diverse group of companies and
federal agencies.

Figure 9. 21CTP Government and Industry Partners

1.6.1. Purpose of 21CTP

The commercial vehicle market is
complex, and many factors affect the

success of the participating companies, as Truck energy use projected to increase ——
. i p p g p . ’ i Efficiency improvements are needed e 2
shown in Figure 10. As noted earlier in this & ‘\ \
i i i P )
section, commercial truck fuel use is PEREIED. ool

projected to continue its increase, so
ACCELERATE

!\leed for . technology development
investment in e

;‘;!'S?g:at::e PROVIDE FOCUS for
R&D efforts

. . . Truck sales are cyclical
efficiency improvements are needed to (Ierr Rl ORIt lECss

mitigate this. Truck sales trends are

cyclical, so corporate research funding commercial
. .1 . o T vehicle

avallablhty can be Constralned and the HD similar to LD in % of revenue industry PROVIDE FORUM for

invested in research, but much fewer information exchange
levels available can be unpredictable. [EEESRESEE a

Commercial vehicle manufacturers invest

roughly the same percentage of gross Regulations impact all areas of the
revenue in research as light-duty vehicle [BUUENERIEICG
manufacturers do, but the overall gross
revenues are lower resulting in lower total
funding for research. Finally, the

Large R&D investments to meet regulation

7$ t

Figure 10. Drivers for 27" Century Truck Partnership
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regulatory environment affects all areas of the commercial vehicle industry, and considerable research
investment is made to address these mandatory constraints. All of these factors drive the need for
collaborative research investments to benefit the entire commercial vehicle industry.

The Partnership has several main purposes, outlined below, to support its overarching aim to accelerate
introduction of truck and bus efficiency and safety technologies and address the driving factors for the
industry. These include:

¥ Acceleration of technology development through collaborative, pre-competitive, and pre-regulatory
research projects at the system and component levels. Partners have access to research resources
and expertise from the federal agencies and their national laboratories.

® Focus of R&D efforts on topics of interest to the partners through a forum for discussion of areas of
common interest and consensus building tools such as this roadmap. Partners have a number of
collaborative discussion opportunities to identify research needs on a near real-time basis, and
have access to Partnership reference materials to assist partners in discussing these research
needs.

# Information exchange and dissemination forum through regular conference calls and meetings and
information distribution tools. Partners have access to current information about industry and
government activities and opportunities.

I.6.2. Partnership Structure and Regular Activities

The Partnership maintains a flexible and
informal structure to respond quickly to
changing conditions in the dynamic IBUCK EARTNERSHIE
commercial transportation market. The
general structure of the Partnership is
shown in Figure 11. The partners are

_==l|]=l=&‘..'h‘=llil=l:&‘i I_Iillllls'll:l".'lﬂﬂlllﬂ:L‘i

divided into federal and industry sectors, as
noted in the figure. Within the industry Dcbseatnet Rty Y v y
: U.S. Department of Defense

sector, the partners are further organized = g0} iesi =iy
: . . . U.S. Department of Transportation « Cummins « Allison « Daimler
into three main industry groups: the engine « Detroi/Dainler  +BAE Systems +Mack.

. U.S. Environmental Protection Agency o s : af,m, : 2:: 0
team, the hybrid team, and the truck OEM -Ziﬁﬁ“"” ) e .gigk&”gs

* (Caterpillar; .

team, with members noted in the figure. For “ewe

organizations such as Volvo and PACCAR
whose activities overlap these industry
groups, the Partnership allows for

Figure 11. 21CTP Structure

membership in multiple teams.

The three industry teams are represented by an Executive Committee. The Executive Committee consists of
one nominated industry member from each of the three industry sectors. The Executive Committee meets
as a group once per month to discuss high-level partnership issues and to identify any topics that need to
be addressed by the full Partnership. Executive Committee members also have the responsibility of
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gathering specific consensus on 21CTP topics (such as the content of the roadmap) from their industry
sectors.

The federal partners include four major Cabinet-level agencies with a role in the commercial vehicle
market. Within these agencies, the Partnership engages the offices most involved with commercial vehicle
activities: for the Department of Energy, the Office of Energy Efficiency (specifically the Vehicle
Technologies Office) is involved; for the Department of Defense, the U.S. Army’s National Automotive
Center is the partner; for the Department of Transportation, the National Highway Traffic Safety
Administration and the Federal Motor Carrier Safety Administration are involved; and for the
Environmental Protection Agency, the Office of Transportation and Air Quality is the partner. Each of these
agencies addresses a portion of the commercial transportation landscape relative to safety, efficiency, or
emissions.

The federal laboratories have a supporting role in assisting both federal and industry partners in achieving
the research objectives of the Partnership. As members of both industry and federal research activities,
their expertise is used to support the work efforts throughout the research spectrum from basic to applied
research.

The full Partnership conducts monthly business meetings (usually via teleconference) to discuss issues of
broad relevance to all members and share information about available funding opportunities, industry
news, and technical information. Materials for these monthly discussions are made available to all partners
via collaborative web tools. Where appropriate, the Partnership will arrange for technical presentations on
topics of interest as part of these regular meetings to provide additional perspective for partners.

In addition to regular business meetings, the Partnership conducts periodic site visits to inform the
partners about capabilities and facilities within 21CTP and external to the Partnership. These site visits are
conducted on an as-needed basis, and 21CTP averages one to three of these meetings per year. Past
meetings have explored the capabilities of DOE national laboratories and industrial partners, to encourage
the development of pre-competitive research partnerships among 21CTP members.

Partnership goals and objectives (as outlined in this roadmap and white paper document) are discussed
regularly, and adjustments are made as needed to accommodate changing market conditions and research
needs. New research directions are brought up for consideration and discussion within the group, and
concepts are refined for incorporation into future research plans.

Partnership activities are reviewed frequently. The National Academy of Sciences conducts regular reviews
of the Partnership through a formal