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1

Summary

BACKGROUND AND INTRODUCTION

In July 2010, the National Research Council (NRC) 
appointed the Committee to Review the 21st Century Truck 
Partnership, Phase 2, to conduct an independent review of 
the 21st Century Truck Partnership (21CTP). This Phase 2 
review follows on the original NRC Phase 1 review of the 
Partnership conducted in 2007 and resulting in the report 
issued in 2008 (NRC, 2008). That 2008 review is referred to 
hereafter as the NRC Phase 1 report. It contains recommen-
dations to which the 21CTP has responded (see Appendix C 
in this volume for the responses). 

The 21CTP is a cooperative research and development 
(R&D) partnership including four federal agencies (the U.S. 
Department of Energy [DOE], the U.S. Department of Trans-
portation [DOT], the U.S. Department of Defense [DOD], 
and the U.S. Environmental Protection Agency [EPA]), and 
15 industrial partners (Allison Transmission, ArvinMeritor, 
BAE Systems, Caterpillar, Cummins Inc., Daimler Trucks 
North America [which includes Freightliner], Detroit Diesel 
Corporation [DDC], Eaton Corporation, Honeywell Interna-
tional, Navistar, Mack Trucks, NovaBUS, Oshkosh Truck, 
PACCAR, and Volvo Trucks North America).

Since the Phase 1 review, the Partnership has evolved in 
the face of changing budgets and new initiatives, such as the 
America Recovery and Reinvestment Act of 2009 (ARRA; 
Public Law 111-5), which injected funds during 2009 and 
2010 for technology R&D on heavy-duty vehicles. The 
main leadership in the Partnership resides with the DOE’s 
Office of Vehicle Technologies, which manages a number of 
DOE-funded R&D programs directly related to medium- and 
heavy-duty vehicle (MHDV) technologies. The other 21CTP 
agencies associate their own existing programs that are rel-
evant to the goals of the 21CTP under the 21CTP umbrella. 

The other factor, besides changing budgets and new initia-
tives, that makes budgets and projects involved in the 21CTP 
challenging to review is that the different agencies receive 
their budget appropriations from different committees in 

Congress. Thus, there is no central, overall control over bud-
gets and accountability. Department of Energy staff organize 
meetings and conference calls, maintain the information-flow 
infrastructure (such as websites and e-mail lists), and have 
led the discussions for and preparation of the updated 21CTP 
Roadmap and Technical White Papers (DOE, 2010a, 2011) 
laying out Partnership goals. The management of individual 
projects under the 21CTP umbrella rests with the individual 
federal agencies that have funded the work. These agencies 
use the 21CTP information-sharing infrastructure to coor-
dinate efforts and to ensure that valuable R&D results are 
communicated and that any overlap of activities among their 
respective efforts is reduced. The NRC’s Phase 1 review of the 
overall 21CTP helped communicate to the various stakehold-
ers and to Congress the ongoing R&D efforts in the agencies 
and on the various projects (NRC, 2008). It is anticipated that 
the present, Phase 2 review and report will help extend that 
avenue of communication to all interested parties.

The purpose of the 21CTP is to reduce fuel consumption 
and emissions while increasing heavy-duty vehicle safety 
by supporting research, development, and demonstration 
that can lead to commercially viable products and systems. 
The strategic approach of the Partnership includes the fol-
lowing: (1) develop and implement an integrated vehicle 
systems R&D approach that validates and deploys advanced 
technology; (2) promote research for engine, combustion, 
exhaust aftertreatment, fuels, and advanced materials; (3) 
promote research focused on advanced heavy-duty hybrid 
propulsion systems; (4) promote research to reduce parasitic 
losses (now called vehicle power demands); (5) promote the 
development of technologies to improve truck safety; (6) 
promote the development and deployment of technologies 
that substantially reduce energy consumption and exhaust 
emissions during idling; and (7) promote the validation, 
demonstration, and deployment of advanced truck and bus 
technologies, and grow their reliability sufficient for adop-
tion in the commercial marketplace (DOE, 2006).

The organization of this report is similar to that of the 
NRC Phase 1 report. The committee reviewed the major 
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areas that the 21CTP is addressing. (See Chapter 1 for the 
committee’s complete statement of task). The committee’s 
work was aided by its review of written materials and through 
presentations by 21CTP government and industry partners 
on technical progress and accomplishments (see Appendix 
B). In addition, the series of white papers referred to above 
summarized technical information, barriers, and, in many 
cases, goals and milestones, for six major focus areas: 

1. Engine systems—which also includes fuels, aftertreat-
ment, and materials; 

2. Hybrid propulsion systems; 
3. Vehicle power demands—formerly called parasitic 

losses, which aim to reduce energy losses such as those 
from rolling resistance or aerodynamics; 

4. Idle reduction—which aims to reduce the amount of 
energy used for truck engine idling; 

5. Vehicle safety—to reduce fatalities and injuries in 
truck-involved crashes; and 

6. Efficient operations—which is a new area and white 
paper with the aim of reducing fuel consumption in the 
U.S. truck freight-delivery system.

This Summary first presents the committee’s overall find-
ings and recommendations from the review of the 21CTP 
as a whole. It then presents the major findings and recom-
mendations, selected from Chapters 2 through 9, for the 
following: management strategy and priority setting for the 
Partnership, the first five focus areas defined by the white 
papers (listed above), the SuperTruck program begun in 
2010, and the new, sixth focus area on efficient operations. 
The findings and recommendations from the chapters retain 
their original numbering to help the reader gain context by 
going to the original discussions. The report chapters also 
contain findings and recommendations in addition to those 
in this Summary. 

The new SuperTruck program is funding the development 
and demonstration of full vehicle systems integrating a num-
ber of technologies into Class 8 heavy-duty, long-haul trucks 
with the aim of reducing load-specific fuel consumption (i.e., 
gallons per ton-mile). This new effort follows on the NRC 
Phase 1 report that called for integrating new technologies, 
including advanced diesel engines, into vehicle systems. 

OVERALL OBSERVATIONS

Overall Report Finding S-1. The key benefit of the 21st 
Century Truck Partnership is the coordination of research 
programs directed toward the goal of reducing fuel usage and 
emissions while increasing the safety of heavy-duty vehicles. 
Federal involvement is bringing stakeholders to the table and 
accelerating the pace of technological development. Given 
the federal regulatory requirements to reduce emissions 
and fuel consumption, it seems the sharing of research and 
development (R&D) costs between the government and U.S. 
manufacturers of trucks and buses or heavy-duty vehicle 

components is appropriate to develop new technologies. 
Thus, the 21CTP is providing access to the extraordinary 
expertise and equipment in federal laboratories, in addi-
tion to seed funding that draws financial commitment from 
the companies to push forward in new technology areas. 
The Partnership provides the United States with a forum in 
which the member agencies, in combination with industry, 
academia, and federal laboratories, can better coordinate 
their programs. The steady decline in research funding from 
FY 2003 through FY 2007 was threatening the attainment 
of program goals. The actual funding and need for R&D 
are discussed in Chapter 1. The funding level in the years 
prior to the availability of funding through the American 
Recovery and Reinvestment Act of 2009 (ARRA) was not in 
proportion to the importance of the goal of reducing the fuel 
consumption of heavy-duty vehicles and providing advanced 
technology for the industry to meet the 2014-2018 and later 
fuel consumption regulations. The ARRA funds provided 
by Congress in 2009-2010 have significantly enhanced the 
ability of the Partnership to meet and demonstrate the goals 
for reducing fuel-consumption and improving safety in pro-
totype vehicles.

Overall Report Recommendation S-1. The 21CTP should 
be continued to help meet the nation’s goal of reduced fuel 
consumption in the transportation sector. In addition, the 
Partnership needs to review whether additional partners—
such as major truck and component manufacturers that are 
not currently members—that could contribute to the R&D 
program should be recruited. Research funding should be 
commensurate with well-formulated goals that are strategic 
to reducing the fuel consumption of heavy-duty vehicles 
while improving safety, and all projects should be prioritized 
so that the 21CTP R&D program can be implemented within 
the available budget.

Overall Report Finding S-2. The 21CTP leadership 
responded substantively to most of the recommendations 
of the National Research Council’s (NRC) Phase 1 review, 
which helped to contribute to the improved program that was 
the subject of this Phase 2 review. The committee commends 
the leadership of the Partnership for this effort. 

Overall Report Recommendation S-2. The 21CTP pro-
gram goals should continue to be established, reviewed, 
updated, related to available funding, and clearly stated in 
measurable engineering terms. The white papers defining 
the various technical areas of R&D should be reviewed and 
revised, as appropriate, periodically and prior to any future 
NRC review of the 21CTP. Given the “virtual” nature of the 
Partnership among 4 agencies and 15 industrial partners, the 
projects that are considered to be part of 21CTP should be 
better defined and, if part of the Partnership, indicated by a 
21CTP notation in any 21CTP documentation.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

SUMMARY 3

MANAGEMENT STRATEGY AND PRIORITY SETTING

The NRC Phase 1 report (Recommendation 2-2; NRC, 
2008) recommended the creation of “a portfolio manage-
ment process that sets priorities and aligns budgets among 
the agencies and industrial partners.” In response, the Part-
nership stated that although this recommendation “will be 
considered … the ability to directly align budgetary decisions 
across the agencies, however desirable, may be outside the 
scope of this voluntarily collaborative organization” (see 
Appendix C). Given the individual control and oversight of 
the four agencies, the committee concluded that, although 
indeed highly desirable, such a portfolio management pro-
cess is simply not likely to happen with the decentralized 
nature of the Partnership.

Although prioritization of projects across agencies is 
unlikely to happen in any meaningful way, the DOE has 
focused much of its 21CTP effort going forward on three 
SuperTruck projects, two funded with ARRA funds and 
one receiving DOE appropriated funds. These projects are 
directed toward demonstrating feasibility, fuel efficiency, 
and emissions compliance with full vehicle hardware for 
Class 8 long-haul freight trucks, as recommended in the 
NRC Phase 1 report (see Chapter 8 “SuperTruck Projects” 
in this report). The committee applauds the prioritization of 
available ARRA and DOE funds on these projects. Although 
improved collaboration and coordination among agencies 
would be welcome, the committee judges overall 21CTP pro-
gram management to have improved since the Phase 1 report.

Finding 2-1. The 21CTP is a virtual organization facilitating 
communication among four agencies, government laborato-
ries, and industry, but it has no direct control over research 
activities or funding across the agencies or by its industry 
partners. The committee continues to believe that the lack of 
single-point 21CTP authority is far from optimal, although 
it recognizes that this is necessary because of the various 
congressional committees that the agencies report to and that 
provide their budgets.

Recommendation 2-1. The Department of Energy (DOE) is 
urged to continue to improve the functioning of the 21CTP 
“virtual” management structure in every way possible. Such 
improved functioning would include strengthening inter-
agency collaboration (particularly that involving the Envi-
ronmental Protection Agency [EPA] and the Department of 
Defense [DOD])1 and documenting and publishing specific 
21CTP activity within all four agencies. 

Finding 2-2. The EPA, DOD, and Department of Transpor-
tation (DOT) did not have a well-defined list of the projects 

1 Subsequent to the committee’s review of 21CTP programs, the DOE 
and the DOD entered into the Advanced Vehicle Power Technology Alliance 
(AVPTA) partnership on July 18, 2011. See, for example, “DOE, Army Al-
liance Underlines Achieving Energy Security” by Chris Williams, available 
at http://www.army.mil/article/62727/. Accessed October 18, 2011.

and associated budgets that were included under the 21CTP 
umbrella. This stems in part from the virtual nature of the 
Partnership and partly, particularly within the DOE, from the 
natural overlap in activities on batteries, hybrids, materials, 
and other areas between the activities for light-duty vehicles 
and the 21CTP. Many of these activities are reviewed at the 
annual DOE Merit Review and at Directions in Engine-
Efficiency and Emissions Research (DEER) conferences, 
and the new SuperTruck projects include an annual reporting 
requirement, but there is no dedicated report for the 21CTP. 

Recommendation 2-2. The DOE should issue a brief 
annual report documenting the specific projects within the 
21CTP and the progress made. The annual report should 
provide references to published technical reports from 
the involved agencies. This would especially help outside 
groups, future review committees, the Congress, and oth-
ers to understand the structure, activities, and progress of 
the Partnership.

ENGINE SYSTEMS AND FUELS

The NRC Phase 1 report includes 12 findings and recom-
mendations regarding engines. The Partnership concurred 
with many of the recommendations and incorporated several 
of them in the SuperTruck contracts. It did not, however, 
concur with the two findings and recommendations (NRC, 
2008, Findings 3-1 and 3-8 and Recommendation 3-1 and 
3-8) about the 50 percent brake thermal efficiency (BTE) 
goal for 2010 and the 55 percent BTE goal for 2013. How-
ever, the committee notes that the 21CTP has now changed 
the year for meeting the 50 percent BTE goal to 2015 and 
that for the 55 percent goal to 2018.2

Combustion

Finding 3-1. The committee reviewed nine diesel engine 
programs that were funded at a total of more than $100 mil-
lion by the DOE and industry and that included the High 
Efficiency Clean Combustion (HECC) program, the Waste 
Heat Recovery (WHR) program, and others. Some programs 
met or exceeded their goals, for example achieving a 10.2 
percent improvement in brake thermal efficiency (BTE) 
versus a 10 percent goal, whereas others did not quite meet 
the goals of 5 percent or 10 percent improvement in BTE. 
By combining HECC and WHR, each demonstrating greater 
than 10 percent improvement in BTE, together with other 
technologies, it should be possible to improve BTE by 20 
percent to achieve the original DOE target of 50 percent peak 
BTE. However, the DOE target of 50 percent peak BTE was 
not met by the original goal of 2010.

2 The 55 percent BTE goal in the 21CTP updated white paper, “Engines,” 
(DOE, 2011) is for a prototype engine system in the laboratory by 2015, 
whereas in the DOE Multi-Year Program Plan, the goal is for 2018 in a 
prototype engine (DOE, 2010b). 
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Finding 3-2. The DOE-funded research in advanced engine 
combustion at the national laboratories, in industry, and at 
universities is well managed and addresses important aspects 
for achieving an integration of advanced combustion pro-
cesses that should be important enablers for achieving the 
55 percent BTE goal as well as providing ongoing improve-
ments. There also appears to be good interaction between the 
researchers performing the work and the industry stakehold-
ers. Efforts to achieve 55 percent BTE are going to require 
complex and expensive technologies. It will be some time 
before it becomes clear whether there is a production-feasible 
and cost-effective way to achieve the 55 percent BTE target. 
The committee believes that this target carries considerable 
risk, even at the test cell demonstration stage.

Recommendation 3-1. The 21CTP fundamental research 
program should continue to provide important enablers for 
the 55 percent BTE goal, and the DOE should continue to 
look for leverage opportunities with other government- and 
industry-funded projects.

Recommendation 3-2. The DOE should ensure that the 
engine R&D for the goal of 50 percent BTE at over-the-road 
cruise conditions and the stretch goal of 55 percent BTE in 
an engine in a laboratory that will now be carried out under 
the SuperTruck program receive the appropriate share of the 
SuperTruck funding and benefit extensively from the DOE-
funded research programs in advanced engine combustion. 

Fuels

Finding 3-7. In spite of efforts to reduce the fuel consump-
tion of light-duty and heavy-duty vehicles and to develop 
biomass-derived fuels (an effort which, except for corn-based 
ethanol, has not progressed as much as had been expected), 
petroleum will remain the primary source of light-duty and 
heavy-duty vehicle fuel for many years to come. Whereas 
future U.S. gasoline demand is expected to be flat for the next 
20 years, diesel fuel demand is expected to grow, necessitat-
ing changes in refinery operations.

Recommendation 3-4. The DOE should reinstate its pro-
gram for advanced petroleum-derived fuels (they will be 
transportation’s primary fuels for many years to come) with 
the objective of maximizing the efficiency of their use.

Finding 3-9. The DOE established three different sets of 
goals for the fuels program from 2008 to 2011, which made 
an assessment of progress against the goals difficult. In 
total, little progress has been made toward the achievement 
of these DOE goals, which were not specified goals of the 
21CTP.
Recommendation 3-6. The DOE fuel goals should be re-
evaluated in line with the FY 2012 budget and the recom-

mendations of this report. Specific plans for achieving these 
goals should be established.

Aftertreatment Technologies

Finding 3-10. The research agenda of the 21CTP is focused 
on improving the oxides of nitrogen (NOx) reduction per-
formance of selective catalytic reduction (SCR) and lean-
NOx-trap systems, improving the efficiency of and reducing 
the fuel consumption associated with particulate matter 
(PM) filter regeneration, and improving the ability to model 
aftertreatment systems. The DOE Cross-cut Lean Exhaust 
Emissions Reductions Simulations (CLEERS) program 
does a good job of coordinating the aftertreatment research 
programs within the 21CTP and disseminating the results to 
the technical community at large.

Finding 3-11. The demands on the aftertreatment system 
and its performance are intimately linked to the combustion 
process taking place within the cylinder. Consequently, the 
aftertreatment system must be developed and its performance 
evaluated in conjunction with the combustion system. The 
21CTP realizes this, and its new goals for the aftertreatment 
program specifically state this.

Recommendation 3-7. The aftertreatment program within 
the 21CTP should be continued, and the DOE should continue 
to support the activities of CLEERS that interface with the 
activities of the aftertreatment technical community at large.

Emissions and Related Health Effects

Finding 3-13. The Advanced Collaborative Emissions Study 
(ACES), the Collaborative Lubricating Oil Study on Emissions 
(CLOSE), and the project on Measurement and Characteriza-
tion of Unregulated Emissions from Advanced Technologies are 
comprehensive and cooperative projects that are investigating 
important issues related to potential heavy-duty diesel engine 
health effects. Based on the activities reported, the committee 
finds a high degree of collaboration among government agen-
cies, national laboratories, and industry stakeholders.

Recommendation 3-9. The DOE should continue funding 
the Advanced Collaborative Emissions Study, the Collabora-
tive Lubricating Oil Study on Emissions, and the project on 
Measurement and Characterization of Unregulated Emis-
sions from Advanced Technologies until results are finalized 
and reported for all three studies.

Propulsion Materials

Finding 3-14. The propulsion materials program is address-
ing a broad range of materials issues associated with heavy-
truck propulsion systems. Many of the initiatives are funded 
as cooperative R&D agreements (CRADAs) with significant 
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industry cost sharing, showing strong support by industry for 
this area of work.

Recommendation 3-10. The DOE should fund programs 
in the areas outlined in its “21st Century Truck Partnership 
White Paper on Engines and Fuels” (February 25, 2011) in 
the section “Approach to Reaching Goals” covering materials 
R&D for valve trains, major engine components, air-handling 
systems (turbochargers and exhaust gas recirculation [EGR] 
systems), and exhaust manifold sealing materials.

High Temperature Materials Laboratory

Perhaps just as important as the direct support of the 
21CTP is the extensive benefit to the broader research and 
development community that comes from the research 
conducted at the High Temperature Materials Laboratory 
(HTML). This research covers a wide range of challenging 
problems for which solutions require the unique instrumenta-
tion at HTML as well as the expertise of the knowledgeable 
DOE researchers who oversee and operate the facility. The 
fact that many academic researchers, as well as industry 
research specialists, seek collaboration with HTML speaks 
to the value of the facility with respect to the advancement 
of knowledge on many fronts.

HTML, located at Oak Ridge National Laboratory, was 
established more than 20 years ago as a National User 
Facility. It was created to provide specialized, and in some 
cases one-of-a-kind, instruments for materials research and 
characterization of value not only to the 21CTP but also to 
other programs needing a fundamental understanding of 
materials properties.

Finding 3-15. HTML continues to be a valuable resource 
for materials research for the 21CTP, providing specialized 
and in many cases unique instrumentation and professional 
expertise. The expertise of those who oversee the laboratory, 
and therefore the value of HTML to all users, is enhanced 
by the participation of the HTML staff themselves in the 
research.

Recommendation 3-10. The DOE should continue to pro-
vide 21CTP researchers and other potential users access to 
HTML, and it should make every effort to maintain support 
for HTML and to maintain the cutting-edge capability of 
the facility. Moreover, the DOE should provide sufficient 
funding for HTML, and for the research specialists who 
oversee and operate the facility, to enable continued research 
collaboration with the academic community, other govern-
ment laboratories, and industry. In particular, HTML support 
should not be reduced to a level that allows only maintenance 
of the equipment for paying users.

HYBRID VEHICLES

Finding 4-4. The EPA and DOT‘s National Highway Traf-
fic Safety Administration (NHTSA) issued their final rules 
on September 15, 2011, for “Greenhouse Gas Emissions 
Standards and Fuel Efficiency Standards for Medium- and 
Heavy-Duty Engines and Vehicles.” Although these stan-
dards contain test procedures for determining fuel consump-
tion for heavy-duty hybrid trucks, a manufacturer still needs 
a certificate of conformity showing that a vehicle’s internal 
combustion engine meets the EPA criteria emission standards 
for heavy-duty engines (a procedure that does not recognize 
hybrid heavy-duty trucks). The California Air Resources 
Board (CARB) is currently drafting vehicle-level test pro-
cedures for heavy-duty hybrid vehicles. 

Recommendation 4-3. As partners of the 21CTP, EPA and 
DOT’s NHTSA should work with CARB to develop test pro-
cedures for the certification process for criteria emissions so 
that the emissions benefits of hybridization will be recognized, 
allowing the reduction in size or simplification of the emission 
control system of hybrid heavy-duty vehicles to be realized.

Finding 4-6. Six new stretch technical goals have been 
established by the 21CTP for heavy-duty hybrid vehicles. 
The committee agrees with the 21CTP that these are indeed 
stretch goals. Specific plans for achieving these new goals, 
some of which were carried over from the previous three goals 
that had been set for hybrids, were not provided to the com-
mittee. Nor was the rationale provided for these new goals, 
although they are appropriately focused on fuel consumption 
reductions, cost reduction, and a 15-year design life for the 
technologies. They appear to be reasonable technical goals. 
The cost and design life objectives in the previous goals had 
been identified earlier by the 21CTP as being necessary for 
achieving commercially viable heavy-duty hybrid vehicles. 
It is expected that a significant budget would be required 
through the target dates specified in the new goals, and a sig-
nificant increase from the zero budget for heavy-duty hybrid 
R&D over the past 3 years would be required.

Recommendation 4-5. The 21CTP should establish plans 
and develop realistic budgets for accomplishing the six new 
stretch goals for heavy-duty hybrid vehicles in accordance 
with the committee’s findings, explain the rationale behind 
the new goals, and provide the current status of the applicable 
technology for each of the goals so that the magnitude of the 
tasks for each can be assessed.

VEHICLE POWER DEMANDS  
(FORMERLY “PARASITIC LOSSES”)

Finding 5-7. There is no rolling resistance test procedure 
with interlaboratory correlation universally employed as an 
industry standard.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

6 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, SECOND REPORT

Recommendation 5-4. The 21CTP, strongly supported by 
the DOT and EPA (the latter through its SmartWay program), 
should conduct an authoritative study of the several barriers 
(e.g., related to tread life, truck stability in blowouts, run-flat 
tires, and other topics) to the widespread carrier adoption 
of next-generation wide base single (NGWBS) tires. The 
DOT should specifically support reduction of barriers to 
NGWBS tire acceptance by requiring the universal use by 
tire manufacturers of a rolling resistance test procedure like 
that in ISO (International Organization for Standardization) 
28580, to ensure that comparative interlaboratory data exist.

Finding 5-13. Summarizing the committee’s findings on 
vehicle power demands: Project prioritization by the 21CTP 
roughly follows the consumption ranking of the several 
heavy-duty truck operating loads in Table 5-1 (see Chapter 
5 in this report) and technology risk. However, sometimes 
market forces provide considerable impetus for quite good 
development and implementation—for example, in tire roll-
ing resistance and, to a lesser extent, trailer aerodynamic 
components. The DOE has identified a strong role in which 
technology development costs and risks are high, as in its 
vehicle systems simulation and testing activities for heavy-
duty trucks. It has generally followed these principles, to 
address high costs and risks, in the vehicle power demand 
projects. The SuperTruck projects will provide a unique Part-
nership opportunity to provide both further high-risk technol-
ogy results for certain vehicle power demand reductions and 
real-world validation of numerous integrated systems.

Recommendation 5-8. Although it is tempting to assume 
that the SuperTruck projects will address all of the technolo-
gies required to reduce tractor-trailer fuel consumption, in 
practice many technologies may be left behind, particularly 
those that are not yet very mature. The Partnership should 
carefully review the technologies that have been identified 
and determine whether any technologies to reduce vehicle 
power demand are not being adequately addressed by the 
SuperTruck program. The DOE should define projects and 
find funding to support the development of technologies 
beyond the scope of SuperTruck.

ENGINE IDLE REDUCTION

Finding 6-1. The DOE, EPA, and DOT have funded a wide 
variety of idle reduction projects focused on implementa-
tion. A consolidated list of the funding provided for these 
projects was not provided to the committee, however, and the 
effectiveness of these projects could not be evaluated. The 
national patchwork of anti-idling regulations is an impedi-
ment to broader use of anti-idling measures.

Recommendation 6-1. The DOE, EPA, and DOT should 
develop a consolidated list of the funding provided for the 
idle reduction projects, review the effectiveness of these 
projects, and formulate a coordinated and consistent plan 

to encourage the adoption of idle reduction technologies to 
meet the goal of reducing fuel use and emissions produced by 
idling engines by at least two-thirds by 2017. The EPA and 
DOT should work to find incentives for states to promulgate 
uniform anti-idling regulations.

Finding 6-3. The Delphi solid oxide fuel cell (SOFC) 
auxiliary power unit (APU) provides several advantages 
over diesel APUs, but it has significant issues in its current 
development status, including the following: low efficiency 
of 25 percent versus the DOE’s goal of 35 percent, and 
low demonstrated output power of 1.5 kW versus 3.0 kW 
believed sufficient by Delphi and 5 kW of typical diesel 
APUs; limited demonstrated durability; 2- to 5-hour warm-
up time to the 750°C operating temperature; and high cost. 
The 10-year funding for this program expires in 2011.

Recommendation 6-3. The DOE should reassess the 
viability of the SOFC APU, particularly for application to 
the SuperTruck program, considering the following: (1) 
SOFC APU is still in the laboratory, (2) the low efficiency 
of 25 percent versus the DOE goal of 35 percent, (3) the 
low 1.5 kW output compared to the typical 5 kW diesel 
APUs, (4) the disadvantages associated with the require-
ment for continuous operation at 750°C, and (5) the expira-
tion of funding from the DOE Office of Fossil Energy and 
EERE Fuel Cell Technologies Program of the DOE Office 
of Energy Efficiency and Renewable Energy after 10 years 
of development. The DOE should coordinate more closely 
with DOD in its fuel cell APU developments to ensure that 
the best technology is being pursued for the 21CTP’s Goal 
7 in the engine idle reduction focus area; that goal relates to 
the development and demonstration of viable fuel cell APU 
systems for military and other users (see Chapter 6 for the 
full text of Goal 7). (This recommendation is a follow-on to 
Recommendation 6-8 in the NRC Phase 1 report.)

Finding 6-4. Idle reduction technologies could provide 
6 percent reduction in overall fuel consumption for Class 
8 long-haul trucks with sleeper cabs, which is nearly 30 
percent of the 20 percent reduction in the fuel consumption 
required to meet the proposed EPA/NHTSA 2017 fuel effi-
ciency standards.

Recommendation 6-4. The 21CTP should review and 
potentially revise its idle reduction plans and goals in view 
of the fact that the proposed 2017 fuel efficiency standards 
provide an incentive for the adoption of idle reduction tech-
nologies as a means for achieving these standards for Class 
8 long-haul trucks with sleeper cabs. 

SAFETY

Finding 7-3. The DOT has met its heavy-truck safety goals 
for the past 4 years.  However, the committee observes that 
the Transportation Research Board’s (TRB’s) 2010 study 
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Achieving Traffic Safety Goals in the United States: Lessons 
from Other Nations has shown that other nations have estab-
lished more aggressive initiatives and goals with impressive 
results, and those results suggest that even greater improve-
ment in highway safety is possible in the United States. The 
committee also notes that overall improvements in highway 
safety also yield improvements in heavy-duty truck safety, 
as most heavy-duty truck fatal accidents involve a light-duty 
vehicle.

Recommendation 7-3. The DOT should evaluate the con-
clusions and recommendations of the TRB study Achieving 
Traffic Safety Goals in the United States: Lessons from Other 
Nations of highway safety in other nations, and consider the 
possibility of establishing more aggressive initiatives and 
goals for highway safety in general. The DOT should also 
consider establishing more aggressive goals for heavy-duty 
truck safety.

SUPERTRUCK PROGRAM

Three projects have been selected for awards under the 
DOE’s SuperTruck program; they will focus on measures 
to improve the fuel efficiency of Class 8 long-haul freight 
trucks. These projects will receive $115 million in DOE 
funding to develop and demonstrate full vehicle system-level 
technologies by 2015. Two of the project teams (Cummins, 
Inc. and Daimler Trucks North America, LLC) received 
ARRA funding for their projects, and Navistar, Inc. will be 
funded from DOE appropriations:

•	 Cummins,	 Inc.	 (Columbus,	 Indiana):	 Develop	 and	
demonstrate a highly efficient and clean diesel engine, 
an advanced waste heat recovery system, an aerody-
namic Peterbilt tractor and trailer combination, and 
a solid oxide fuel cell auxiliary power unit to reduce 
engine idling.

•	 Daimler	Trucks	North	America,	LLC	(Portland,	Ore-
gon): Develop and demonstrate technologies including 
optimized combustion, engine downsizing, electrifica-
tion of auxiliary systems such as oil and water pumps, 
waste heat recovery, improved aerodynamics, hybrid-
ization, and possibly a fuel cell auxiliary power unit 
to reduce engine idling.

•	 Navistar,	 Inc.	 (Warrenville,	 Illinois):	 Develop	 and	
demonstrate technologies to improve truck and trailer 
aerodynamics, combustion efficiency, waste heat 
recovery, hybridization, idle reduction, and reduced 
rolling resistance tires.

The objective of the three SuperTruck projects is to 
develop and apply technologies leading to a system-level 
demonstration of highly efficient and clean diesel-powered 
Class 8 trucks that:

•	 Achieve	 a	 50	 percent	 increase	 in	 vehicle	 freight	
efficiency measured in ton-miles per gallon, which 
translates to a 33 percent reduction in load-specific 
fuel consumption (gallons per 1,000 ton-miles).

•	 Achieve	 at	 least	 a	 20	 percent	 improvement	 through	
engine thermal efficiency development, and achieve 
50 percent BTE under highway cruise conditions.

•	 Evaluate	 potential	 approaches	 to	 55	 percent	 BTE	 in	
an engine via modeling, analysis, and potentially also 
laboratory tests

Finding 8-1. The three SuperTruck projects will be the 
flagship projects under the 21CTP for FY 2011 through 
FY 2014; the goals are in concert with recommendations 
made in the 2008 NRC Phase 1 report. A large portion 
of the DOE 21CTP budget will be devoted to these three 
projects. Each SuperTruck project integrates a wide range 
of technologies into a single demonstration vehicle (engine, 
waste heat recovery, driveline, rolling resistance, tractor 
and trailer aerodynamics, idle reduction, weight reduc-
tion technologies, etc.), and the contractors are pursuing 
sufficiently different technical paths to avoid excessive 
duplication of effort. The results will help determine which 
fuel-saving technologies are ready and cost-effective for 
original equipment manufacturer (OEM)-level product 
development programs.

Finding 8-4. The committee believes that the SuperTruck 
project teams have developed plans that address the needs of 
the SuperTruck program and that have a reasonable chance 
for success. The keys to success include proper implementa-
tion of the plans along with the flexibility to adapt to new 
information and intermediate results during the course of 
the project.

Finding 8-5. The SuperTruck projects allow each team to 
design its own test duty cycle(s) within certain constraints. 
One negative consequence of this approach is that the 
three trucks may never be tested using a common cycle for 
comparison.

Finding 8-6. The SuperTruck projects go beyond the scope 
of previous 21CTP projects. Instead of relying entirely on 
simulations and laboratory testing, each of these projects will 
result in a drivable truck. The committee believes that it is 
important to take technologies that have been developed to 
date and implement them in a real vehicle. Often, the appli-
cation of new technologies in real-world applications yields 
unexpected results, and these results must be explored before 
any new technology can be considered ready for production 
implementation.

Recommendation 8-2. The DOE and the SuperTruck con-
tractors should agree on at least one common vehicle duty 
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cycle that will be used to compare the performance of all 
three SuperTruck vehicles. In addition, fuel consumption 
improvements should be calculated on the basis of the EPA/
NHTSA fuel consumption regulations.

EFFICIENT OPERATIONS

The 21CTP recently proposed “efficient operations” as a 
new area for work under the 21CTP. The proposal is laid out 
in a draft white paper titled “Reducing Fuel Consumption in 
U.S. Trucking—A DOE-DOT Joint Study and Whitepaper” 
(DOE-DOT, 2011). In this draft, the two agencies explore 
opportunities to improve the efficiency of trucking opera-
tions, focusing on two areas of opportunity: (1) joint R&D 
efforts between DOE and DOT and (2) modifications of 
regulations (primarily DOT regulations).

Besides the many technologies available for reducing 
the fuel consumption of trucks, there are other ways of 
saving fuel that do not require any changes to vehicle or 
engine technologies—involving, for example, the ways 
that vehicles are operated and maintained, or the nature 
of regulations that may constrain or promote technology 
implementation and efficient operations. Infrastructure 
is also important because it can affect fuel consumption 
through factors such as vehicle speed fluctuation and con-
gestion. Electronic features can be added to a truck that 
modify the performance of the engine or vehicle in ways 
that can save fuel. 

The committee identified a number of areas and devel-
oped a number of findings and recommendations on the fol-
lowing topics for the 21CTP to consider in its white paper in 
formulating goals in order to reduce fuel consumption. The 
topics are as follows:

•	 Improved	aerodynamic	and	rolling	resistance	perfor-
mance for trailers,

•	 Exploitation	of	the	use	of	intelligent	vehicle	systems,	
and

•	 Assessment	of	the	potential	impact	of	high-productiv-
ity vehicles and providing of leadership in getting them 
into trucking operations.

The following major findings and a recommendation are 
the result of the committee’s review of the draft DOE-DOT 
(2011) white paper on efficient operations. They describe 
what the committee believes should be added to or changed 
in the white paper to help the 21CTP promote and enable 

more efficient trucking operations. (See Chapter 9 for other 
findings and recommendations.)

Finding 9-1. The DOE-DOT draft white paper proposes “effi-
cient operations” as a new direction for the 21CTP. The com-
mittee agrees that this is an important area for R&D under the 
umbrella of the 21CTP. It also agrees that cooperation among 
the DOE and DOT and other agencies would be beneficial, 
particularly for assessing the possible effects of removing 
regulatory barriers to the use of fuel-saving measures.

Finding 9-10. The DOE-DOT draft white paper on efficient 
operations in its current form does not include any goals that 
could be used to prioritize and drive R&D efforts on efficient 
operations. 

Recommendation 9-7. Specific goals for efficient opera-
tions should be developed, with strong consideration given 
to exploiting the potential for intelligent transportation sys-
tems (ITS) to reduce fuel consumption. In addition, priori-
ties should be set for the R&D, testing, and data collection 
needed to analyze the benefits, drawbacks, and potential 
unintended consequences of removing barriers, including 
regulatory barriers, to the application of fuel-saving features. 
The draft white paper on efficient operations should be 
rewritten to take the findings and recommendations of the 
committee into account. The 21CTP partners, trucking fleets, 
and major suppliers should be involved in setting goals and 
research priorities
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Introduction and Background

INTRODUCTION

In July 2010, the National Research Council (NRC) 
appointed the Committee to Review the 21st Century Truck 
Partnership, Phase 2, to conduct an independent review of 
the 21st Century Truck Partnership (21CTP). The results of 
the review are presented in this report. This Phase 2 review 
follows on the original review of the Partnership by the 
NRC, conducted in 2007 and resulting in what is referred 
to in this report as the NRC Phase 1 report, issued in 2008 
(NRC, 2008).1 The Partnership’s responses to the recom-
mendations in the Phase 1 report are contained in Appendix 
C of the present report. 

The 21CTP is a cooperative research and development 
(R&D) partnership including four federal agencies (the U.S. 
Department of Energy [DOE], the U.S. Department of Trans-
portation [DOT], the U.S. Department of Defense [DOD], 
and the U.S. Environmental Protection Agency [EPA]), and 
15 industrial partners (Allison Transmission, ArvinMeritor, 
BAE Systems, Caterpillar, Cummins Inc., Daimler Trucks 
North America [which includes Freightliner], Detroit Diesel 
Corporation [DDC], Eaton Corporation, Honeywell Interna-
tional, Navistar, Mack Trucks, NovaBUS, Oshkosh Truck, 
PACCAR, and Volvo Trucks North America). The Partner-
ship was formed in 2000 and announced on April 21, 2001, 
in a press event in Romulus, Michigan.2

The Partnership is a means of coordinating ongoing 
ac tivities at the various agencies and private-sector compa-
nies to contribute to national goals that are, in the broadest 

1 The chair, John H. Johnson, of the NRC committee for the Phase 1 
review testified before the Energy and Environmental Subcommittee of the 
U.S. House of Representatives, on March 9, 2009. This subcommittee of the 
Committee on Science and Technology developed H.R. 3246, the Advanced 
Vehicle Technologies Act of 2009, which passed the House on September 
11, 2009. Senator Debbie Stabenow introduced a companion bill in the 
Senate on December 7, 2009, but the bill was not passed by the Senate.

2 For further details of the history, see DOE (2006) and NRC (2000, 
2008).

terms, to “reduce fuel usage and emissions while increasing 
heavy vehicle safety” (DOE, 2010a). The 21CTP vision 
is “that 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” 
(DOE, 2010b).

The Partnership addresses the following “national impera-
tives”: 
  (a) Transportation in America supports the growth of our 

nation’s economy both nationally and globally. (b) Our 
nation’s transportation system supports the country’s goal 
of energy security. (c) Transportation in our country is 
clean, safe, secure, and sustainable. (d) America’s mili-
tary has an agile, well-equipped, efficient force capable of 
rapid deployment and sustainment anywhere in the world. 
(e) Our nation’s transportation system is compatible with 
a dedicated concern for the environment (DOE, 2010b).

This report builds on the NRC Phase 1 review and report 
and also, as part of its charge, comments on changes and 
progress that have occurred since the Phase 1 report was 
issued in 2008. The strategic approach of the Partnership 
includes the following elements as laid out in the 2006 
21CTP roadmap (DOE, 2006, 2010b): 

•	 Develop	 and	 implement	 an	 integrated	 vehicle	 systems	
research and development approach that validates and 
deploys advanced technology necessary for both com-
mercial and military trucks and buses to meet the afore-
mentioned national imperatives.

•	 Promote	research	for	engines,	powertrains,	combustion,	
exhaust aftertreatment, fuels, and advanced materials to 
achieve both significantly higher efficiency and lower 
emissions.

•	 Promote	research	focused	on	advanced	heavy-duty	hybrid	
propulsion systems that will reduce energy consumption 
and pollutant emissions.

•	 Promote	research	to	reduce	vehicle	power	demands	(also	
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referred to as parasitic losses) to achieve significantly 
reduced energy consumption.

•	 Promote	 the	 development	 of	 technologies	 to	 improve	
truck safety, resulting in the reduction of fatalities and 
injuries in truck-involved crashes.

•	 Promote	the	development	and	deployment	of	 technolo-
gies that substantially reduce energy consumption and 
exhaust emissions during idling.

•	 Promote	the	validation,	demonstration,	and	deployment	
of advanced truck and bus technologies, and grow their 
reliability sufficient for adoption in the commercial mar-
ketplace.

As is discussed in more detail in this report, the Partner-
ship has been evolving and making some changes since the 
Phase 1 review. For example, the 2006 roadmap has been 
revised and updated, and a series of technical white papers 
that supported the 2006 roadmap have also undergone revi-
sions (DOE, 2010c, 2011). The committee reviewed these 
updated documents as part of the Phase 2 review.

NATIONAL CONCERNS

The federal government, including the DOE, has addressed 
in varying degrees the economic, energy security, and envi-
ronmental aspects of energy supply, distribution, and use for 
many decades, and the focus of efforts has changed from time 
to time. In recent years all three areas have had increasing 
attention by the administration and the Congress, given the 
rapid rise in energy prices in the 2007-2008 period, the severe 
recession of the past few years, the involvement in wars in 
the Middle East and the importance of that region for global 
oil supplies, and the attention to the environmental issue 
of global climate change. In addition, because of concerns 
about air quality and human health, a number of regulations 
have been passed over the years leading to more stringent 
exhaust emissions standards for both light-duty vehicles 
(cars, vans, and light trucks) and medium- and heavy-duty 
vehicles (MHDVs).

The economic concerns related to energy supply and 
energy use are generally framed in the language of afford-
ability for the individual consumer as well as the impact 
on the U.S. economy from high energy prices and/or short-
ages. In recent years, not only have high energy prices been 
experienced but also there seems to be increased volatility in 
energy prices. Although the recent global and U.S. economic 
slowdowns depressed global as well as U.S. oil demand, 
worldwide oil consumption in general has risen rapidly dur-
ing the past decade, mainly owing to rapid economic growth 
around the world. Nevertheless, even though the recent reces-
sion has moderated U.S. demand for imported oil, the Energy 
Information Administration (EIA, 2010) forecasts that the 
nation will continue to be highly dependent on imported oil. 
If global oil prices rise rapidly again because of supply-and-
demand imbalances, future prices of oil will likely continue 
to put a strain on the U.S. economy. BP’s recent Statistical 

Review of World Energy also shows an increase in world 
oil consumption of 3.1 percent from 2009 to 2010, reach-
ing a level of 87.4 million barrels per day (bbl/day), and an 
increase in U.S. oil consumption of 2 percent, reaching 19.1 
million bbl/day (BP, 2011). As a consequence, the United 
States is pursuing alternative sources of fuel and attempting 
to increase efficiency in oil usage.

The issue of energy security with regard to petroleum 
not only entails the economic concerns noted above but 
also is framed in terms of the U.S. dependence on imported 
petroleum. Oil use in the United States has varied during 
the past few years, but it has been around 20 million bbl/day 
and was 18.8 million bbl/day in 2009 (EIA, 2010). Most of 
this petroleum is used in the transportation sector, and about 
25 percent of that is used for MHDVs. Regarding gasoline 
consumption, EIA (2010) projects that total transportation 
fuel use will grow between 2009 and 2035 but that total 
U.S. gasoline consumption will remain at about 9 million 
bbl/day from 2009 to 2035: these projections include the 
phasing in of new fuel economy regulations for light-duty 
vehicles by 2016 as discussed in the next section (EIA, 
2010; Newell, 2010; see Figure 1-1). Total U.S. diesel fuel 
consumption, much of which is consumed by MHDVs, is 
projected to change from about 3.42 million bbl/day in 2009 
to almost 4.5 million bbl/day in 2035. Fuel consumption by 
heavy-duty vehicles is projected to increase substantially in 
the United States as well as worldwide, and consumption 
by heavy-duty vehicles (Classes 6, 7, and 8; see the section 
below on “Classes and Use Categories of Trucks and Buses”) 
consumption is expected to increase between 2010 and 2035 
by 40 percent.3,4 Thus, in round numbers, assuming an oil 
price of $100/bbl, expenditures for diesel fuel alone would 
be on the order of $125 billion per year in the United States.

The 21CTP is focused on reducing the fuel usage of 
heavy-duty vehicles, which consume about 25 percent of the 
petroleum currently used in the transportation sector, and the 
expected 40 percent increase in consumption by heavy-duty 
vehicles between 2010 and 2035. That usage is in contrast 
to light-duty vehicle consumption, which is expected to 
remain relatively unchanged. EIA (2010), in its liquid fuels 
projections, includes increasing the use of biofuels, which 
somewhat dampens the demand for petroleum-based fuels. 
EIA (2010) projects net petroleum imports to change from 
about 8.97 million bbl/day in 2009 to 8.52 million bbl/day 
in 2035, whereas total liquid fuels use (including the use of 

3 P. Davis, DOE, “U.S. Department of Energy Vehicle Technologies 
Program Overview,” Presentation to the committee, September 8, 2010, 
Washington, D.C.

4 No U.S. fuel economy standards for medium- and heavy-duty vehicles 
are in effect for the current model year. A Notice of Proposed Rule Making 
was issued October 26, 2010. Final standards issued by the U.S. Environ-
mental Protection Agency (EPA) and the U.S. Department of Transportation 
National Highway Traffic Safety Administration (NHTSA) on September 
15, 2011, will apply to model year 2014 (EPA/NHTSA, 2011). EIA’s Annual 
Energy Outlook 2010 projections do not include such standards.
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biofuels) for transportation goes from about 13.5 million 
bbl/day in 2009 to 16.38 million bbl/day in 2035. Although 
the dependence on petroleum imports in these forecasts is 
somewhat ameliorated compared to recent trends, significant 
import dependence remains.

Added to the concern over high-priced oil and energy 
security is the concern regarding global warming. Nations 
around the world are beginning to exert more stringent control 
over human-made emissions, especially greenhouse gases 
(GHGs) such as carbon dioxide (CO2). Numerous discussions 
have taken place in Congress about climate change, and many 
pieces of climate change legislation have been proposed. 
The consumption of petroleum in the U.S. transportation 
sector accounted for about 1.81 billion metric tons of CO2-
equivalent (CO2-eq) emissions in 2009, about 33 percent of 
total U.S. CO2-eq emissions from the burning of fuels. EIA 
(2010) forecasts that CO2-eq emissions from petroleum in 
the transportation sector in 2035 will be about 2.065 billion 
metric tons, about 33 percent of the projected U.S. total emis-
sions of 6.32 billion metric tons of CO2-eq emissions from 
the burning of fuels. The EPA estimates that medium- and 
heavy-duty trucks and buses accounted for about 22 percent 
of CO2-eq emissions from the transportation sector in 2008 
(EPA, 2010). Consequently, the transportation sector and the 
significant portion of that sector that is composed of MHDVs 
are important to any policies that are aimed at reducing 
greenhouse gas emissions. Thus, for the foreseeable future, 
there will be pressure to control and reduce greenhouse gas 
emissions. One approach to addressing such emissions is to 
use fuel more efficiently; another is to use fuels that emit less 
CO2 than petroleum-based fuels do.

Both the limited availability of oil and the additional 
pressures to reduce CO2 emissions will have a profound 
impact on automotive vehicles worldwide. In addition, as 
briefly discussed in the next section, the United States is 
implementing policies on fuel economy that will directly 
impact the vehicle sector. These forces will pressure vehicle 
manufacturers to make renewed efforts to reduce both fuel 
consumption and exhaust emissions. Light-duty vehicle 
manufacturers have already made significant improvements 

in reducing fuel consumption and even more progress in 
reducing vehicle emissions. Emissions of oxides of nitrogen 
(NOx) and particulate matter (PM) from heavy-duty vehicles 
have been significantly reduced by PM regulations that went 
into effect in 2007 and NOx regulations that were phased in 
between 2007 and 2010. However, reductions in fuel con-
sumption of the large commercial truck fleet have not been 
as impressive, partly because of the growth in the number of 
miles driven by large trucks during the past decade (NRC, 
2008; NAS-NAE-NRC, 2009a).

Thus, with regard to economic considerations, energy 
security, and environmental reasons, the transportation sec-
tor is a key area for consideration and policy focus, and the 
medium- and heavy-duty vehicle component significant. The 
21CTP can play an important role is this regard.

RECENT POLICY INITIATIVES

The economic and policy environment outside the DOE 
continues to change, and various external initiatives and poli-
cies can affect the DOE and specifically the Partnership: such 
developments that may affect the Partnership have continued 
to emerge since the publication of the NRC Phase 1 report 
(NRC, 2008). The control of emissions from the engines 
of heavy-duty trucks with gross vehicle weight (GVW) 
over 8,500 pounds (lb) began in 1973 in California and in 
1974 in the United States as a whole. The federal standards 
were harmonized with California standards beginning with 
model year (MY) 2004, and stringent emissions standards 
for heavy-duty diesel engines came into effect, as noted in 
the previous section, in the 2007-2010 time period. These 
increasingly stringent engine emissions standards were an 
important driver for R&D for engine, emissions control, 
and fuels.5 Reaching low emissions of hydrocarbons (HCs), 
carbon monoxide (CO), NOx, and PM in terms of grams per 
brake horsepower-hour (g/bhp-h) was a significant challenge 
if fuel consumption was constrained to not increase. The 
changes in U.S. emission standards over time are presented 
in Figure 1-2 (DOE, 2010c, d).

With the increasing concern in Congress and the adminis-
tration about energy security and greenhouse gas emissions, 
numerous actions are taking place that will create incentives 
for technology development for vehicles as well as improve 
the operational efficiency of managing the movement of 
freight in the United States (e.g., through driver education, 
longer combination vehicles, reducing congestion, etc.). 
Although the National Highway Traffic Safety Administra-
tion (NHTSA) has regulatory authority over fuel economy 
standards for vehicles, the EPA has the authority to regulate 
CO2 and other greenhouse gases as air pollutants under the 
Clean Air Act, thus empowering the EPA to regulate vehicle 

5 A summary review of these emissions standards and changes can be 
found in the NRC Phase 1 report, Chapter 1 (NRC, 2008), as well as in 
references in this chapter (Ehlmann and Wolff, 2005; Johnson, 1988).

1-1.eps
bitmap

FIGURE 1-1 Trends in actual and projected U.S. transportation fuel 
use, 1995-2035. SOURCE: EIA (2010); Newell (2010). 
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FIGURE 1-2 Historical trends in emission standards for new diesel 
engines, 1970-2010. SOURCE: DOE (2010c,d).

CO2 emissions, which are directly related to vehicle fuel con-
sumption measures. Following the announcement6 in May 
2009 of the President’s National Fuel Efficiency Policy, the 
NHTSA and EPA have promulgated nationally coordinated 
standards for tailpipe CO2-eq emissions and fuel economy 
for light-duty vehicles (LDVs)—which include both pas-
senger cars and light-duty trucks.

The initial harmonized standards will affect MY 2012 
LDVs, and compliance requirements will increase in stringency 
through MY 2016, building on the NHTSA’s enacted corporate 
average fuel economy (CAFE) standard for MY 2011. The 
NHTSA has estimated the impact of the new CAFE standards 
and has projected that the proposed fleetwide standards for 
LDVs will increase fuel economy from 27.3 miles per gallon 
(mpg) in MY 2011 to 34.1 mpg in MY 2016, an average annual 
increase of 4.3 percent.7 The NHTSA and EPA have also issued 
a Notice of Intent and Technical Assessment Report for fuel 
economy and GHG regulations for LDVs for the 2017-2025 
time period to raise the fuel economy levels beyond these.8

With regard to MHDVs, the Energy Independence and 
Security Act (EISA) of 2007 (Public Law No. 110-140) 
directed the National Academy of Sciences (NAS) to con-
duct a study on the potential for technologies to reduce fuel 
consumption for such vehicles, and it directed the NHTSA 
to promulgate, for the first time ever, fuel economy standards 
for such vehicles. The NAS completed this task and submit-

6 See President Obama’s National Fuel Efficiency Policy at http://www.
whitehouse.gov/the-press-office/president-obama-directs-administration-
create-first-ever-national-efficiency-and-em.

7 Note that this standard addresses CO2-eq emissions so that manufactur-
ers have some other means of receiving credits for reducing these emissions 
such as reducing hydrofluorocarbons in air-conditioning systems or using 
alternative fuels. If manufacturers only rely on reductions in vehicle fuel 
consumption, NHTSA estimates that manufacturers will have to comply 
with a 35.5 mpg standard by 2016. This is about a 40 percent increase in 
fuel economy over current (2010) standards.

8 See http://www.nhtsa.gov/About+NHTSA/Press+Releases/2010/ 
DOT+and+EPA+Announce+Next+Steps+toward+Tighter+Tailpipe+and+
Fuel+Economy+Standards+for+Passenger+Cars+and+Trucks. Accessed 
October 15, 2010.

ted its report, Technologies and Approaches to Reducing the 
Fuel Consumption of Medium- and Heavy-Duty Vehicles, to 
the NHTSA and Congress in March 2010 (NRC, 2010a). In 
November 2010, the NHTSA and EPA proposed to regulate 
many of these vehicles, issuing a Notice of Proposed Rule-
making, namely, Greenhouse Gas Emissions Standards and 
Fuel Efficiency Standards for Medium- and Heavy-Duty 
Engines and Vehicles; Proposed Rule (40 CFR Parts 85, 
86, 1036, et al.; and 49 CFR Parts 523, 534, and 535)(EPA/
NHTSA, 2010).9 Final standards issued by the EPA and 
NHTSA on September 15, 2011, will begin with model year 
2014 (EPA/NHTSA, 2011). (See below in this chapter for 
additional details.) 

The NRC (2010a) report and the NHTSA’s and EPA’s 
work have created a rich data and analysis base to support 
the DOE’s efforts as well as providing background for the 
current review of the Partnership. In turn, the efforts of the 
DOE and the Partnership will be important in promoting 
technology development and helping to realize more efficient 
vehicles. Again, as with LDVs, these standards and attention 
to reducing fuel consumption and greenhouse gas emissions 
will stimulate R&D on advanced technologies for reducing 
fuel consumption for MHDVs.

Since the 1970s, Congress has supported legislation that 
requires increasing the production of fuels from renewable, 
bio-based sources and other alternative fuels as part of efforts to 
reduce petroleum-based fuel consumption. The EISA of 2007 
includes a subtitle that amended the Renewable Fuels Standard 
contained in the Energy Policy Act of 2005 (EPAct 2005) and 
increased the volumes of renewable fuels to be phased in to the 
fuel supply substantially. The mandated volumes of renewable 
fuels to be used begin with 9 billion gallons in 2008 and reach 
36 billion gallons in 2022. These fuels are anticipated to include 
corn-based ethanol, cellulosic-based ethanol, and biodiesel 
made from vegetable oils (e.g., from soybeans), animal fats, 
and cellulose. Much R&D is occurring to develop, demon-
strate, and commercialize the advanced biofuels that would be 
made from cellulose, but costs and technology performance are 
still uncertain (NAS-NAE-NRC, 2009b).

Thus, the national landscape has shifted strongly toward 
addressing the nation’s dependence on petroleum imports as 
well as emissions of greenhouse gases. The role of the public 
sector—through advanced R&D, and especially in partner-
ing with the private sector, where the ultimate decisions will 
be made to deploy and commercialize new technology—is 
an important complement to these regulatory, market-pull 
requirements. In this vein, the Partnership’s role in fostering 
technology that can reduce fuel consumption by medium- 
and heavy-duty vehicles has gained in importance since the 
NRC Phase 1 review.

9 See http://www.nhtsa.gov/staticfiles/rulemaking/pdf/cafe/CAFE_2014-
18_Trucks_FactSheet-v1.pdf. Accessed December 15, 2010.
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OVERVIEW OF THE 21ST CENTURY TRUCK 
PARTNERSHIP: AREAS OF INTEREST AND 
ORGANIZATION

As a means of providing focus and a set of goals and 
objectives for the Partnership as a whole, the Partnership 
developed a roadmap and supporting technical white papers 
(DOE, 2006). The roadmap with supporting background 
was reviewed during the NRC Phase 1 review and included 
a strategic vision, as well as a discussion of benefits of the 
program and the description of five main technical areas that 
the Partnership focused on, namely: (1) engine systems, (2) 
hybrid propulsion, (3) parasitic losses, (4) idle reduction, 
and (5) safety (DOE, 2006). The 21CTP established goals 
for each of these areas, and a fuller description of the five 
areas was included in the NRC Phase 1 report as well as an 
evaluation of progress toward the goals (NRC, 2008).

Since the NRC Phase 1 review, the Partnership has 
revised the roadmap and supporting white papers and goals 
(DOE, 2010c, 2011). The technical areas covered by the 
white papers are substantially the same, but there are some 
changes. The technical areas include (1) engine systems; (2) 
hybrid propulsion; (3) vehicle power demands, previously 
called parasitic losses, which included, for example, aerody-
namics, tire rolling resistance, and other areas; (4) idle reduc-
tion; (5) safety; and (6) efficient operations, which is a new 
area that addresses the system of trucks and their operation 
for the efficient delivery of goods. These areas and the asso-
ciated goals are discussed in further detail in the remaining 
chapters of this report. In addition, three major cost-shared 
contracts were awarded in the April through September 2010 
time frame to carry out R&D and demonstrate for a complete 
tractor-trailer a freight efficiency improvement of 50 percent 
in ton-miles per gallon of fuel.

Activities of the Partners

The DOE’s Office of Vehicle Technologies, which is 
within its Office of Energy Efficiency and Renewable Energy 
(EERE), has the primary role in the department for pursuing 
the development of advanced vehicle technologies both for 
LDVs and MHDVs. The LDV activities are included in what 
was the FreedomCAR and Fuel Partnership (FCFP), which 
is now the U.S. DRIVE (Driving, Research, and Innovation 
for Vehicle efficiency and Energy sustainability) program; 
the medium- and heavy-duty activities are included in the 
21CTP. The FCFP and U.S. DRIVE programs include work 
on combustion and emissions control, fuel cells, hydrogen 
storage, batteries, lightweight materials, and power elec-
tronics. In terms of budgets, the LDV program activities 
have been much larger than the 21CTP, and in fact during 
the past decade the emphasis has increased on LDVs and 
declined on MHDV activities. For example, in FY 2010, 
the budget of the Office of Vehicle Technologies was about 
$311 million, of which about $38.5 million was devoted to 

MHDV applications.10 There is some overlap between work 
that is done for LDVs and MHDVs—for example, in such 
areas as the understanding and modeling of advances in 
combustion, advances in lightweight materials, or advances 
in electrochemistry and battery technologies—and such 
overlapping areas are all managed under the Office of Vehicle 
Technologies to support both LDV and MHDV technologies, 
as appropriate. Consequently, advances made in technical 
areas that are characterized and budgeted as part of the U.S. 
DRIVE could benefit MHDVs.

The DOE also contracts work out to the private sector and 
involves the 21CTP industry partners. As noted in the previ-
ous section and discussed later in the report, for example, 
the DOE has awarded contracts to industry to address many 
aspects of reducing the fuel consumption of long-haul trucks. 
The EPA also has development work on hydraulic hybrid 
technologies for some classes of trucks and also funds work 
on combustion. It also works with the private sector and 
promotes and provides information on various technologies 
for the reduction of fuel consumption and of greenhouse 
gas emissions through its SmartWay program. The DOD 
also is very interested in improving the fuel efficiency and 
reducing the fuel consumption of its noncombat vehicles; for 
combat vehicles it is interested in increased power density 
and low heat rejection. The DOT is focused on safety issues, 
including the use of advanced technology and regulations 
that can improve highway safety, as well as the overall 
system and infrastructure for moving freight efficiently and 
economically.

Lines of Authority

The Partnership was originally under the leadership of the 
DOD (the U.S. Army Tank-Automotive Research and Devel-
opment Command). In November 2002, that authority passed 
to the DOE (DOE, FCVT, 2006, pp. 4-7), specifically to the 
Office of FreedomCAR and Vehicle Technologies (which is 
now called the Office of Vehicle Technologies). 

The other agencies associate their own existing programs 
that are relevant to the goals of the 21CTP under the 21CTP 
umbrella, so the DOE has little influence over the research 
programs of its DOT, DOD, and EPA partners. The other 
factor that makes budgets and projects involved in the 21CTP 
unclear is that the different agencies receive their budget 
appropriations from different committees in Congress. Thus, 
there is no central, overall management over 21CTP budgets 
and accountability. DOE staff organize meetings and confer-
ence calls, maintain the information-flow infrastructure (such 
as websites and e-mail lists), and have led the discussions 
for and preparation of the updated 21CTP Roadmap and 
Technical White Papers (DOE, 2010c) laying out Partner-

10 P. Davis, DOE, “U.S. Department of Energy Vehicle Technologies 
Program Overview,” presentation to the committee, September 8, 2010, 
Washington, D.C.
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ship goals. The management of individual projects under the 
21CTP umbrella rests with the individual federal agencies 
that have funded the work. These agencies use the 21CTP 
information-sharing infrastructure to coordinate efforts and 
to ensure that valuable research results are communicated 
and that any overlap of activities among their respective 
efforts is reduced.

According to the official Roadmap and Technical White 
Papers of the 21CTP (DOE, 2006, p. 6): 

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 sustain-
able….” Since early 1996, DOE’s FreedomCAR and Vehicle 
Technologies Program (and predecessor offices), in collabo-
ration 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, 
buses, and other heavy vehicles to be more energy-efficient 
and able to use alternative fuels while simultaneously re-
ducing emissions. DOT brings to this program its mission-
oriented intelligent transportation systems and highway 
transportation safety programs. DOD, as a major owner and 
operator of trucks, will define the military mission perfor-
mance 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 cost-effectively address 
the increasingly stringent future EPA standards needed to 
improve the nation’s air quality.

Classes and Use Categories of Trucks and Buses

Industry classifies trucks and buses by weight, based on 
the vehicle’s Gross Vehicle Weight Rating (GVWR), or on 
the maximum in-service weight set by the manufacturer, 
or—in the trucking industry—on the gross vehicle weight 
(GVW) plus the average cargo weight. The use categories 
of vehicles are not as well defined as the weight classes are; 
they depend on widely varying industry usage. For example, 
the same vehicle may be called heavy-duty by one segment 
of the industry and medium-duty by another.

Figure 1-3 gives an idea of the variety of medium- and 
heavy-duty vehicles to which developments in the 21CTP 
could be applied. It is based on the DOT classification system 
using a truck’s GVWR. The DOE Transportation Energy 
Data Book (Davis et al., 2009, Table 5.7) developed informa-
tion on vehicle weight classification, as did the NRC (2010a) 
report on medium- and heavy-duty vehicles. In general:

•	 Class	1	and	2	vehicles	lighter	than	10,000	lb	are	con-
sidered light trucks, such as pickups, small vans, and 
sport utility vehicles. They are generally spark-ignited, 
gasoline-fueled internal combustion engines, and 
more than 80 percent are for personal use. This class 
of vehicle up to about 8,500 lb comes under CAFE 
requirements for cars. Class 2 trucks with GVWR 
above 8,500 lb are similar to Class 3 trucks. Class 2B 
trucks (8,500 to 10,000 lb GVWR) include pickup 
trucks, sport utility vehicles, and large vans.

•	 Classes	 3	 through	 6	 are	 medium-	 and	 heavy-duty	
vehicles with single rear axles and use either gasoline- 

FIGURE 1-3 Illustrations of typical vehicles in the various weight classes. 

1-3.eps
bitmap
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or diesel-fueled engines; their GVWs are from 10,000 
to 26,000 lb.

•	 Classes	7	and	8	are	heavy-duty	vehicles,	using	primar-
ily diesel engines.

•	 Class	8	combination	trucks	have	a	tractor	and	one	or	
more trailers and a gross combined weight (GCW) of 
up to 80,000 lb, with higher weights allowed in specific 
circumstances.

Some vehicle classifications used by the EPA and the 
California Air Resources Board (CARB) for emissions 
regulations differ from those of the DOT and Figure 1-3. 
There is great variety among MHDVs. Examples of Class 7-8 
vehicles include box trucks, refuse trucks, utility vehicles, 
buses, dump trucks, cement trucks, tractor trailers, and many 
others.

ANNUAL MILES AND FUEL CONSUMPTION BY 
VEHICLE WEIGHT CLASSES

As noted, there is a wide variety of medium- and heavy-
duty vehicles. They are used in different applications—from 
refuse trucks that stop and go constantly and operate at low 
speeds, to long-haul tractor-trailers that spend much of their 
time at highway speeds. In addition, the numbers of trucks 
of different classes vary greatly. Consequently, the number of 
miles and fuel used vary greatly, depending on the applica-
tion and the type of vehicle. Table 1-1 presents a summary 
for the United States of the approximate annual miles and 
fuel consumption for different vehicle classes, which was 
addressed in detail in NRC (2010a). The data presented in 
the table are based on the 2002 Vehicle Inventory and Use 
Survey (VIUS). According to Davis et al. (2010), the Census 

Bureau has not conducted a VIUS since 2002, so these are 
the latest survey data available. Note that Class 8, which 
includes tractor-trailers, represents about 20 percent of the 
fleet in total number of vehicles, but 61 percent of the fuel 
use in all heavy-duty vehicles. Note that Class 2B, Class 6, 
and Class 8 together account for more than 90 percent of the 
total fuel use for MHDVs (NRC, 2010a).

PROPOSED FUEL CONSUMPTION AND  
GREENHOUSE GAS REGULATIONS FOR  
MEDIUM- AND HEAVY-DUTY VEHICLES

As noted in this chapter, the EPA and NHTSA issued 
final standards on September 15, 2011, for GHG emissions 
and fuel efficiency standards for medium- and heavy-duty 
engines and vehicles. These standards will be phased in 
and apply to model years 2014 to 2018 and are tailored to 
each of three main regulatory categories of vehicles: (1) 
combination tractors, commonly known as semi-trucks that 
typically pull trailers (Classes 7 and 8), although the agencies 
are not regulating trailers; (2) heavy-duty pickup trucks and 
vans (Classes 2b and 3); and (3) vocational vehicles, which 
comprise a very wide variety of truck and bus types (Classes 
2b through 8).11 

The final rules for vocational vehicles and combination 
tractors, which are semi trucks that typically pull trailers, 
have separate fuel consumption standards for vehicles and 
engines. Standards for fuel consumption of tractors are 
expressed in gallons per 1,000 ton-miles and in gallons/100 
bhp-hr for engines (EPA/NHTSA, 2011). The standards for 

11 The variety of vocational vehicles include delivery, refuse, utility dump, 
cement, shuttle bus, school bus, emergency vehicles, and others. 

TABLE 1-1 Summary of Annual Miles and Fuel Use for Different Classes of Medium- and Heavy-Duty 
Vehicles in the United States Based on 2002 Survey Data

U.S. Medium- and Heavy-Duty Vehicle Population, Mileage and Fuel Use by Weight Class

 Vehicle Size
Population
(millions)

Annual Miles
(million miles)

Annual Fuel Use
(million gallons)

% of
Population

% of Annual
Miles % of Fuel Use

Class 2B 5.800 76,700 5,500 52.8 35.1 19.3
Class 3 0.691 9,744 928 6.3 4.5 3.3
Class 4 0.291 4,493 529 2.6 2.1 1.9
Class 5 0.166 1,939 245 1.5 0.9 0.9
Class 6 1.710 21,662 3,095 15.6 9.9 10.0
Class 7 0.180 5,521 863 1.6 2.5 3.0
Class 8 2.154 98,522 17,284 19.6 45.1 60.8

Total 10.992 218,580 28,444 100 100 100

 SOURCE: Data for classes 3-8 from U.S. Department of Commerce, Bureau of the Census, 2002, Vehicle Inventory and Use Survey, 
2002. Data for Class 2B from Davis, S.C. and L.F. Truett, Investigation of Class 2b Trucks (Vehicles of 8,500 to 10,000 lbs GVWR), ORNL/
TM-2002/49, March 2002, Table 16. Classes 3-8, 2002 population; Class 2b, 2000 population. Totals are approximate due to rounding 
errors.
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Class 7 and 8 tractor fuel consumption are voluntary for 2014 
and 2015 model years and become mandatory in the 2016 
model year. The new combination tractor standards for the 
2017 model year reflect additional improvements in only the 
heavy-duty engines. The final standards will achieve from 9 
to 23 percent reduction in fuel consumption from affected 
tractors compared to the 2010 baselines.

Vocational truck (Classes 2b through 8) standards are 
also expressed in gallons per 1,000 ton-miles and are set 
separately for light heavy-duty (Class 2b through 5), medium 
heavy-duty (Class 6-7), and heavy heavy-duty (Class 8). The 
agencies are regulating chassis manufacturers. Achieving 
standards for vocational vehicles is limited to tire technolo-
gies for reduced rolling resistance and engine improvements. 
The standards allow vocational truck manufacturers to quan-
tify improvements due to hybrid powertrains as a means for 
compliance. The fuel consumption standards for vocational 
vehicles represent reductions from 6 to 9 percent compared 
to a 2010 baseline.

The fuel consumption standards for heavy-duty pickups 
and vans (Class 2b and 3) are expressed in gallons/100 miles 
with separate standards for gasoline-fueled and diesel-fueled 
vehicles. The EPA and NHTSA expect industry to apply 
similar technologies as the 2012-2016 light-duty vehicle 
program, but adapted to heavy-duty applications. The stan-
dards are fleetwide corporate average standards as in the case 
for light-duty vehicles. The fuel consumption standards are 
voluntary in 2014 and 2015. The final standards represent 
an average per-vehicle improvement in fuel consumption of 
15 percent for diesel vehicles and 10 percent for gasoline 
vehicles, compared to a common baseline. 

BUDGET TRENDS OF THE 21ST CENTURY  
TRUCK PARTNERSHIP 

The 21CTP itself has only a small research budget at the 
DOE, and that had been diminishing during the past few 
years, although the FY 2011 level is about $37 million (see 
Table 1-2). Table 1-2 shows congressional appropriations to 
the heavy-vehicle R&D activities at the DOE from FY 1999 
through FY 2010 and the DOE budget request for FY 2011. 
These appropriations have represented a declining proportion 
of the total of both the LDV and the heavy-duty vehicle fund-
ing from the Office of Vehicle Technologies. This trend was 
also noted in presentations to the NRC Phase 1 review.12 In 
addition to the DOE, the other three agencies have their own, 
separate budgets that are associated with the Partnership. At 
the time of this review, the budget resolution in April 2011 for 
the FY 2011 appropriations indicated significant reductions 
for the DOE Office of Energy Efficiency and Renewable 
Energy from the FY 2011 budget request. However, how 

12 Ken Howden, Director, 21st Century Truck Partnership, “21st Century 
Truck Partnership,” presentation to the Phase 1 review committee, Washing-
ton, D.C., February 8, 2007.

these reductions affected the FY 2011 funding for individual 
R&D areas for the DOE’s part of 21CTP was unknown.

As noted in the NRC Phase 1 report, the challenge of 
analyzing multiagency partnerships is underscored by the 
fact that no one can tell the committee how much the vari-
ous non-DOE parts of the 21CTP spend on their activities. 
Even the DOE parts are clouded by proprietary restrictions 
imposed by industrial partners. There are also other programs 
in the DOE in addition to the technical R&D areas listed in 
Table 1-2 that can be leveraged to promote advanced tech-
nologies for medium- and heavy-duty vehicles. For example, 
the Clean Cities Deployment Program, which provides 
funding for demonstration vehicles, also received more than 
$90 million in funding from the American Recovery and 
Reinvestment Act of 2009 (ARRA, or the Stimulus Program) 
for such activities.

The ARRA has injected a significant amount of funding 
into activities, including R&D, on vehicles. Although this 
funding is a “one-shot” infusion and is not included as part 
of the congressional appropriations of each of the agencies, 
it has allowed the initiation of a number of both LDV and 
MHDV activities that can help to promote technologies for 
reducing fuel consumption. For example, approximately $2.8 
billion was provided to accelerate the manufacturing and 
deployment of the next generation of U.S. batteries ($1.5 bil-
lion), to manufacture electric-drive components ($500 mil-
lion), and for transportation electrification ($400 million).13 

Such efforts, for example, can help to promote the more rapid 
development of battery technologies and to stimulate the 
demonstration and deployment of hybrid vehicles. 

ARRA funding also allowed a solicitation to be announced 
and funded called Systems Level Technology Development, 
Integration, and Demonstration for Efficient Class 8 Trucks 
(SuperTruck) and Advanced Technology Powertrains for 
Light-Duty Vehicles (ATP-LD). The heavy-vehicle part of 
this solicitation has a goal “to develop and demonstrate a 
50-percent improvement in overall freight efficiency on a 
heavy-duty Class 8 tractor-trailer measured in ton-miles 
per gallon.”14 Three contracts were awarded in response to 
this solicitation: the total funding for these contracts was 
about $115 million, with about $100 million associated with 
ARRA funding for two of the contracts (see Chapter 8).

In the part of the 21CTP program that is administered by 
the DOE/EERE, for example, the total appropriation each 
year is divided on the basis of the several “technical areas” 
of the DOE/EERE, which correspond to engines, light-
weighting, idle reduction, and so on. In addition, the DOE/
EERE must maintain funding to companies with multiyear 
cooperative agreements and with Cooperative Research and 

13 P. Davis, DOE, “U.S. Department of Energy Vehicle Technologies 
Program Overview,” presentation to the committee, September 8, 2010, 
Washington, D.C.

14 See http://www07.grants.gov/search/search.do?&mode=VIEW&flag
2006=false&oppId=47867.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

 17

TABLE 1-2 Department of Energy Budgets for Heavy-Duty Vehicle Technologies, 1999-2011 (millions of dollars)

FY 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

 Appropriation    ($ in Millions) Request

Advanced Combustion Engine Subtotal: 18.200 26.441 29.862 31.821 36.978 35.023 27.530 19.869 24.455 16.266 14.230 20.949 20.949

•	 	Combustion	&	Emission	
Control   3.400  3.200 3.668 4.176 4.705 3.333 8.312 3.317 3.680 13.738 12.442 18.422 18.422

•	 Light	Truck	Engine 14.800 17.411 17.783 15.778 14.734 12.945 0.000 0.000 0.000 0.000 0.000 0.000 0.000

•	 Heavy	Truck	Engine  —  4.830 5.914 9.396 12.174 11.831 13.832 9.270 14.490 0.000 0.000 0.000 0.000

•	 	WHR	/	Solid-State	Energy	
Conversion  —  — 1.000 0.500 0.488 2.469 3.435 1.500 3.806 2.528 1.788 2.527 2.527

•	 Health	Impacts  —  1.000 1.497 1.471 1.463 0.988 1.951 2.413 2.479 0.000 0.000 0.000 0.000

•	 Off-highway	Engine	R&D   —  — — 0.500 3.414 3.457 0.000 3.369 0.000 0.000 0.000 0.000 0.000

Vehicle Systems (includes 
Hybrid Systems in 2010) Subtotal: 1.500 2.915 4.730 9.869 10.548 10.582 8.863 8.553 5.922 5.870 2.916 4.605 2.800

Heavy Vehicle Systems R&D       

•	 	Vehicle	System	
Optimization  1.500  2.915 4.230 9.369 9.555 10.187 8.764 8.457 5.922 5.870 2.916 4.605 2.800

•	 Truck	Safety	Systems  —  — 0.500 0.400 0.397 0.395 0.099 0.096 0.000 0.000 0.000 0.000 0.000

•	 STICK	Program  — — — 0.100 0.596 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Hybrid  and Electric Propulsion 
(see Vehicle Systems for ‘10) Subtotal: 0.000 3.881 3.938 4.941 3.939 4.976 5.353 1.815 0.000 0.000

0.000 0.000 0.000

Subsys. Integ. & Dev. - Heavy 
Hybrid  — 3.881 3.938 4.941 3.939 4.976 5.353 1.815 0.000 0.000 0.000 0.000 0.000

Fuels Technology Subtotal: 10.900 13.327 16.313 18.206 13.908 12.247 11.384 6.315 6.570 6.630 6.364 12.224 4.705

Advanced Petroleum-Based 
Fuels       

•	 Heavy	Trucks  2.700 3.872 4.854 5.853 7.996 6.321 5.876 3.375 3.511 2.599 2.333 4.068 0.000

Non-Petroleum-Based Fuels 
& Lubes       

•	 Heavy	Trucks  3.300 2.743 3.241 3.695 1.408 1.383 0.690 0.000 0.000 0.000 0.000 0.000 0.000

•	 Medium	Trucks	  4.700 2.712 3.266 3.903 1.316 1.284 1.282 0.000 0.000 0.000 0.000 0.000 0.000

•	 Fueling	Infrastructure  0.200 2.000 1.979 1.966 0.906 0.889 1.183 0.000 0.000 0.000 0.000 0.000 0.000

•	 	Renewable	&	Synthetic	
Fuels Util.  — — — — — 0.395 1.367 2.940 3.059 4.031 4.031 8.156 4.705

Environmental Impacts   — 2.000 2.973 2.789 2.282 1.975 0.986 0.000 0.000 0.000 0.000 0.000 0.000

Materials Technologies Subtotal: 15.000 19.912 20.401 20.832 19.899 20.149 18.563 14.242 8.274 11.380 10.530 11.830 7.765

Propulsion Materials 
Technology        

•	 	Heavy	Vehicle	Propulsion	
Matls.  5.300 5.871 6.009 5.756 5.705 5.778 4.858 4.259 3.900 4.816 4.860 5.668 5.645

Lightweight Materials 
Technology

•				High	Strength	Wt.	Reduc’n	
Matls.  4.200 5.781 8.804 9.574 8.731 8.840 7.690 2.766 0.000 0.000 0.000 0.500 2.120

High Temp. Matls. Lab. 
(HTML)*   5.500 8.260 5.588 5.502 5.463 5.531 6.015 7.217 4.374 6.564 5.670 5.662 0.000

Technical Support Services / 
SBIR / Peer Review    0.773 0.979 1.141 1.142 0.925 1.188  0.963 1.317 1.540 0.500

TOTAL Heavy Vehicle 
Technologies  45.600 66.476 76.017 86.648 80.950 78.588 66.603 44.765 40.847 34.545 29.687 45.486 36.719

 * HTML was a separate line item from FY 2003 to 2010
 SOURCE: Submitted by Ken Howden, DOE, to the committee, October 28, 2010.
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Development Agreements (CRADAs) in the DOE laborato-
ries. Table 1-2 was provided by the DOE to indicate the level 
of funding in each of the main areas that are considered part 
of 21CTP and which are the main areas that the committee 
focused on during its review.

The President’s FY 2012 budget request to Congress 
indicates a substantial increase in funding for the Office of 
Vehicle Technologies, from about $304 million in FY 2010 
to a request of $588 million for FY 2012. It is unclear at the 
time of this review whether the Congress will appropriate 
this level of funding, and also what portion of this funding 
will be directed toward 21CTP activities.15

ORIGIN AND SCOPE OF THIS STUDY

In response to a request from the director of the DOE’s 
Office of Vehicle Technologies, the National Research 
Council formed the Committee to Review the 21st Century 
Truck Partnership, Phase 2 (see Appendix A for biographical 
information on committee members). The committee was 
asked to fulfill the following statement of task:

The committee will conduct an independent second review 
of the 21st Century Truck Partnership. In its review, the com-
mittee will critically examine and comment on the overall 
adequacy and balance of the 21st Century Truck Partnership 
to accomplish its goals, on progress in the program, and 
make recommendations, as appropriate, that the committee 
believes can improve the likelihood of the Partnership meet-
ing its goals. In particular, the committee will:
 (1) Review the high-level technical goals, targets, and time-
tables for R&D efforts, which address such areas as heavy 
vehicle systems; hybrid electric propulsion; advanced internal 
combustion engines (ICEs); and materials technologies.
 (2) Review and evaluate progress and program directions 
since the inception of the Partnership towards meeting the 
Partnership’s technical goals, and examine on-going research 
activities and their relevance to meeting the goals of the 
Partnership.
 (3) Examine and comment on the overall balance and 
adequacy of the 21st Century Partnership’s research effort, 
and the rate of progress, in light of the technical objectives 
and schedules for each of the major technology areas.
 (4) Examine and comment, as necessary, on the appropri-
ate role for federal involvement in the various technical areas 
under development.
 (5) Examine and comment on the Partnership’s strategy for 
accomplishing its goals, which might include such issues as 
(a) program management and organization; (b) the process 
for setting milestones, research directions, and making Go/
No Go decisions; (c) collaborative activities within DOE, 
other government agencies, the private sector, universities, 
and others; and (d) other topics that the committee finds im-
portant to comment on related to the success of the program 
to meet its technical goals.

15 Ken Howden, DOE, “FY2012 Budget Request,” presentation to the 
committee, March 31, 2011, Washington, D.C.

 (6) Examine and comment on the response of the Partner-
ship to the recommendations made in the Phase 1 report, 
“Review of the 21st Century Truck Partnership” issued by 
the NRC in 2008.
After examining the 21st Century Truck Partnership ac-
tivities and receiving presentations from federal government 
representatives and industry representatives, and outside 
experts, as appropriate, the committee will write a report 
documenting its review of the Partnership with recommenda-
tions for improvement, as necessary.

The statement of task as defined above contains a number 
of standard elements that the NRC has used for the review 
of a number of DOE R&D programs because it is general 
enough to allow a committee to make an assessment either 
narrowly, broadly, or both, as appropriate. In an ideal world, 
every technical area would have well-defined projects, bud-
gets, milestones, and targets against which to assess progress. 
But in reality, given the multiagency-and-industry nature of 
the 21CTP, the identification of such well-defined projects 
that can fall under the 21CTP umbrella is not uniform across 
the various areas and agencies (see Chapter 2). However, 
as noted in this chapter, the Partnership has been focused 
around five technical areas and has white papers and goals 
for each of those areas, and a white paper for a new sixth 
area, efficient operations, has been drafted by the 21CTP. 
In some instances there are precise targets against which to 
measure progress; in others there are not. The assessments 
of the committee are contained in the respective technical 
chapters, which correspond to the areas addressed by the 
white papers. In some cases, such as in hybrid propulsion, the 
budgets have been zeroed out, but the Partnership has lever-
aged the work on various technical areas that are occurring 
at the DOE—in this example for light-duty hybrid vehicles. 
In following its statement of task to comment on the 21CTP 
strategy for accomplishing its goals (Item 5), the committee 
reviewed a 21CTP draft white paper for the new area on 
efficient operations; there are no goals and targets as yet but 
the committee has made suggestions to the Partnership on 
improving its white paper and on what might be addressed 
(see Chapter 9). 

The present review has also been complicated by the 
fact that the white papers and some goals and targets have 
been undergoing revision during the committee’s review. 
Further, the important new undertaking called SuperTruck 
is following on the NRC Phase 1 report recommendations 
for integrating technology into whole vehicle systems (see 
Chapter 8). Given that the SuperTruck progam is new, the 
committee has not been able during this review to comment 
on specific progress toward technical targets. The committee 
has done what is possible in assessing progress but with the 
understanding that in some areas there are not well-defined 
targets and committee judgment has been used. The situation 
is not dissimilar to that during the Phase 1 review, from which 
the committee’s recommendations helped to focus some of 
the 21CTP efforts; the committee anticipates that the current 
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report recommendations also will help the Partnership with 
its focus over the next few years.

ROLE OF THE FEDERAL GOVERNMENT

The role of the federal government in R&D varies depend-
ing on the administration and the Congress and the issues that 
they deem important for the nation to address. An extensive 
economics literature on the subject points to the importance 
of R&D to promote technical innovation, especially for 
research for which the private sector finds it difficult to 
capture the returns on its investment; this is especially true 
for basic research, the results of which can be broadly used. 
Such innovation, if successful, can foster economic growth 
and productivity, with improvements in the standard of living 
(Bernanke, 2011). Furthermore, in the energy area, the gov-
ernment generally has to confront issues of national security, 
environmental quality, or energy affordability. Many of these 
issues are addressed through policy initiatives or regulations, 
which place a burden on private firms to achieve. Thus there 
is a role for the federal government in supporting R&D not 
only to help the private sector achieve these policy goals 
but also to help U.S. firms remain competitive in the face of 
international competition.

The committee believes that the federal government plays 
an important role in the development of technologies that 
can help to address government policies and regulations 
aimed at reducing emissions and fuel consumption from 
medium- and heavy-duty vehicles. There are similar reasons 
for the government playing a role in R&D for light-duty 
vehicles as well. Such partnerships as the Partnership for 
a New Generation of Vehicles, the FreedomCAR and Fuel 
Partnership (which is now being replaced by U.S. DRIVE), 
and the 21CTP are examples of public-private efforts to sup-
port R&D and to develop advanced technologies for vehicles 
(NRC, 2001, 2010a,b). These partnerships generally include 
a variety of efforts (fundamental research, development, 
demonstration, and in some cases deployment). The federal 
government can support fundamental research through the 
national laboratories, and universities and industry can focus 
on development. The importance of having government-
industry collaboration is that the private sector can help to 
transform improvements from research into cost-effective 
and marketable products. Generally, the contracting that 
is engaged in with the private sector is cost-shared, and 
those research contracts more closely associated with fun-
damental or basic research will have a majority of federal 
funding, whereas contracts with a strong development or 
product component will have significant support from the 
private sector. In its recommendations in each of the techni-
cal areas, the committee has considered what activities are 
most appropriate for the 21CTP to support. Implicit in all 
the recommendations that relate to the support of additional 
research, the committee believes that the federal government 
has a role in the R&D.

STUDY PROCESS AND ORGANIZATION  
OF THE REPORT

The committee held meetings to collect information 
through presentations on 21CTP activities by representatives 
of the four federal agencies involved in the Partnership, as 
well as individuals outside the program (see Appendix B for 
a list of the presenters and their topics). During the NRC 
Phase 1 review, the 21CTP had developed a roadmap and a 
series of white papers on the main technical areas that the 
Partnership had focused on (DOE, 2006); during the current, 
Phase 2 review the 21CTP was in the process of modifying 
these white papers. The white papers were very important to 
the committee in its information-gathering activities, because 
they provided the strategy, goals, and technical challenges 
from the viewpoint of the 21CTP for each of the technical 
areas under review. Drafts of the white papers were submitted 
to the committee in September 2010 (DOE, 2010c); updated 
versions were provided in March 2011 (DOE, 2011). A draft 
of a white paper for the new area, efficient operations, was 
submitted to the committee in March 2011. The committee 
provides feedback and suggestions to the 21CTP on this 
white paper in Chapter 9 of the present report. 

To obtain clarifications on some aspects of the 21CTP, 
the committee sent written questions to 21CTP representa-
tives and received very helpful answers in response. The 
committee also made site visits to Cummins Technical 
Center; Navistar Inc. Truck Development and Technology 
Center; Eaton Corporation’s Eaton Innovation Center; EPA; 
Oak Ridge National Laboratory; and the U.S. Army Tank 
Automotive Research, Development and Engineering Center 
(TARDEC); each of the organizations visited are undertak-
ing R&D under the 21CTP. The committee’s findings and 
recommendations are based on the information gathered 
during the study and on the expertise and knowledge of 
committee members.

Following is an overview of the topics covered in the rest 
of this report. Chapter 2 addresses the overall management 
strategy and priority setting of the Partnership. Chapter 3 
addresses various engine programs at the DOE, the EPA, and 
DOD, discusses fuels and aftertreatment research, health-
related research, high-temperature propulsion materials, as 
well as the High Temperature Materials Laboratory, a user 
facility run by the Oak Ridge National Laboratory. Chapter 
4 focuses on hybrid vehicles. Chapter 5 addresses vehicle 
power demands, which are referred to by many as parasitic 
losses; they represent the power needed to overcome such 
resistive forces as aerodynamics, rolling resistance, and fric-
tion losses in the drivetrain, or to power auxiliary systems on 
a vehicle. Chapter 6 addresses idle reduction technologies for 
reducing fuel consumption and emissions during truck idle 
time. Chapter 7 deals with safety, which is mostly under the 
initiatives in the DOT. Chapter 8 addresses the newly estab-
lished SuperTruck efforts that are focused on three major 
project teams. Finally, Chapter 9 offers some guidance on a 
new area for the 21CTP, efficient operations.
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Appendix A presents biographical sketches of the commit-
tee members. Appendix B lists all of the public presentations 
at the committee’s four meetings. Appendix C contains the list 
of recommendations from the Phase 1 NRC report as well as 
the 21CTP responses to them. Appendixes D through I pro-
vide some background material for various chapters, includ-
ing a list of abbreviations and acronyms used in the report. 
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2

Management Strategy and Priority Setting 

INTRODUCTION

As part of its review of the 21st Century Truck Partner-
ship (21CTP), the committee received presentations from 
the four participating agencies (Department of Energy 
[DOE], Department of Transportation [DOT], Department 
of Defense [DOD], and Environmental Protection Agency 
[EPA]) and the 21CTP industrial partners. These presenta-
tions included detailed responses to the concerns about the 
program’s overall effectiveness, funding variations, priority 
setting, partnership performance, and other 21CTP issues 
raised in the National Research Council’s Phase 1 report 
(NRC, 2008). The committee also collected information by 
formulating questions to which the 21CTP provided infor-
mative answers. In addition, the 21CTP provided responses 
to the recommendations from the NRC Phase 1 report (see 
Appendix C).

In this chapter the committee reviews each of these areas 
and reports its findings and recommendations. For back-
ground on how the Partnership functions, the chapter also 
includes and summarizes information from the NRC Phase 
1 report (NRC, 2008).

PROGRAM MANAGEMENT

Overall management for the Partnership currently rests 
with the DOE’s Office of Vehicle Technologies (the former 
name was the Office of FreedomCAR and Vehicle Tech-
nologies [FCVT]), in the Office of Energy Efficiency and 
Renewable Energy (EERE). DOE personnel lay out Partner-
ship goals (DOE, 2006, 2010, 2011; further revisions are 
planned for 2011), lead the discussions for and preparation 
of the updated 21CTP roadmap and white papers, maintain 
the information-flow infrastructure (such as websites, e-mail 
lists), and organize meetings and conference calls. The man-
agement of individual projects under the 21CTP umbrella 
rests with the individual federal agencies that have funded 
the work. These agencies communicate among one another 

through the 21CTP information-sharing infrastructure to 
coordinate efforts and to ensure that valuable research results 
are communicated and that any overlap of activities among 
their respective efforts is reduced.

Figure 2-1 illustrates the interrelations among the key 
parties in setting 21CTP research programs. Government 
agencies request funding from Congress through the admin-
istration and work with the industrial partners and research 
organizations (including universities and government labo-
ratories) to establish research programs that meet national 
priorities and the interests of industry partners. However, 
final funding levels are determined by congressional appro-
priations, with each agency overseen by different congres-
sional committees. This makes prioritization of all of the 
21CTP projects within the four agencies difficult, if not 
impossible. 

2-1.eps
bitmap

FIGURE 2-1 Interrelations among participants in the 21st Cen-
tury Truck Partnership. OMB, Office of Management and Budget. 
SOURCE: Submitted to the committee by the DOE Office of Ve-
hicle Technologies, January 29, 2010. 
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The committee requested that the budgets for the 21CTP 
projects of all four agencies be provided for its review, but 
only the DOE was able to provide a budget for 21CTP activi-
ties (see Chapter 1, Table 1-2). Because there are no specific 
21CTP budget lines at the EPA, DOD, and DOT, the commit-
tee is not aware of a specific list of 21CTP projects and corre-
sponding funding levels for these agencies; it never received 
a well-defined list of such projects and budgets. Even in the 
case of the DOE, light-duty vehicle and heavy-duty vehicle 
work overlaps in some cases, in areas such as combustion or 
lightweight materials, and so there is at times some difficulty 
in defining exactly what projects are considered part of the 
21CTP, although leveraging the results of light-duty work 
for heavy-duty vehicles is appropriate. In addition, it was 
difficult for the committee to ascertain the level of resources 
that is being contributed by the private sector.

In the case of the DOE, technology programs are devel-
oped to meet a cascading series of goals that begin at the 
President’s National Energy Policy and culminate (at the 
program level) with specific technology goals. Figure 2-2 
illustrates that pattern schematically.

The DOE focuses its technology research and develop-
ment (R&D) investments specifically in high-risk areas or 
on activities with uncertain or long-term outcomes that are 
of national interest but would most likely not be pursued by 
industry alone. Program activities include research, develop-
ment, testing, technology validation, technology transfer, and 
education. These activities are aimed at developing technolo-
gies that could achieve significant reductions in vehicle fuel 
consumption and the displacement of oil by other fuels that 
ultimately can be produced domestically in a clean and cost-
competitive manner. 

2-2.eps
bitmap

FIGURE 2-2 Department of Energy goal setting process for technology programs. SOURCE: DOE, Responses to Committee Queries on 
21CTP, Management and Process Issues. Transmitted by e-mail from Ken Howden, DOE Office of Vehicle Technologies (formerly the Office 
of FreedomCAR and Vehicle Technologies [FCVT]).
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In DOE vehicle research, which specifically addresses 
the national issue of energy security and the increasing 
pressures of the rising global consumption of oil, the Office 
of Vehicle Technologies has involved the affected industries 
in planning the research agenda and identifying technical 
goals that, if met, will provide the basis for commercial-
ization decisions. The government’s approach is intended 
to allow industry-wide collaboration in precompetitive 
research, which is then followed by competition in the 
marketplace.

The Partnership provides a forum for the exchange of 
technical information among the industry and government 
partners involved in heavy-duty transportation. At present, 
the coordination of initiatives takes place as part of this 
information exchange. 

Specific areas in which the government partners have 
already coordinated initiatives include the following: 

•	 Diesel	fuel	sulfur	standard	development—with coordi-
nation between the DOE and EPA on appropriate sulfur 
levels for low-sulfur diesel; 

•	 Idle	 reduction	 activities—with cooperation between 
the EPA and DOT and their focus on deployment, and 
the DOE with its focus on technology R&D; 

•	 Development	of	heavy-duty	truck	fuel	efficiency	stan-
dards—with coordination between the DOT and EPA 
to create the Notice of Proposed Rulemaking (NPRM) 
“Greenhouse Gas Emissions Standards and Fuel 
Efficiency Standards for Medium- and Heavy-Duty 
Engines and Vehicles,” issued on October 25, 2010 

(EPA/NHTSA, 2010), which led to a final rule issued 
on September 15, 2011 (EPA/NHTSA, 2011); 

•	 Truck	aggressivity—with the National Transportation 
Safety Board (NTSB) using the 21CTP as a forum for 
approaching all key government and industry partici-
pants involved with the issue; and 

•	 Hybrid	powertrains—with the DOE and EPA pursuing 
different technologies for hybridization, e.g., hydraulic 
hybrids at the EPA and electric hybrids at the DOE. 

Figure 2-3 illustrates the general collaborative structure 
of the four government agencies and some areas of interest 
among them.

The full Partnership meets by conference call monthly, or 
at times biweekly, and meets face-to-face about four times per 
year. The Partnership’s Executive Committee is made up of 
three industry members, one from each of three industrial sec-
tors: truck original equipment manufacturers (OEMs), engine 
manufacturers, and hybrid/system component manufacturers 
(NRC, 2008).1 Agendas for the conference calls typically 
include discussion of topics such as the following: 

•	 Open funding opportunities (to bring these to the atten-
tion of members who may wish to apply), 

1 According to an e-mail from Michael Laughlin, 21CTP, to John H. 
Johnson, committee chair, dated May 17, 2011, Executive Committee 
conference calls are scheduled monthly to discuss issues related to 21CTP 
management and operations, and one full Partnership call per month is 
scheduled to discuss issues relevant to the entire group.

2-3.eps
bitmap

FIGURE 2-3 Some areas of common interest among the collaborative government agencies in the 21st Century Truck Partnership. Acronyms 
are defined in Appendix I. SOURCE: Submitted to the committee by the DOE Office of Vehicle Technologies, January 29, 2011.
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•	 Budget activities in the federal sector (where appro-
priate), 

•	 Technical accomplishments or plans for individual 
areas of interest to the heavy-duty trucking industry, 

•	 News articles of interest to the industry, 
•	 Industry/government events (e.g., the Society of 

Automotive Engineers [SAE] Government-Industry 
Meeting, the SAE Commercial Vehicle Congress, and 
so forth) and any Partnership participation plans, 

•	 Other Partnership activities (such as face-to-face meet-
ings, special visits to laboratories or other facilities, 
and reviews such as the National Research Council 
review) and planning and participation in DEER 
(formerly “Diesel Engine-Efficiency and Emissions 
Research,” now “Directions in Engine-Efficiency and 
Emissions Research”) conferences. 

These meetings typically last no more than 2 hours, with time 
reserved for industry partners to speak among themselves, 
for government personnel to speak among themselves, and 
for industry and government to speak together.

The foregoing description of the overall program manage-
ment process, originally published in the NRC Phase 1 report 
(NRC, 2008), has been updated here to reflect the current 
Partnership practices. It reflects the Partnership’s responses 
to questions from the committee during this Phase 2 review 
dated November 4, 2010.

The original Partnership structure—which has been char-
acterized as a virtual network2 of agencies and government 
laboratories, with agency personnel meeting frequently 
and industry partners meeting periodically for limited shar-
ing and communication—was judged to be far from ideal. 
Accordingly, in the NRC Phase 1 report, the committee 
found that, in summary, the 21CTP effectiveness could be 
improved by: 

•	 Adhering to the agreed program budget spanning the 
agencies,

•	 Appointing a full-time executive director to provide 
project management and set unified priorities,

•	 Setting realistic programmatic goals and objectives 
with stretch targets, and

•	 Empowering the 21CTP Executive Committee with 
authority to act collaboratively across agencies on pro-
gram decisions and implementation, using a rigorous 
go/no-go process.

2 The committee and others have referred to the organization of this pro-
gram as a “virtual network” or “virtual structure” or “virtual management” 
because there are no clear lines of authority across the various agencies. 
As discussed in the NRC Phase 1 report (NRC, 2008) and in this chapter, 
there is no overall management structure with authority vested in a central 
manager whose direction is followed by other agency managers associated 
with the Partnership.

The formal Partnership response to this Phase 1 assessment 
was that “The Partnership continues to examine its organi-
zation and management structure as part of its ongoing self 
assessment efforts” (in Appendix C in this report, see Phase1 
Finding and Recommendation 2-1 and the 21CTP response).

On November 4, 2010, the Partnership elaborated fur-
ther on the program management structure as follows: “By 
design, and de facto by statutory mandate, the 21CTP itself 
has no direct control over research activities, funding, or 
regulations in any of the participating agencies or by its 
industrial partners. Rather, each participating agency follows 
its own organizational structure and policies for both deci-
sion making and funding for research and development.”

Overall, the committee found the Partnership’s responses 
to the 51 NRC Phase 1 report recommendations to be very 
satisfactory, particularly with regard to the move toward 
funding the development of vehicle hardware and the dem-
onstration of advanced concepts deemed to be of merit. 
Although the specific responses to two program manage-
ment recommendations were somewhat disappointing (in 
Appendix C, see Recommendations 2-1 and 2-2 and the 
21CTP responses), the committee understands that the Part-
nership was indeed formed as a virtual network, with each 
agency responsible for its own activities and budget, and that 
gives the DOE a very limited mandate. Within this limited 
mandate, the DOE has an effective process for reviewing 
and managing its own projects and for maintaining focus 
on the stated Partnership goals. Interagency collaboration is 
mixed, however: under the 21CTP umbrella, collaboration 
between the DOE and DOT appears strong, whereas that 
with and between the EPA and DOD is weak, as one would 
expect, because the two agencies have different objectives. 
The collaboration between the EPA and DOT on the NPRM 
on heavy-duty vehicle fuel consumption standards (EPA/
NHTSA, 2010) was strong. 

In addition to the committee’s hearing a DOD presenta-
tion at its meeting on November 15, 2010, a committee 
subgroup visited the U.S. Army Tank Automotive Research, 
Development, and Engineering Center (TARDEC), in War-
ren, Michigan, on January 10, 2011, to review 21CTP-related 
projects. Although the DOD places a high priority on reduced 
energy consumption, it is necessarily focused on the needs of 
the soldier, with exemptions from emissions regulations and 
emphasis on high power density and JP-8 fuel. Consequently, 
there is little synergy with the needs of the commercial 
heavy-truck industry.

The national laboratories conduct many DOE programs 
as part of, or synergistically with the 21CTP. Examples 
of such programs include those on advanced combustion 
engine research, fuels research, aftertreatment, propulsion 
materials, lightweight materials, hybrid simulation, vehicle 
parasitic loss, and unregulated pollutants projects. In addition 
to developing new technologies in the respective areas, these 
programs foster ongoing technical interchange with indus-
try at the working level, thereby facilitating collaboration 
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between the national laboratories, the government agencies, 
universities, and industry. This collaboration ensures that 
the national laboratories know industry’s needs and have 
its input while ensuring that industry has knowledge of the 
developing technologies at the national laboratories. 

Combustion modeling is an outstanding example of a 
technology developed collaboratively at the national labo-
ratories and universities that has been adopted to fulfill the 
needs of industry for modeling to improve on and develop 
new combustion systems, identify promising engine operat-
ing configurations, and reduce hardware testing. By continu-
ing to focus programs in the national laboratories on the fun-
damental aspects of the needs of industry and/or government 
agencies, timely transition of mobility technologies from the 
laboratory to practice can be facilitated. 

PRIORITIZATION OF PROJECTS

The organizational structure of the 21CTP precludes any 
systematic prioritization of research projects for the total 
program. Each of the four agencies included in the 21CTP 
has its own separate budgets and priorities. The industrial 
partners also have their own needs, priorities, and resources. 
As a consequence, the program-wide prioritization that does 
occur is the result of a complex interaction (summarized in 
Figures 2-1 through 2-3) among government agencies, the 
industrial partners, the national laboratories, and the Con-
gress and the Office of Management and Budget.

In summary, the primary intent of the 21CTP is to facili-
tate communication among the many partners to avoid dupli-
cation of effort, to communicate technical achievements, and 
to provide financial support to assist in moving new technol-
ogy through development to commercialization.

In the NRC Phase 1 report, the committee recommended 
the creation of “a portfolio management process that sets 
priorities and aligns budgets among the agencies and 

industrial partners” (NRC, 2008, Recommendation 2-2). In 
response, the Partnership stated that although this recom-
mendation “will be considered . . . the ability to directly 
align budgetary decisions across the agencies, however 
desirable, may be outside the scope of this voluntarily col-
laborative organization” (see Appendix C). For the reasons 
cited above, the committee concluded that, although indeed 
highly desirable, such a portfolio management process is 
simply not likely to happen with the decentralized nature 
of the Partnership.

Although prioritization across agencies is unlikely to 
happen in any meaningful way, the DOE has focused much 
of its 21CTP effort going forward on three SuperTruck 
projects, two funded with the American Recovery and Rein-
vestment Act of 2009 (ARRA, Public Law 111-5) funds and 
one receiving DOE internal funds. These projects, detailed 
in Chapters 3 and 8, are directed towards demonstrating 
feasibility, fuel efficiency, and emissions compliance with 
full vehicle hardware, as recommended in the NRC Phase 1 
report. The committee applauds the prioritization of available 
ARRA and DOE funds on these projects.

In the process of moving a new concept from research idea 
to commercial product, DOE research organizations use the 
general process shown in Figure 2-4. The “Basic Research” 
steps are clearly dominated by DOE laboratories and “Com-
mercial Research and Design” by industry. Research results 
and budget proposals are thoroughly reviewed. Those not 
approved or having marginal benefit go into the “Valley of 
Death” where they remain until circumstances change.

FINDINGS AND RECOMMENDATIONS

In summary, the 21CTP is operated as a virtual network of 
agencies, industry, and government laboratories, and it is dif-
ficult in many cases to identify individual Agency priorities 
and budgets. As in the Phase 1 review, the committee is con-

2-4.eps
bitmap

FIGURE 2-4 Department of Energy project management and innovation process. Acronyms are defined in Appendix I. SOURCE: Submitted 
to the committee by the DOE Office of Vehicle Technologies, January 29, 2011.
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cerned about the lack of stable year-to-year funding. How-
ever, despite its unwieldy structure and budgetary process, it 
has made significant progress, and the outlook for continued 
success is bright, barring any major funding issues. 

Following are the committee’s findings and recommenda-
tions with respect to the management, strategy, and priority 
setting of the 21st Century Truck Partnership.

Finding 2-1. The 21CTP is a virtual organization facilitating 
communication among four agencies, government laborato-
ries, and industry, but it has no direct control over research 
activities or funding across the agencies or by its industry 
partners. The committee continues to believe that the lack of 
single-point 21CTP authority is far from optimal, although 
it recognizes that this is necessary because of the various 
Congressional committees that the agencies report to and 
that provide their budgets.

Recommendation 2-1. The DOE is urged to continue to 
improve the functioning of the 21CTP “virtual” management 
structure in every way possible. Such improved function-
ing would include strengthening interagency collaboration 
(particularly that involving the EPA and DOD)3 and docu-
menting and publishing specific 21CTP activity within all 
four agencies. 

Finding 2-2. The EPA, DOD, and DOT did not have a 
well-defined list of the projects and associated budgets that 
were included under the 21CTP umbrella. This stems in 
part from the virtual nature of the Partnership and partly, 
particularly within the DOE, from the natural overlap in 
activities on batteries, hybrids, materials, and other areas 

3 Subsequent to the committee’s review of 21CTP programs, the DOE 
and the DOD entered into the Advanced Vehicle Power Technology Alliance 
(AVPTA) partnership on July 18, 2011. See, for example, “DOE, Army Al-
liance Underlines Achieving Energy Security” by Chris Williams, available 
at http://www.army.mil/article/62727/. Accessed October 18, 2011.

between the activities for light–duty vehicles and the 21CTP. 
While many of these activities are reviewed at the annual 
DOE Merit Review and at Directions in Engine-Efficiency 
and Emissions Research (DEER) conferences, and the new 
SuperTruck projects include an annual reporting require-
ment, there is no dedicated report for the 21CTP. 

Recommendation 2-2. The DOE should issue a brief annual 
report documenting the specific projects within the 21CTP 
and the progress made. The annual report should provide 
references to published technical reports from the involved 
agencies. This would especially help outside groups, future 
review committees, the Congress, and others to understand 
the structure, activities, and progress of the Partnership.
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Engine Systems and Fuels

INTRODUCTION

Heavy-duty truck engines are central to all aspects of the 
21st Century Truck Partnership (21CTP) vision: improved 
thermal efficiency, reduced oil dependency, low-exhaust 
emissions, low cost, and improved safety are aspects of that 
vision. Although diesel engines used in most trucks are the 
most efficient on-road transportation power plants available 
today, with diesel engines only approximately 42 percent of 
the fuel energy is converted to mechanical work, resulting in 
a loss of the energy input by means of the fuel of approxi-
mately 58 percent (DOE, 2010a). Additional improvements 
in the thermal efficiency of diesel and gasoline engines are 
still possible. However, there are thermodynamic limitations, 
which means that only a modest portion of the 58 percent of 
energy that is lost today can ever be recovered. In addition 
to petroleum-based fuels, these engines can be powered by 
nonpetroleum fuels from a number of feedstocks. The engine, 
together with the fuel characteristics and exhaust emission 
control devices, governs the level of exhaust emissions so 
critical for compliance with regulations, environmental 
impact, and public perception. The engine is critical to the 
safety of the heavy vehicle because it provides braking power, 
as well as adequate power for the vehicle to blend with traffic. 
This chapter covers engine programs, fuel programs, after-
treatment systems, high-temperature materials, and health 
concerns related to emissions from diesel engines.

Several members of the 21CTP are global companies, and 
they bring to the Partnership the perspective of technologies 
used in markets around the world. The committee also was 
given a presentation on a joint Department of Energy (DOE)/
Swedish Ministry of Energy research project that combined 
U.S. and European technology.

ENGINE PROGRAMS: STATE OF TECHNOLOGY

Diesel engines derive their efficiency from high-efficiency 
thermodynamic processes, fuel with a high heating value, 

and minimal mechanical losses. These engines achieve their 
efficiency by means of a high compression (expansion) ratio, 
high rates of combustion under overall lean fuel conditions, 
and the use of air-to-fuel ratio (instead of throttling) for 
managing load control, thus avoiding part-load pumping 
losses. Turbocharging increases engine power density and 
recovers some of the exhaust energy. Diesel engines operate 
at relatively low speeds, which reduce mechanical friction 
losses, and high power density is achieved primarily through 
high brake mean effective pressure (BMEP).1

Owing to its low fuel consumption, reliability, and low 
life-cycle cost, the diesel engine has continued to be the pre-
ferred power source for commercial vehicles, urban buses, 
and military vehicles worldwide. The cost of complying with 
emissions regulations for traditional diesel combustion has 
given rise to reconsideration of alternative power plants such 
as heavy-duty spark-ignition engines, and gasoline engines 
have even regained market share in Class 6 trucks (DOE, 
2011a; NRC, 2010). High worldwide demand for diesel fuels 
has driven their price above gasoline in the United States, fur-
thering this trend. In addition, U.S. national average diesel fuel 
taxes were 5 cents per gallon higher than for gasoline in Janu-
ary 2011, as reported by the American Petroleum Institute.

Modern highway truck diesel engine brake thermal effi-
ciency (BTE) peaks at about 42 percent, compared to 33 
percent for commercial gasoline, spark-ignition engines. 
This 42 percent peak efficiency represents significant 
improvement since the 1970s when highway diesel BTE 
peaked around 35 percent. Key elements for achieving a 
BTE of 50 percent have already been demonstrated in test 
laboratories, and demonstration is expected within the next 
few years in research vehicles meeting emissions standards. 

1 The brake mean effective pressure is the ratio of the shaft work leaving 
the engine to the displacement of the engine. This ratio is expressed in units 
of pressure, hence the name. BMEP is a useful metric in that it assesses the 
work output per unit of engine displacement, so it can be used to compare 
the performance of engines of different displacements.

27
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Most advances in thermal efficiency will be achieved through 
continued improvements in combustion, air handling, fuel 
injection equipment, and other subsystems. In addition, an 
effective exhaust heat recovery system may be necessary for 
achieving 50 percent BTE. However, the design of a waste 
heat recovery (WHR) system must take into account the tem-
perature requirements of exhaust emission control devices as 
well as considerations such as weight, space, cost, reliability, 
and durability. In order to be commercially viable, the WHR 
system needs to last for the life of the engine, which carries 
an emissions warranty of 435,000 miles, but typically has 
a design life of 600,000 to 1 million miles. The 55 percent 
BTE stretch goal will require the research and development 
(R&D) of technologies discussed below in this chapter and 
should include comparable BTE improvements over the 
entire engine operating map, especially for those conditions 
used in a duty-cycle-weighted BTE.

Exhaust Emissions

Exhaust emissions of diesel engines have been regulated 
since 1973 by the California Air Resources Board (CARB) 
and since 1974 by the U.S. Environmental Protection Agency 
(EPA). After 1974, diesel engine manufacturers achieved 
remarkable reductions in oxides of nitrogen (NOx) (~99 per-
cent) and particulate matter (PM) (99 percent) emissions by 
modifying their engines and adding aftertreatment devices. 
Through 2006 heavy-duty diesel engines were certified at 2.5 
g/bhp-h of NOx + HC and 0.10 g/bhp-h PM (<0.05 g/bhp-h 
for transit buses). In 2007 the regulations allowed a phase-in 
of sales-averaged NOx at approximately 1.2 g/bhp-h2 and PM 
at 0.01 g/bhp-h (DOE, 2006). 

Compliance with the 2007-2010 federal emissions stan-
dards is perhaps the strongest example of progress by diesel 
engine manufacturers since the National Research Council 
(NRC) Phase 1 review of the 21CTP in 2007 (NRC, 2008). 
Until 2007, exhaust aftertreatment had not been required or 
utilized to meet emissions standards for heavy-duty diesels 
(except for limited use of oxidation catalysts on buses and 
medium-sized trucks). The 2007-2010 regulations were 
intended by the EPA to be “aftertreatment-forcing.” After-
treatment technologies for PM were necessary in 2007, 
and all new truck heavy-duty diesel engines were equipped 
with diesel particulate filters (DPFs). Catalyst-based DPFs 
used with ultra-low-sulfur diesel fuel (<15 parts per mil-
lion [ppm]) achieve PM reductions in excess of 90 percent 
from 2006 levels. In October 2006, ultra-low sulfur diesel 
fuel became the mandatory on-highway fuel, thus enabling 

2 The NOx and nonmethane hydrocarbon (NMHC) standards were phased 
in for diesel engines between 2007 and 2010. The phase-in was on a percent-
of-sales basis: 50 percent from 2007 to 2009 and 100 percent in 2010. In 
2007, most manufacturers opted to meet a Family Emission Limit (FEL) 
around 1.2 to 1.5 g/bhp-hr NOx for most of their engines (average of 0.2 g/
bhp-h NOx standard for 2010 and about 2.2 g/bhp-h NOx portion of the 2.5 
g/bhp-h NMHC + NOx standard for 2006).

the use of DPFs and other types of exhaust aftertreatment 
(NRC, 2008). 

For 2010, NOx emissions standards were lowered another 
83 percent to 0.20 g/bhp-h NOx + HC, along with 0.01 g/bhp-h 
PM. These standards have been met by most engine original 
equipment manufacturers (OEMs) by a combination of cooled 
exhaust gas recirculation (EGR) and selective catalytic reduc-
tion (SCR) for NOx control and an actively regenerated DPF 
for particulate control. Meeting the requirements of 2010 
exhaust emissions regulations required significant in-cylinder 
control, high-performing aftertreatment for NOx and PM sys-
tems, and engine thermal management that includes a degree 
of control over exhaust mass flow rate, exhaust temperature, 
and exhaust oxygen. Thermal management, an essential ele-
ment in the integration of engine and aftertreatment, allows 
both the DPF and the SCR to operate at peak efficiency over 
a wide range of duty cycles. In contrast to most manufactur-
ers, which use SCR for NOx control, Navistar is planning to 
achieve the NOx standard with an EGR-only system and the 
PM standard with a DPF (Navistar, 2010).

Substantial effort across the industry went into the design 
of systems for storing and metering urea on the vehicle; these 
systems are required to support SCR systems. Considerations 
of freeze protection, contamination, labeling, and stability 
had to be accounted for. In addition, the infrastructure for 
distributing and dispensing urea at refueling outlets had to be 
developed. The industry adopted the name of Diesel Exhaust 
Fluid (DEF) for the aqueous urea solution. It was found that 
there is an optimum balance between in-cylinder control of 
NOx and PM and aftertreatment control of NOx and PM. The 
primary parameter determining this optimum balance is the 
operating cost, driven by both fuel consumption and DEF 
consumption. Fuel consumption has been affected by some of 
these emission control strategies, such as fuel used to regener-
ate particulate filters and DEF usage for the SCR system.

Another key enabling system technology is high-pressure 
common rail fuel systems with high-pressure capabilities 
exceeding 2,400 bar and allowing multiple injections per cycle. 
In addition, advancements in turbomachinery have resulted in 
variable-geometry turbochargers, the use of multiple turbo-
chargers (in series and parallel) with aftercooling and inter-
cooling, and turbocompounding. The turbomachinery serves 
several purposes in engine performance and emissions control, 
including airflow for high BMEP and transient response, EGR 
delivery and control, enhanced engine braking, and exhaust 
thermal management. EGR systems were introduced in 2002 
and have mainly been high-pressure loop with cooling by 
means of the engine coolant. Some low-pressure loop EGR sys-
tems have also been introduced to the market. The first stage of 
implementation of on-board diagnostics (OBD) was completed 
on heavy-duty 2010 engines with a second stage in 2013. 

As discussed in DOE (2006), engine controls deserve 
mention here, because historically, controls requirements 
for diesel engines have lagged those for gasoline engines in 
passenger cars. For the truck diesel engine, controls were 
primarily limited to one or two degrees of freedom (i.e., 
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fuel injection delivery and timing). The future controls 
requirements in the heavy-duty diesel engine environment 
was realized with the introduction of EGR and the ongo-
ing implementation of more sophisticated multipulse fuel 
injection systems and strategies. With the introduction of 
single- and multistage exhaust aftertreatment systems in 
2007 and 2010 and the continuing progress of multimode 
combustion toward production feasibility, coupled with leg-
islated or customer-demanded expansion of onboard sensing 
and diagnostic features, the minimum required capability 
of heavy-duty control systems hardware and software has 
increased as much as several orders of magnitude. 

At present there is no expectation that new regulations 
will be promulgated to further reduce criteria emissions from 
new engines. Regulation for PM on a particle number basis 
has been introduced for vehicles and engines in Europe, and 
California has studies under way on this subject. The EPA and 
the Department of Transportation/National Highway Traffic 
Safety Administration (DOT/NHTSA) announced proposed 
standards for fuel consumption and greenhouse gas (GHG) 
emissions for medium- and heavy-duty vehicles and engines 
on October 25, 2010 (EPA/NHTSA, 2010) and issued final 
standards on September 15, 2011 (EPA/NHTSA, 2011).

DEPARTMENT OF ENERGY ENGINE PROGRAMS

DOE funding for FY 2007 to FY 2010 was provided for 
engine R&D in the following areas as shown in Table 1-2 
(see Chapter 1 in this report):

•	 Advanced	Combustion	Engine
 —Combustion and Emission Control (shared between 

light- and heavy-truck engines) 
 —Heavy Truck Advanced Combustion Engine 
 —Waste Heat Recovery/Solid-State Energy Conversion
 —Health Impacts
•	 Fuels	Technology
 —Advanced Petroleum-Based Fuels–Heavy Trucks 
 —Non-Petroleum-Based Fuels and Lubes–Heavy 

Trucks
•	 Materials	Technologies
 —Propulsion Materials Technology–Heavy Trucks 
 —High Temperature Materials Laboratory 
 Progress in these areas since 2007 is discussed below 

in this chapter.

Brake Thermal Efficiency Improvements

The DOE’s targets for the improvement of engine brake 
thermal efficiency have evolved over the years, sometimes in 
ways that can be confusing, because different statements of a 
given goal can lead to varying interpretations. At the time of the 
NRC Phase 1 report published in 2008, the goals were set at 50 
percent BTE in 2010 and 55 percent in 2013. These goals were 
in terms of the peak efficiency demonstrated by an engine in a 
test cell, where “peak efficiency” means the efficiency achieved 

by the engine at its best operating point. In general, peak effi-
ciency occurs at relatively low speed and high load. As shown 
later in this section, the goal of a 50 percent peak BTE demon-
stration by 2010 was not met, but the technologies required to 
achieve this goal have been demonstrated successfully.

The DOE has now revised the goal to require 50 percent 
BTE at a load representative of over-the-road vehicle cruise 
conditions by 2015. This change was recommended in the 
NRC Phase 1 report (NRC, 2008). The actual speed and load 
point are not defined by the DOE in its goal statements, but 
in the SuperTruck projects (see Chapter 8 in this report), 65 
miles per hour (mph) level road cruise is established as the 
operating point for 50 percent BTE. The committee believes 
that this is a reasonable operating point to target for high 
BTE, but it should be understood that this is a more difficult 
target than the old peak point target. At cruise, the engine 
must run at a load that is likely to be lower than the peak 
efficiency operating load, and the engine speed may also be 
higher than the peak efficiency speed. The goal of 55 percent 
peak BTE has now been delayed from 2013 to 2018.3 This 
stretch thermal efficiency goal of 55 percent in prototype 
engine systems would lead to a corresponding 10 percent 
gain in over-the-road fuel economy relative to the earlier 50 
percent BTE goal at a corresponding condition representing 
65 mph level road load cruise. The committee believes that 
this will be a very difficult goal to achieve.

Research and Development Programs 

The DOE and the heavy-duty engine industry have been 
working in public-private partnerships to develop and dem-
onstrate advanced diesel engine technologies and concepts 
that improve engine thermal efficiency while meeting the 
EPA’s 2010 emissions standards. The two technology goals 
established by the 21CTP for improving brake thermal effi-
ciency of heavy-duty engines are discussed in this section 
(DOE, 2011a).

Programs and Projects Directed Toward Achieving 21CTP 
Goal 1

21CTP Goal 1: Develop and demonstrate an emission 
compliant engine for Class 7-8 highway trucks that 
achieves 50% brake thermal efficiency in an over-the-
road cruise condition, improving the engine fuel effi-
ciency by about 20% (from approximately 42% thermal 
efficiency today) by 2015 (DOE, 2011a).

The goal for 50 percent BTE discussed in the NRC Phase 
1 report (NRC, 2008) was for the peak efficiency condition. 

3 As noted in this chapter in the discussion on the 21CTP Goal 2, the 
55 percent BTE goal in the 21CTP updated white paper, “Engines” (DOE, 
2011a) is for a prototype engine system in the laboratory by 2015. In the 
DOE Multi-Year Program Plan, the goal is for 2018 in a prototype engine 
(DOE, 2010d). 
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However, as noted above, the DOE revised the goal for 50 
percent BTE so that it is now for an over-the-road cruise 
condition. Programs and projects directed toward the devel-
opment of technology required to achieve Goal 1 include 
High Efficiency Clean Combustion (HECC), Waste Heat 
Recovery (WHR), the “NZ50” project at Detroit Diesel Cor-
poration (DDC), and others (DOE, 2011a). These programs 
and projects are reviewed in this section. Cost-effectiveness 
was not part of these R&D projects, but cost-effectiveness 
evaluations will be a required outcome of the SuperTruck 
projects, as discussed in Chapter 8.

High Efficiency Clean Combustion 

A key objective of the HECC program has been to design 
and develop advanced engine architectures that improved 

BTE by 10 percent compared to the 2006 product, accord-
ing to the presentation to the committee.4 The essence of the 
work was the development of clean combustion in the form 
of low-temperature, highly premixed combustion combined 
with lifted flame diffusion controlled combustion. Using 
these technologies, 10 percent engine BTE improvement tar-
gets have been achieved using no NOx aftertreatment. When 
integrating HECC-developed technologies with SCR NOx 
aftertreatment system, further engine efficiency enhance-
ments were demonstrated. The results from the HECC proj-
ects are listed in Table 3-1 and shown in Figure 3-1.

4 Donald Stanton, Cummins, Inc., “Cummins-Peterbilt Super Truck 
Program,” presentation to the 21CTP committee, September 9, 2010, 
Washington, D.C.

TABLE 3-1 Accomplishments of High Efficiency Clean Combustion Projects

Contract
(Company, Project 
Leader, Number) Funding Dates Accomplishments

Caterpillar,
Chris Gehrke,
DE-FC26-05-NT42412

DOE: $10,309,000
CAT: $10,309,000

Start:  August 2005
Finish: July 2010

4% BSFCa improvement below 750 kPa BMEP

Cummins,
Donald Stanton,
DE-FC26-05-NT42418

DOE:     $13,420,136
Cummins: $13,629,115

Start:  October 2005
Finish: March 2010

15 L engine: 10.2% improvement in brake thermal efficiency 
(2010 in-cylinder NOx control)

15 L engine: 16.4% improvement in brake thermal efficiency
(2010 emissions with SCR NOx technology)

6.7 L engine: 14% improvement in fuel economy
(Tier 2 Bin 8 emissions met without NOx aftertreatment)

NOTE: Acronyms are defined in Appendix I.
a Brake specific fuel consumption (BSFC) is a common and convenient measure of the thermal efficiency of an engine.  It is the ratio of the mass of fuel 

consumed to the work produced by the engine; lower BSFC means higher thermal efficiency. It is different from efficiency in that it measures fuel consumption, 
whereas the efficiency is a dimensionless ratio that measures the portion of the fuel energy input that gets converted into work output.  The two are related to 
one another through the energy content of the fuel.

SOURCE:  DOE (2010b) Annual Merit Review.

3-1.eps
bitmap

FIGURE 3-1 High Efficiency Clean Combustion (HECC) engine efficiency improvements. SCR, selective catalytic reduction. SOURCE: 
Stanton (2010).
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The historical thermal efficiency data shown in Figure 
3-1 indicate a drop in 2002, with only minor improvements 
until 2010. This drop was caused by measures applied by 
engine manufacturers to meet requirements for lower NOx 
emissions (NRC, 2010, Figure 4-2). With NOx requirements 
now stabilized, engine manufacturers will be able to refocus 
efforts on thermal efficiency improvements.

Waste Heat Recovery 

The objective of the WHR program is to improve engine 
BTE by 10 percent (i.e., from 42 percent to 46 percent BTE) 

by capturing and converting wasted heat energy to useful 
work. A bottoming cycle or turbocompounding captures 
heat from engine exhaust gas recirculation, charge air, and 
exhaust streams. WHR systems were designed and developed 
so that a bottoming device could be coupled to the engine 
either mechanically or electrically through a high-speed 
generator. The results from these projects are listed in Table 
3-2. The Cummins WHR system is shown in Figure 3-2 
(Nelson, 2010).

The highest-quality source of heat for WHR comes from 
the EGR stream, as illustrated in Figure 3-2. As the effective-
ness of SCR is further improved, the use of EGR is likely to 

TABLE 3-2 Accomplishments of Waste Heat Recovery (WHR) Projects

Contract
Company, Project  
Leader, Number Funding Dates Accomplishments

Caterpillar,
Richard W. Kruiswyk,
DE-FC26-05-NT42423

DOE: $2,188,000
CAT: $2,188,000

Start:  October 2005
Finish: June 2010

10% improvement in BTE was not achieved.
9% improvement target:  7 percent “virtual” demonstration.
Demonstrated turbocompounding vs. Brayton cycle for bottoming.
Demonstrated improvements in turbocharger compressor and turbine 
efficiencies.

Cummins,
Chris Nelson,
DE-FC26-05-NT42419

DOE:     $4,245,906
Cummins: $4,488,836

Start:  June 2005
Finish: March 2010

10% improvement in BTE (8% from WHR).
  (Generation 1, No NOx AT, electric accessories) 
10% improvement in BTE (6% from WHR).
 (Generation 2, SCR NOx AT, no electric accessories)
Both generations included Organic Rankine Cycle.

NOTE: Acronyms are defined in Appendix I.
SOURCE: DOE (2010b).

3-2.eps
bitmap

FIGURE 3-2 Cummins Waste Heat Recovery (WHR) system, second-generation architecture. Acronyms are defined in Appendix I. 
SOURCE: Nelson (2010). 
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decline, which would reduce the potential benefit of WHR. 
If only the lower-quality heat sources (post-aftertreatment 
exhaust gas, charge air, and coolant) were available to 
be captured, the efficiency of the WHR system would be 
expected to decrease. Therefore, the trade-off between the 
use of higher-efficiency SCR systems with the decrease in 
effectiveness of the WHR system will need to be balanced.

Other Projects

Detroit Diesel/Daimler, Navistar, General Motors, and 
Ford Motor Company also had projects summarized in 
Table 3-3.

Volvo had a project that started in October 2007 and 
finished in September 2009. It was funded at $9 million, 
with the DOE contributing $3 million and Volvo $6 million 
(subtopic 6B of DOE-FOA-00002395). The results showing 
lower brake specific fuel consumption (BSFC) by 3 percent 
were presented at the DOE 2009 Merit Review. It appears 
that this project is also reported as the Bilateral Program 
being conducted by Volvo Powertrain North America and 
Volvo AB of Sweden.6 It is jointly funded by the DOE and 
the Swedish Energy Agency. The objectives are to reduce 
CO2 by 10 percent while meeting 2010 EPA criteria emis-
sions, develop an engine platform capable of biodiesel fuel, 

5 Funding Opportunity Announcement (DOE, 2010b) available at http://
www1.eere.energy.gov/vehiclesandfuels/pdfs/de-foa-0000239.pdf . 

6 E-mail, Rich Bechtold to committee member, David Merrion, November 
18, 2010, report II.A.20 “Very High Fuel Economy, Heavy-Duty, Narrow-
Speed Truck Engine utilizing Biofuels and Hybrid Vehicle Technologies.”

and develop multifuel vehicles and drivelines. The FY 2010 
accomplishments were as follows (DOE, 2009): 

•	 A	turbocompound	engine	showed	5	percent	lower	fuel	
consumption. Computational fluid dynamics (CFD) 
modeling shows that a high-performance piston can 
improve BTE by 1 percent.

•	 A	parallel	Rankine	 cycle	WHR	system	can	 improve	
BTE by approximately 7 percent at B507 and 8.5 per-
cent at C100.8

•	 Analysis	 of	 mechanical,	 electrical,	 and	 electrome-
chanical transmission alternatives to connect the turbo-
compound power turbine to the crankshaft showed the 
mechanical transmission best for fuel consumption.

•	 Hybridization	simulation	showed	2	percent	 to	8	per-
cent fuel consumption reduction in European applica-
tions and zero percent to 2.2 percent in typical U.S. 
applications.

•	 A	 biofuel	 B209 endurance truck test was initiated 
(DOE, 2009).

The nine diesel engine programs and projects reviewed 
above are examples of DOE public-private partnerships. 
As indicated previously, several programs exceeded their 
goals of 5 percent or 10 percent improvement in BTE. Not 
all programs met their goals, but some programs sorted out 
technologies and identified them for further development. 

7 B50, a point on the EPA supplemental engine test (SET), 50 percent 
load, mid-speed.

8 C100, a point on the EPA SET, 100 percent load, high speed.
9 B20, 20 percent biofuel mixed with diesel fuel.

TABLE 3-3  Accomplishments of Other Engine Projects Funded in Part by the Department of Energy

Contract Funding Dates Accomplishments

DDC/Daimler NZ50, 
Kevin Sisken and  
Houshan Zhang,  
DE-FC05-00-OR22805

DOE: $5,000,000
DDC: $5,000,000

Start:  February 2007
Finish: 2010

Goal: 10% improvement in BTE.
Results:  Combustion, 4% (2% more expected); controls, 3%; 
turbocharger, 1%.

Navistar––Low 
Temperature Combustion 
Demonstration for High 
Efficiency,
William de Ojeda,
DE-FC26-05-NT42413

DOE:    $4,021,234
Navistar: $5,153,881

Start:  October 2005
Finish: May 2010

Goal:  5% BSFC at 2010 emissions, no AT
Fuel economy improved 4% to 5.5% (with PCCI, VVA, and combustion 
feedback).
Load range for LTC extended to 16.5 bar BMEP

General Motors,
Kenneth Patton,

DOE:  $5,000,000
GM:   $5,000,000

Start:  2005
Finish: 3rd Quarter, 2009

Achieved 5% to 8% lower BSFC with internal EGR and VVA.

Ford Motor Company,
Harold Sun,
DE-FC26-07-NT43280

DOE: $1,500,000
Ford: $1,500,000

Start:  October 2007
Finish: June 2010

Goal: Demonstrate a turbocharger with 3% to 5% fuel economy 
improvement at Tier II Bin 5 emissions. 
2010 DEER presentation (Sun et al., 2010):  Not obvious if the goals 
were met.

NOTE: Acronyms are defined in Appendix I.
SOURCE:  DOE (2010b).
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The demonstrations of BTE improvements were accom-
plished mainly at peak BTE operating conditions, with 42 
percent as the baseline. As discussed in the NRC Phase 1 
report (NRC, 2008), the BTE goal should be demonstrated 
at a more representative road load cruise condition, which 
is now incorporated in 21CTP Goal 1. The Cummins dem-
onstrations, such as those shown in Figure 3-1, were at a 
highway cruise condition.

The current SuperTruck projects call for the contractors 
to demonstrate the 50 percent BTE target at cruise load 
on engines installed in vehicles by the end of 2014. If the 
contractors are able to meet the target, this would enable the 
21CTP Goal 1 to be met by 2015. It should be noted that the 
SuperTruck projects include efforts to reduce the load that 
the vehicle places on the engine as well as to improve the 
efficiency of the engine. By lowering the load on the engine, 
the SuperTruck projects will actually make reaching the 50 
percent efficiency goal at cruise conditions more difficult 
(see Chapter 8 for more detail). There is some risk that the 
engine thermal efficiency goal will not be met, or that meet-
ing the goal will require complex and expensive technology 
that would be difficult to implement in production and which 
may not be cost-effective.

Finding 3-1. The committee reviewed nine diesel engine 
programs that were funded at a total of more than $100 mil-
lion by the DOE and industry and that included the HECC 
program, the WHR program, and others. Some programs met 
or exceeded their goals, for example achieving a 10.2 percent 
improvement in BTE versus a 10 percent goal, whereas oth-
ers did not quite meet the goals of 5 percent or 10 percent 
improvement in BTE. By combining HECC and WHR, each 
demonstrating greater than 10 percent improvement in BTE, 
together with other technologies, it should be possible to 
improve BTE by 20 percent to achieve the original DOE tar-

get of 50 percent peak BTE. However, the DOE target of 50 
percent peak BTE was not met by the original goal of 2010.

Finding 3-1a. The DOE has shifted the original target of 
50 percent peak BTE by 2010 to a new target of 50 percent 
BTE at an operating point representative of vehicle load 
during highway cruise operation. This makes the efficiency 
target more difficult to meet and may require complex and 
expensive technology that extends beyond the technologies 
demonstrated on engines to date. These technologies will not 
necessarily be production-feasible or cost-effective.

Programs and Projects Directed Toward Achieving 21CTP 
Goal 2

21CTP Goal 2: Research and develop technologies which 
achieve a stretch thermal efficiency goal of 55% in pro-
totype engine systems in the laboratory by 2015 (DOE, 
2011a).

In the public-private DOE partnerships discussed, indus-
try participants have provided technology roadmaps of their 
strategies for achieving brake thermal efficiencies of 50 
and ultimately 55 percent. Improving the efficiency of the 
in-cylinder conversion of fuel energy into shaft work is an 
important component of each participant’s roadmap. To do 
this, all of the participants project incorporating new modes 
of combustion into their engine operation. Figure 3-3 is an 
example of the integration of new combustion technologies, 
like HECC and low-temperature combustion (LTC), that will 
be needed to achieve the efficiency targets of the program 
(NRC, 2008).

Gaining the requisite fundamental understanding of the 
phenomena governing advanced combustion modes, such 
as those shown in Figure 3-3 (early pre-mixed charge com-
pression ignition [PCCI, LTC] and lifted flame diffusion 

3-3.eps
bitmap

FIGURE 3-3 Schematic representation of the evolution of combustion processes to be used at different engine loads and speeds. Acronyms 
are defined in Appendix I. SOURCE: Gurpreet Singh, DOE, “Overview of the DOE Advanced Combustion Engine R&D Subprogram,” 
presentation to the committee, November 15, 2010, Washington, D.C.
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controlled combustion), is the focus of the DOE combustion 
activities within the national laboratories, industry, and aca-
demia. These advanced modes of combustion are achieved 
through synergistic interactions between the auto-ignition 
and reaction kinetics of the fuel, the thermodynamic states 
within the cylinder—the pressure, and distributions of tem-
perature, fuel, oxygen, nitrogen, and the recirculated exhaust 
gases—and the rate of the mixing within the cylinder. The 
mixing processes are manipulated through fuel injection 
characteristics and in-cylinder fluid mechanics, which in 
turn are influenced by the shape of the combustion chamber 
and subject to manipulation through the intake and exhaust 
processes, which can be controlled by engine valve actuation. 
To maintain robust combustion throughout the engine operat-
ing range with multimode combustion requires the dynamic 
manipulation of a wide range of engine control variables. 
The goals of the DOE laboratory and university research 
programs are to develop the fundamental understanding 
and tools necessary to facilitate such a high level of engine 
combustion control.

This fundamental research is conducted under the 
Advanced Engine Combustion Memorandum of Understand-
ing (AEC MOU) between industry and national laboratories 
that was initiated in 2003. The partners involved in the AEC 
MOU include 10 engine producers (Caterpillar, Cummins, 
Detroit Diesel, Navistar/International, John Deere, Mack/
Volvo, General Electric, General Motors, Ford, and Chrys-
ler), 5 energy companies (Chevron, ConocoPhillips, Shell, 
ExxonMobil, and BP), and 6 national laboratories (Argonne 

National Laboratory [ANL], Lawrence Livermore National 
Laboratory [LLNL], Los Alamos National Laboratory 
[LANL], Oak Ridge National Laboratory [ORNL], Sandia 
National Laboratory [SNL], and the National Renewable 
Energy Laboratory [NREL]). The energy companies joined 
the AEC MOU in late 2006 and brought a research focus 
involving fuel effects on advanced combustion strategies. 
The MOU was recently unanimously renewed by the partners 
through 2013.

As part of the 21 CTP Phase 2 review process, a list of 
nine DOE-funded projects focused on advanced combustion 
that were directly attributed to the 21CTP was supplied by 
the DOE to the committee. These projects are listed in Table 
3-4 and were budgeted in FY 2010 for $5.66 million.

There is interaction and leverage between these projects 
and other DOE-supported combustion projects, but these 
projects were specifically designated by the DOE as being 
under the 21CTP umbrella, so the discussion below is limited 
to these projects. 

Researchers participating within each of the nine projects 
have developed collaborative teams consisting of industry 
and academic partners. Academic participants are required 
to establish a 20 percent cost share. Everyone participates 
in two group research meetings per year and in an annual 
merit review as part of the DOE’s Energy Efficiency and 
Renewable Energy (EERE) program. Project directions and 
continuation are based on the scores received in the merit 
review. The pre sentations given at the merit review are avail-
able to the pub lic (DOE, 2010b). 

TABLE 3-4 Major 21CTP-Related Projects Addressing Advanced Combustion Fundamentals

Title Organization
DOE Funding: 
FY 2009 Budget

DOE Funding:
FY 2010 Budget

KIVA 4 Development (advanced computer program) LANL $290,000 $290,000

Computationally Efficient Modeling of High-Efficiency Clean 
Combustion

LLNL $1.0 million $1.0 million

Chemical Kinetic Research on HCCI and Diesel Fuels LLNL $400,000 $400,000

Stretch Efficiency for Combustion Engines: Exploiting New  
Combustion Regimes

ORNL $250,000 $250,000

HCCI and Stratified-Charge Compression Ignition Engine Combustion 
Research

SNL $750,000 $750,000

Heavy-Duty Low-Temperature and Diesel Combustion Modeling SNL $580,000 with  
$115,000 subcontract  
to UW-Madison

$660,000 with  
$115,000  subcontract  
to UW-Madison

Combustion Modeling Large Eddy Simulation Applied to LTC/Diesel/
Hydrogen Engine Combustion Research

SNL $450,000 $450,000

Low-Temperature Diesel Combustion Cross-Cut Research SNL $570,000 $660,000

Optimization of Advanced Diesel Engine Combustion Strategies University of  
Wisconsin–Madison

$360,000 $1.2 million

NOTE: Acronyms are defined in Appendix I.
SOURCE: DOE (2010b). Available at http://www1.eere.energy.gov/vehiclesandfuels/resources/proceedings/2010_merit_review.html.  
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The focus of the research projects listed in Table 3-4 is the 
development of a greater fundamental understanding of the 
processes that need to be sensed, and controlled, for the inte-
gration of advanced, high-efficiency clean combustion pro-
cesses, into the engine operating map. The work includes the 
continued development of the advanced computer program 
KIVA, which is the framework that researchers use for model 
development, and the development of higher-resolution tur-
bulence models for better spray and fluid-mixing simulation. 
Comprehensive kinetic routines for diesel-like, gasoline-like, 
and representative biofuels are an important aspect of the 
research. These routines identify the critical chemical kinetic 
pathways that must be included in the simulation for accurate 
results, which in turn allows for the development of reduced 
kinetic schemes that are critical for computational efficiency. 
Reduced kinetic schemes are only one aspect of developing 
computationally efficient simulations. Research is being 
supported that addresses computationally efficient methods 
of solving thermodynamic, fluid mechanic, and chemical 
kinetic coupled systems.

An integral part of this fundamental research consists of 
the detailed experimental measurements that identify the 
important phenomena occurring within the reacting systems, 
which aids in the model development and serves as a basis for 
the comparison of model predictions. Spatially and tempo-
rally resolved data are being obtained with advanced optical 
diagnostics techniques. Such measurements have elucidated 
the effects of in-cylinder temperature and mixture stratifica-
tion on LTC processes, differences in particulate formation 
processes for varying combustion regimes, and details of 
the fuel distribution and wall interactions associated with 
pulsed injection, an important component of controlling LTC 
processes. Finally, work is being supported that endeavors 
to combine all of the advanced understanding and perform 
optimization studies and to push the efficiency boundaries by 
pursuing advanced combustion concepts to reach the stretch 
efficiency goals.

The fundamental combustion and emissions research to 
date under the AEC MOU has led to significant advances in 
the understanding of various strategies for achieving LTC. 
Critical aspects of how HCCI and diesel LTC progress, 
how their heat release rate and combustion phasing can be 
controlled, the sources of hydrocarbon (HC) and carbon 
monoxide (CO) emissions when the LTC approaches are 
pushed to limits of operation, and fuel effects on LTC are 
being unraveled. 

Higher efficiencies in heavy-duty truck engines have also 
been shown in the laboratory. Implementation of diesel LTC 
approaches has begun in heavy-duty diesels for a portion of 
the fuel burned during moderate- to light-load parts of the 
engine operating range, providing significant engine-out 
emissions reduction. In general, higher injection pressure, 
multipulse injection, and EGR use have allowed a greater 
fraction of the reactive mixtures during diesel combustion to 
be pushed toward LTC conditions, contributing to the lower 

engine-out emissions that have been achieved. Highlights of 
two of these research projects are summarized here.

•	 Gasoline	HCCI: HCCI—or, more generally speaking, 
low-temperature combustion strategies—applied in the 
laboratory environment, using conventional gasoline, 
have achieved light-load operation down to engine 
idle conditions and loads as high as 16 bar brake mean 
effective pressure (limited by the laboratory engine 
head design) offering the possibility of an engine oper-
ating with LTC over a large portion of the engine map. 
Peak indicated efficiencies in a light-truck-size engine 
of 48 percent were achieved with NOx levels less than 
the 2010 standard, near-zero soot levels, and controlled 
heat release to provide low noise and preclude engine 
knock (Ra et al., 2010). 

•	 Dual-Fuel	LTC: Recent research in heavy-duty engines 
with dual-fueled (gasoline- and diesel-fueled) HCCI/
LTC approaches are indicating potential for 50+ per-
cent brake thermal efficiencies, controlled heat release 
rates, and 2010 emissions levels. Dual-fuel operation 
has been achieved from 4 to 17 bar BMEP in a heavy-
duty laboratory engine, while achieving NOx levels 
below the 2010 standard and near-zero soot levels. The 
start of combustion timing is controlled by the diesel 
fuel injection, and the heat release rate is controlled by 
the gasoline fraction.10,11 This work has recently been 
extended, with encouraging results to bio-based fuels 
and single fuels with the addition of a cetane improver 
(Splitter et al., 2010). 

The improved fundamental understanding has also 
advanced computational tools for engine design. Most engine 
designers are increasingly and aggressively using computa-
tional tools developed through support by DOE’s Vehicle 
Technologies Program for experimental research and engine 
CFD development efforts. The growing use of computational 
tools for engine design is exemplified by Cummins intro-
duction of the ISB 6.7-liter (L) light-truck (Class 2b) diesel 
in 2007. This diesel engine was computationally designed 
with much reduced testing to confirm performance. The 
design process led to reduced design time and a more robust 
design with reduced fuel consumption while meeting 2010 
emissions standards (for trucks over 8,500 lb using chas-
sis dynamometer certification). The future introduction of 
more robust computational design tools able to simulate the 
full range of engine combustion approaches (conventional 
mixing-controlled diesel combustion premixed and stratified 
flame propagation, the LTC bulk ignition and combustion 

10 Gurpreet Singh, DOE, “Overview of the DOE Advanced Combustion 
Engine R&D Subprogram,” presentation to the committee, November 15, 
2010, Washington, D.C.

11 Kevin Stork, DOE, “DOE Fuel and Lubricant Technologies R&D,” 
presentation to the committee, November 15, 2010, Washington, D.C.
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processes) has very strong potential to lead to even faster 
evolution and improvement of cost-effective engines. 

Finding 3-2. The DOE-funded research in advanced engine 
combustion at the national laboratories, in industry, and at 
universities is well managed and addresses important aspects 
for achieving an integration of advanced combustion pro-
cesses that should be important enablers for achieving the 
55 percent BTE goal as well as providing ongoing improve-
ments. There also appears to be good interaction between the 
researchers performing the work and the industry stakehold-
ers. Efforts to achieve 55 percent BTE are going to require 
complex and expensive technologies. It will be some time 
before it becomes clear whether there is a production-feasible 
and cost-effective way to achieve the 55 percent BTE target. 
The committee believes that this target carries considerable 
risk, even at the test cell demonstration stage.

Recommendation 3-1. The 21CTP fundamental research 
program should continue to provide important enablers for 
the 55 percent BTE goal, and the DOE should continue to 
look for leverage opportunities with other government- and 
industry-funded projects. 

Future Engine R&D in the SuperTruck Program

The DOE, in 2010, announced three SuperTruck project 
awards to demonstrate engine and truck efficiency enhance-
ments for Class 8 vehicles in real-world conditions (see 
Chapter 8). The aim of these developments is to foster 
quicker introduction of new technologies into the market-
place, thereby achieving energy savings later in this decade. 
The DOE made the decision to carry out future engine 
R&D under the SuperTruck program, but it retained Goals 
1 and 2 discussed above. Key engine technology demon-
strations under the 5-year SuperTruck program include the 
following:

•	 Engine	Goal	1: Develop and demonstrate a 2010 emis-
sions compliant engine system for Class 8 trucks that 
achieves 50 percent BTE at an over-the-road cruise 
condition by improving engine efficiency 20 percent 
from 42 percent BTE today, by 2015 (DOE, 2011a). 
This improvement in engine BTE will provide at least 
20 percentage points of the 50 percent improvement 
in vehicle freight efficiency (ton-miles per gallon) 
(equivalent to 33 percent improvement in fuel con-
sumption [gallons per 1,000-ton-miles]), which is the 
overall goal of the SuperTruck program.

•	 Engine	Goal	2: Research and develop technology path-
ways using modeling and analysis to achieve a stretch 
goal of 55 percent BTE in a 2010 emissions compli-
ant engine system in the laboratory, by 2015 (DOE, 

2011a).12 This efficiency gain would be equivalent 
to an additional 10 percent gain in over-the-road fuel 
economy when prototype concepts are fully developed 
for the market. 

The SuperTruck engine programs are discussed in this sec-
tion; the vehicle programs are discussed in Chapter 8.13,14,15

•	 Daimler	Trucks/Detroit	Diesel: Technologies listed in 
the September 9, 2010, presentation to the committee 
are as follows

 —Advanced fuel injection, 
 —Optimized combustion,
 —Air/EGR refinement,
 —Friction reduction,
 —Accessories,
 —More efficient operating point, 
 —Waste heat recovery,
 —Next generation controller,
 —Higher engine out NOx,
 —Engine downsizing,
 —Optimized aftertreatment.
•	 Cummins:	Technologies listed in Cummins’s Septem-

ber 9, 2010, presentation to the committee, the Cum-
mins’s presentation to the DOE DEER Conference 
September 29, 2010, and the company’s presentation 
during the committee’s site visit to the Cummins on 
November 8, 2010 (see Appendix B) are as follows:

 —Fuel system,
 —Advanced LTC,
 —Controls: electronic,
 —Electrically driven components,
 — Waste heat recovery: EGR, charge air, exhaust heat, 

mechanical coupling,
 —Aftertreatment,
 —Turbo technology,
 —EGR loop,
 —Variable valve actuation (VVA),
 —Base engine: peak cylinder pressure, friction, 

parasitic.
•	 Navistar:	Technologies listed in Navistar’s September 

9, 2010, presentation to the committee and its presenta-
tion during the committee’s site visit to the Navistar, 

12 The DOE uses the term “stretch” for goals that cannot be achieved by 
incremental or small improvements and are thus very difficult to achieve, 
which seems appropriate for federal programs. The committee supports 
the use of this terminology because this thermal efficiency goal will be 
difficult to achieve.

13 Derek Rotz, Daimler, “Daimler’s SuperTruck Program,” presentation 
to the committee, September 9, 2010, Washington, D.C.

14 Donald Stanton, Cummins, “Cummins-Peterbilt SuperTruck Program,” 
presentation to the committee, September 9, 2010, Washington, D.C.

15 Anthony Cook, Navistar, “Navistar’s Super Truck Program,” presenta-
tion to the committee, September 9, 2010, Washington, D.C.
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Inc., Truck Development and Technology Center on 
January 13, 2011, are as follows:

 —Combustion efficiency improvement: 
   Injection pressure, nozzle, bowl optimization, com-

bustion feedback control, cylinder head and port;
 —Air system enhancements:
  Turbocharger efficiency, hybrid EGR system;
 —WHR (turbocompounding and Rankine):
   Rankine cycle—Common cycle used to gener-

ate electricity, fluid development for typical truck 
engine heat range;

   Turbocompounding—Dual turbines, visco-mechan-
ical drive to the crankshaft, microturbine;

 —Aftertreatment: 
   Minimize regeneration, opportunistic regeneration, 

PM-NOx balance;
 — Friction reduction/insulation:
   Low friction, weight reduction, electrification of 

engine accessories, drive mechanism improvements, 
heat rejection reduction, insulated exhaust ports and 
manifolds;

 —VVA:
   Effective compression ratio control, cylinder deacti-

vation;
 —Dual fuel (gasoline and diesel).

The SuperTruck engine programs are a continuation of the 
previously discussed DOE diesel engine programs and have 
the same goals as those previously discussed. It is unlikely 
that other heavy-duty diesel engine programs will be funded 
by the DOE. (Also see the Findings and Recommendations 
in Chapter 8 regarding the SuperTruck projects.) 

In the 21CTP projects to date, as described earlier in this 
chapter, 50 percent BTE has not been demonstrated in an 
engine in a vehicle. Significant advancements have been 
made for individual technologies, which, if combined in an 
engine, are expected to provide the key elements required to 
improve BTE by 20 percent to achieve the 50 percent BTE 
goal. The requirement to demonstrate 50 percent BTE at 
an over-the-road cruise condition poses an additional task, 
because the best point for BTE is typically at a higher load. 
Adding to this task will be the significantly reduced power 
demand at the over-the-road cruise condition resulting from 
the SuperTruck vehicle improvements. 

The SuperTruck project teams revealed few, if any, plans 
concerning the research and development of technology path-
ways to achieve a stretch goal of 55 percent BTE. Moving 
toward this goal is expected to build on the future achievement 
of the 50 percent BTE goal and to rely heavily on the DOE-
funded research programs in advanced engine combustion dis-
cussed in the previous section. Without having specific plans 
to review for this goal, the committee considers the 55 percent 
BTE very high risk, although it might be achievable.

Finding 3-3. Future engine R&D for Goal 1, develop and 
demonstrate 50 percent BTE at over-the-road cruise condi-
tions by 2015, and for Goal 2, research and develop technol-
ogy pathways to achieve a stretch goal of 55 percent BTE in 
a 2010 emissions-compliant engine system in the laboratory 
by 2015, will be carried out under the SuperTruck program. 
The engine programs outlined by the three SuperTruck 
project teams appear to be comprehensive and are expected 
to achieve the 50 percent BTE goal, although there is risk in 
being able to achieve the goal at a cruise condition with the 
significantly reduced power demand level of the SuperTruck. 
Developing engine technology pathways to achieve the 
stretch goal of 55 percent BTE in an engine in a laboratory by 
2015 is considered very high risk, but might be achievable.

Recommendation 3-2. The DOE should ensure that the 
engine R&D for the goal of 50 percent BTE at over-the-road 
cruise conditions and the stretch goal of 55 percent BTE in 
an engine in a laboratory that will now be carried out under 
the SuperTruck program receive the appropriate share of the 
SuperTruck funding and benefit extensively from the DOE-
funded research programs in advanced engine combustion. 

ENGINE PROGRAMS OF THE ENVIRONMENTAL 
PROTECTION AGENCY 

The EPA is developing several candidate types of engines 
specifically for application to its series hydraulic hybrid truck 
programs.16 Although the DOE is not funding the EPA, the 
EPA’s work fits under the 21CTP. The engines that are under 
development by the EPA are (1) optimized alcohol engines 
and (2) homogeneous-charge compression ignition engines. 
The BTE values of these engines are approaching the 42 
percent BTE of current diesel engines, as shown in Table 3-5.

High-Efficiency Alcohol-Fuel Engines

The EPA has been developing optimized alcohol-fueled 
engines for the high-octane E85 fuels that can potentially 
provide a cost-effective engine technology suitable for both 
conventional and hybrid vehicles for the medium-duty fleet 
truck market. The high-octane number of alcohol, together 
with its latent heat of vaporization, enable the use of high 
compression ratios and boosted applications. Alcohol’s high 
laminar flame speed relative to gasoline permits greater 
charge dilution with EGR, reducing the need for throttling 
at light to moderate loads while still allowing stoichiomet-
ric operation that facilitates the use of a three-way catalyst 
(Brusstar and Gray, 2007). The EPA has achieved current 
diesel levels of BTE with E85 fuel using conventional three-
way catalysts to meet the 2010 emissions standards.

16 John Kargul, EPA, “Clean Automotive Technology, Cost Effective 
Solutions for a Petroleum and Carbon Constrained World,” presentation to 
committee subgroup, October 26, 2010, Ann Arbor, Michigan.
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Finding 3-4. The EPA has demonstrated that optimized 
E85 alcohol-fueled engines using conventional three-way 
catalysts for meeting 2010 emissions standards can achieve 
current diesel levels of BTE that can potentially provide 
engine technology suitable for both conventional and hybrid 
vehicles for the medium-duty fleet truck market. 

Homogenous-Charge Compression Ignition Gasoline Fuel 
Engine

The EPA’s early development of an HCCI engine was 
focused on potential applications in a series hydraulic hybrid 
vehicle (Sun et al., 2004). This HCCI engine operated on 
commercial 87 octane gasoline. In 2008, the California South 
Coast Air Quality Management District, CARB, and IC Bus 
(a Navistar company) became interested in demonstrating 
gasoline HCCI engine technology in a shuttle bus applica-
tion. A Cooperative Research and Development Agreement 
(CRADA) project was formed, and the EPA applied its 
gasoline HCCI technology to a Navistar 6.4 L diesel engine 
(provided by Navistar) for use with the series hydraulic 
hybrid technology in a shuttle bus (provided by Navistar). 
Features of this engine are shown in Table 3-6. The engine 
was mapped to meet the following control strategy targets: 
best efficiency, stable operation with the coefficient of varia-
tion of indicated mean effective pressure (IMEP) less than 3 
percent, maximum rate of pressure rise approximately equal 
to 6 bar/deg, and NOx emissions less than 0.2 g/kW-h on the 
unique test cycle (discussed later in this section).

The EPA emphasized that the HCCI engine can operate 
successfully because the series hydraulic hybrid engine 
operates over a narrow operating region of the engine map 
and has only slow transients. The engine is controlled to 
operate through a narrow region that encompasses the best 
BTE at each engine speed encountered. The response time 
for a transient ramp-up of power (from idle to a demanded 
power level) was controlled to 3 seconds to maintain stable 
combustion, whereas a typical response time for an engine 
directly driving the wheels is in the 50 to 100 millisecond 
(msec) range. Likewise, the response time for a down-power 
command was controlled to 1 second. The series hydraulic 
hybrid application reduces the need for rapid transients. 
However, the EPA is continuing its research to maintain 

stable combustion through the entire engine operating range 
to broaden the potential applicability of the HCCI engine 
concept beyond the series hydraulic hybrid application. 
EPA tests on the HCCI engine, using a unique test cycle that 
reproduces the engine operating conditions for the series 
hydraulic hybrid heavy-duty vehicle, have shown that NOx 
and PM emissions are below the levels required by the 2010 
emissions standards without aftertreatment.17 HC and CO 
emissions are controlled with oxidation catalysts.

The EPA is continuing to address the following challenges 
for the HCCI combustion concept: controlling ignition and 

17 Personal communication from John Kargul, EPA, to the committee, 
February 1, 2011.

TABLE 3-5 Engines Under Development by the Environmental Protection Agency for Series Hydraulic Hybrid Trucks

Engine Type Exhaust Gas Recirculation Rate (%) Brake Thermal Efficiency (%)

Alcohol fueled engine: E85 20 41

Homgenous-charge compression ignition engine:  
Gasoline port injection 50-60 39

SOURCE:  John Kargul, EPA, “Clean Automotive Technology, Cost Effective Solutions for a Petroleum and Carbon Constrained World,” presentation to 
the committee subgroup, October 26, 2010, Ann Arbor, Michigan. 

TABLE 3-6  EPA’s Homogenous-Charge Compression 
Ignition (HCCI) Engine Features for a Series Hydraulic 
Hybrid Demonstrator Shuttle Bus

Feature Description

Base engine 6.4 L base engine (base was a diesel engine)

Compression Ratio 16.5:1 CR

Turbocharger Variable geometry turbocharger with intercooler

Cooling Coolant and air-cooled EGR

Fuel Injection Port fuel injection

Throttle Unthrottled except for starting

Ignition Spark Plugs in place of diesel fuel injectors
(used for 10-20 seconds during starting)

Sensors Combination combustion pressure sensors and 
glow plugs (in place of glow plugs)

Four knock sensors (each sensor serves a pair of 
adjacent cylinders)

Aftertreatment No SCR or DPF

Power Engine performance
120 kW versus 130 kW for base diesel engine

Fuel Can operate on gasoline, diesel, M25, and M50

SOURCE:  John Kargul, EPA, “Clean Automotive Technology, Cost 
 Effective Solutions for a Petroleum and Carbon Constrained World,” 
presentation to the committee subgroup, October 26, 2010, Ann Arbor, 
Michigan.
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combustion, expanding the useful operating range to lower 
BMEP levels and idle, operating without pressure transduc-
ers, managing transient operation, and reducing HC and CO 
emissions.

Finding 3-5. The EPA has developed an HCCI engine that 
operates in the HCCI mode at all times using low-pressure, 
port fuel injectors suited to the unique operating conditions 
of a series hydraulic hybrid vehicle. The unique operat-
ing conditions include a narrow range of operation at the 
best BTE condition for each engine speed, with only slow 
transient response times for changes in power demands. At 
these unique operating conditions, NOx and PM are below 
the levels required by the 2010 emissions standards without 
aftertreatment; HC and CO emissions are controlled with 
oxidation catalysts.

DEPARTMENT OF DEFENSE ENGINE PROGRAMS

Introduction

The U.S. Army Research, Development and Engineering 
Command’s Tank-Automotive Research, Development and 
Engineering Center (TARDEC) provided input on engines, 
fuels, and hybrid vehicles.18,19 The presentation on U.S. 
Army engine programs, at the November 15, 2010, com-
mittee meeting, prepared by Paul Skalny, mainly covered 
vehicle programs under the National Automotive Center 
(NAC). The NAC serves as the Army focal point for the 
development of dual-use automotive technologies and 
their application to military ground vehicles. The engine 
program presented was part of a program on the M1114 
High Mobility Multipurpose Wheeled Vehicle (HMMWV), 
with a goal of 70 percent fuel economy improvement over 
a blended cycle, and included a “high efficiency engine.” 
Other vehicle improvements contributing to this goal 
included an integrated starter/generator (ISG) with new 
technology batteries and a solar panel, reduced rolling 
resistance, electrification of accessories, driveline improve-
ments including a 6-speed high-efficiency automatic trans-
mission, and weight reductions through use of lightweight 
materials (aluminum, titanium, and carbon-fiber compos-
ites) coupled with component design modifications.

The meeting at TARDEC of a committee subgroup on 
January 10, 2011 (see Appendix B), included discussions of 
engine programs for both combat and tactical vehicles. The 
Army has National Security Exemptions from the EPA for 
the following: (1) JP-8 fuel exclusion from on-road 2006 
and off-road 2007 diesel fuel regulations, (2) 2007+ heavy-
duty on-road emissions standards, (3) 2004 and later EPA 

18 Bill Harris, U.S. Army, “Review of the TARDEC Programs,” presenta-
tion to the committee, November 15, 2010, Washington, D.C.

19 Peter Schihl and John Rzepecki, “TARDEC Programs,” presentation to 
a committee subgroup, January 10, 2011, Detroit, Michigan.

on-road emissions standards, and (4) Tier IV EPA nonroad 
emission standards. Thus, in the near term the Army buys 
older-emissions standard engines that meet Tier II or Tier 
III emissions standards, export engines, and in some cases 
older, remanufactured engines. In the midterm, in addition 
to the foregoing, the Army plans to buy modified on-road 
commercial off-the-shelf (COTS) and Tier IV engines minus 
cooled EGR and exhaust aftertreatment. The Army’s primary 
bulk fuel is JP-8; diesel is used for specialized engines and 
aviation gasoline is used in light aircraft. JP-8 requires the 
addition of an oil lubricant for some fuel systems, includ-
ing common rail fuel systems. Long-term plans are under 
development. 

Engine Progams

TARDEC conducts tests of high power density propulsion 
systems in which additional requirements of operating at 
high ambient temperatures (125°F) and low heat rejection are 
required. The Army defines power density as follows:

Power density = sprocket wheel power/ 
total propulsion system volume.

The Army’s goals for power density are as follows:

•	 Bradley	Vehicle	(baseline):	Power	density	=	3	bhp/ft3

•	 Future	Combat	Systems:	Power	density	=	4.6	(goal	=	6)	
bhp/ft3

•	 Research	Target:	Power	density	=	8	to	10	bhp/ft3

Low heat rejection helps to improve power density by reduc-
ing excess fan power. Cooling, fuel effects, and air filtration 
are continuing challenges for the Army’s ground vehicle 
propulsion systems. Examples of some of these high power 
density programs are listed in Table 3-7.

TABLE 3-7 High Power Density–Low Heat Rejection 
Program Targets of the Tank-Automotive Research, 
Development and Engineering Center

Engine
Specific
Power Output

Revolutions  
per Minute BSHRa

Power  
Density

I-4 125 bhp/L 440 kW
(590 bhp)

4,250 0.6 kW/kW NA

V-6 125 bhp/L 750 bhp 4,250 0.6 kW/kW NA

OPOCb Greater than
125 bhp/L

220 kW
(295 bhp)

3,800 0.45 kW/kW 8 bhp/ft3

4.7 L I-6 200 bhp/L 940 bhp 5,400 0.6 kW/kW 8 bhp/ft3

NOTE: NA, not available.
a Brake specific heat rejection.
b Opposed piston opposed cylinder.
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Auxiliary Power Unit for M1 Main Battle Tank

At tactical idle, the M1 Main Battle Tank uses 17 gal/h of 
fuel. A renewed investigation of auxiliary power units (APUs) 
that can be packaged in the available 8 ft3 is under way, with 
the goal of significant reductions in tactical idle fuel consump-
tion. The following two candidates are being investigated: 
Patrick Power Rotary Diesel 1.5 gal/h at 9 kW power output; 
the next-generation target power output is 17 kW; and Altec 
Tech. Corp. Fuel Cell (1.1 gal/h at 10 kW power output).

Adaptation of Commercial Engines for Military Use

The purpose of the programs on the adaptation of com-
mercial engines for military use is to assess the minimum 
modifications necessary to adapt 2007- or 2010-compliant 
engines for use in Army ground vehicles. Targets for these 
programs are as follows: 48 percent BTE, brake specific heat 
rejection (BSHR) = 0.6 kW/kW, removal of both EGR and 
diesel particulate filter, and meeting of 1998 EPA heavy-
duty emissions standards (for unarmored wheeled vehicles). 
Meeting the targets for these programs will require the peak 
BTE to be improved by approximately 20 percent and the 
heat rejection to be reduced by approximately 20 percent in 
order to reduce cooling fan parasitic losses. These programs, 
together with results to date, are listed in Table 3-8. As shown 
in the table, none of the engines tested to date has met the 
aggressive BTE goal of 48 percent, although all of them 
reached the heat rejection target of 20 percent reduction. 

University Programs

The Automotive Research Center (ARC) is a university-
based U.S. Army Center for Excellence for advancing 
the technology of high-fidelity simulation of military and 
civilian ground vehicles. The ARC was established at the 
University of Michigan in 1994 and now includes Wayne 
State University, Oakland University, the University of Iowa, 
Clemson University, Virginia Polytechnic Institute and State 

University, and the University of Alaska, Fairbanks. The 
center has increased emphasis on energy-efficient propul-
sion systems for ground vehicles (Genzale et al., 2010). 
The research topics of the ARC are directly relevant to the 
military—for example, lightweight blast-resistant materi-
als and issues of track vehicle dynamics. However, there is 
overlap in the areas of propulsion. The military is actively 
researching the potential of hybrid powertrains, both hydrau-
lic and electric. There is active research on the fundamentals 
of batteries and battery performance in hybrid vehicles, and 
there is work in understanding engine operation with fuels 
other than diesel, mainly JP-8.

Three Broad Agency Announcements (2010-2013)

The U.S. Army is launching a 4-year program to advance 
the state of the art by developing new powertrain technologies 
that will improve overall efficiency by reducing fuel consump-
tion, providing exportable electrical power, reducing noise, 
and developing powertrains that consume a wide range of 
fuels. The three programs are summarized in Table 3-9.

The DOD engine programs have completely different 
objectives from those of the DOE and EPA programs. Those 
of the DOD programs include, for example, high power 
density, low heat rejection, 1998 emissions requirements 
(except 20- to 40-ton vehicles), and primarily JP-8 fuel. The 
DOD fuel programs are discussed later in this chapter, and 
the hybrid programs are addressed in Chapter 4.

Finding 3-6. The DOD has engine programs that are coop-
erative between industry and universities and have goals of 
improved BTE and other goals more specific to the Army.

Recommendation 3-3. The DOD and the DOE should 
increase their awareness of one another’s programs and look 
for opportunities to share technologies on areas of joint inter-
est, such as thermal efficiency. One way to encourage interac-
tion is for the DOE to invite DOD program participants to 

TABLE 3-8 Adaptation of Commercial Engines for Military Use

Awards Contractor and Engine
Brake Thermal Efficiency 
Achievement and Baseline Amount of Contract

FY 2009 Cummins:  
2007 ISL 8.9 L I-6

43.5 to 45.2%
(Baseline: ~42%)

$2.5 million to $3.0 million

Mack:  
Euro IV MP8 13.1 L I-6

~44%
(Baseline: ~39%)

$1.0 million 

FY 2010 AVL:  
2010 Ford 6.7 L V-8

43 to 43.5%
(Baseline: ~40%)

$1.0 million

AVL: Euro Ford 
Euro V Lyon 4.4 L V-8

NA NA

Ricardo: 2007 Navistar  
6.4 L V-8

NA $2.5 million

NOTE: NA, not available.
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present their findings at the DEER (Diesel Engine-Efficiency 
and Emissions Research) Conference.20

RESPONSES TO RECOMMENDATIONS ON ENGINES 
FROM NRC PHASE 1 REVIEW

The NRC (2008) Phase 1 includes 12 findings and 12 
recommendations regarding engines (Findings 3-1 through 
3-12 and Recommendations 3-1 to 3-12). The 21CTP con-
curred with many of the recommendations and incorporated 
several of them in the SuperTruck contracts (see Appendix 
C). The 21CTP responses to Findings 3-1 and 3-8 and Rec-
ommendations 3-1 and 3-8 did not concur with the NRC 
(2008) comments about the 50 percent BTE goal for 2010 
and the 55 percent BTE goal for 2013. However, the com-
mittee observes that the 21CTP has now changed the year 
for meeting the 50 percent BTE goal to 2015 and that the 
55 percent BTE is now a stretch goal for a prototype engine 
system in the laboratory for 2015.

FUEL PROGRAMS

Introduction

Fuels are important in attaining the vision of the 21CTP 
in three ways: 

1. Fuel formulation impacts the conditions that must be 
established within the cylinder to achieve advanced 
combustion regimes; 

2. Nonpetroleum fuels are a direct route to displacing 
petroleum-based liquid energy carriers, with biofuels 
offering the potential for reducing CO2; and

20 Subsequent to the committee’s review of 21CTP programs, the DOE 
and the DOD entered into the Advanced Vehicle Power Technology Alliance 
(AVPTA) partnership on July 18, 2011. See, for example, “DOE, Army Al-
liance Underlines Achieving Energy Security” by Chris Williams, available 
at http://www.army.mil/article/62727/. Accessed October 18, 2011.

3. Improved properties of petroleum-based fuels can 
improve engine operation and reduce emissions.

In December 2000, regulations were finalized that 
required, by 2006, much lower sulfur content in diesel fuel 
(a maximum of 15 ppm). Ultra-low sulfur diesel (ULSD) 
fuel was deemed necessary to enable catalyzed diesel 
particulate filters, including the use of a broader range of 
catalytic NOx aftertreatment devices, and mitigate engine 
damage from potential sulfuric acid formation in recircu-
lated exhaust gases. Other fuel properties have been shown 
to impact engine-out emissions (DOE, 2006). For example, 
oxygen-containing fuels and additives have been found 
to reduce PM emissions. However, the understanding of 
the effects of fuel properties on emissions is still highly 
empirical. Similarly, the relation between fuel properties 
and low-temperature combustion modes is far from well 
understood, although considerable progress has been made 
in the past few years. Modified fuel specifications and new 
fuel formulations may facilitate expanding the operating 
range of new combustion regimes like homogeneous-
charge compression ignition as well as improving the 
operation of conventional diesel engines. The changing 
of fuel specifications to achieve specific goals needs to be 
balanced with the cost to refineries for making the needed 
changes. It is unlikely that changes in diesel fuel proper-
ties will occur without EPA regulations to require them, 
and this can only occur if the changes facilitate reduced 
emissions. 

Nonpetroleum diesel fuels can be produced from renew-
able resources such as seed oils and animal fat, as well as 
synthesized from natural gas, oil sands, coal, biomass, and 
other resources. Processes for the production of diesel fuel 
from these sources continue to be explored, but commercial 
production has been limited. The production of biodiesel is 
growing slowly in the United States. The use of syncrudes 
from oil sands in Canada has grown considerably. Fischer-
Tropsch (F-T) diesel fuels, synthesized from natural gas, 
have been studied in numerous engine tests to determine 

TABLE 3-9 Army Broad Agency Announcements (2010-2013): Summary of Three Programs for Powertrain Technology 
Development

Vehicle Contractor Engine/Transmission Horsepower Amount of Contract

7- to 9-ton light vehicle Cummins Cummins 
6.7 L ISB
Eaton 
Ultra-Shift

150 to 300 $7.0 million

15- to 19-ton medium vehicle Sapa Group. DDC 15 L 
Binary Logic Longitudinal

350 to 500 $7.8 million

20- to 40-ton heavy vehicle SWRI Up-Powered
Cummins 15 L ISX
Kertrain 
32-speed cross drive

750 to 1,000 $9.67 million

NOTE: All with 44 percent BTE or greater and 0.6 kW/kW BSHR or less.  Acronyms are defined in Appendix I.
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their impact on emissions, because higher cetane number21 
and reduced PM are the primary benefits. Imported F-T 
liquids have been used as blending material in California 
diesel fuels since 1993. F-T diesel and biodiesel have a lower 
energy density than that of conventional diesel fuel, so the 
uniformity and quality of these new fuels need to be defined 
and improved to allow for the engine and emission control 
system to take advantage of them. Furthermore, if alterna-
tive fuels are to be used interchangeably with conventional 
diesel, it may become necessary to recognize the fuel and 
to compensate within the engine in order to achieve optimal 
efficiency and to maintain emissions control. Sensors (real or 
virtual) may be needed to accomplish this, along with control 
hardware and software.

Lubricant properties can also have a profound effect on 
emissions, by impacting the durability of exhaust aftertreat-
ment devices. The sulfur and “ash” content of lubricants 
need to be minimized to prevent degradation of NOx adsorber 
catalyst performance and to optimize cleaning intervals and 
regeneration phenomena in DPFs. Research continues on 
the fuel-savings potential of low-friction and low-viscosity 
lubricants while maintaining engine and transmission dura-
bility and reliability.

The remainder of this section addresses DOE fuels pro-
grams, DOD fuels programs, advanced petroleum fuels, 
biofuels, alternative fuels, and lubricants.

DOE Fuel Programs

To address the challenges described above, the 21CTP 
has maintained a portfolio of research programs investigat-
ing advanced petroleum-based fuels (budget for this was 

21 The cetane number is a measure of the ignition quality of diesel fuel.

eliminated for 2011, which is discussed later in this section) 
and non-petroleum-based fuels. The DOE supplied to the 
committee a list of nine DOE-funded projects focused on 
advanced petroleum based fuels (APBF) and non-petroleum-
based fuels (NPBF) that were directly attributed to the 21CTP. 
These projects are listed in Table 3-10; the total budget for 
FY 2010 is $9.23 million.

As with the advanced combustion research programs, 
researchers participating within each project on APBF and 
NPBF have developed collaborative teams consisting of 
industry and academic partners. Participants are involved 
with group research meetings and an annual merit review as 
part of the EERE program. Project directions and continu-
ation are based on the scores received in the merit review. 
The presentations given at the merit review are available to 
the public.22 

The research programs include powertrain-system-level 
and fundamental investigations. Projects range from evaluat-
ing the effects of differences in fuel composition on achiev-
ing advanced combustion strategies and their impact on pro-
posed aftertreatment systems, to developing comprehensive 
chemical kinetic mechanisms for non-petroleum-based fuels, 
primarily bio-derived fuels. In addition, fundamental experi-
ments are being done using advanced optical diagnostics to 
evaluate the impact of nonpetroleum fuels on the combustion 
subprocesses known to be important with petroleum fuels, 
such as fuel spray development, vaporization, and in-cylinder 
mixing. Differences have been observed and correlated with 
characteristics of the fuels (Genzale et al., 2010; Kook and 
Pickett, 2009; Mueller et al., 2009). Also, some of the activi-
ties within the 21CTP seem to focus on light-duty gasoline-

22 See http://www1.eere.energy.gov/vehiclesandfuels/resources/proceed 
ings/2010_merit_review.html. Accessed on May 18, 2011.

TABLE 3-10 Major 21CTP-Related Projects Funded in FY 2010 Addressing Advanced Petroleum-Based Fuels and  
Non-Petroleum-Based Fuels

Project Title Organization FY 2009 Budget FY 2010 Budget

Advanced Petroleum Based Fuel Effects on Combustion ORNL $750,000 $950,000

Fuels for Advanced Combustion Engines NREL $550,000 $550,000

Advanced Petroleum Based Fuels NREL $1.8 million $1.5 million

Quality, Performance and Emission Impacts of Biofuels and Biofuel Blends NREL $3.2 million $1.8 million

Kinetic Modeling of Fuels LLNL $325,000 $500,000

Non Petroleum-Based Fuels: Effects on Emission Control Technologies ORNL $845,000 $1.1 million

Non Petroleum-Based Fuels: Effects on Advanced Combustion ORNL $895,000 $1.47 million

Fuel Effects on Advanced Combustion: Optical Heavy-Duty Engine Research SNL $600,000 $730,000

Advanced Lean Burn Direct Injection Spark Ignition Fuel Research SNL $600,000 $630,000

NOTE: Acronyms are defined in Appendix I. Some of the projects included in Table 1-2 for the  fuels budget are applicable to both light- and heavy-duty 
vehicles so that the total of $12.244 million is not the same as noted in this table, Table 3-10.

SOURCE: U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy. Available at http://www1.eere.energy.gov/vehiclesandfuels/
resources/proceedings/2010_merit_review.html.
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like fuels. To logically include these as part of the 21CTP, 
one would expect to see projects aimed at investigating 
gasoline-like fuels for heavy-duty applications. This could be 
very timely and strategic with the expected excess supply of 
gasoline in the next 30 years (discussed below). A small part 
of one research project is investigating dual-fuel use, but this 
project appears to be in a light-duty engine and states as one 
of its motivations the increased use of ethanol to help meet 
the requirements of the Energy Independence and Security 
Act (EISA) of 2007 (Public Law No. 110-140). 

DOD Fuels Program

The military fuels program has an objective of minimizing 
the amount of fuel used through engine and vehicle efficiency 
improvements and increasing the amount of nonpetroleum 
fuels used. The military would prefer to use the same fuel 
in all of its vehicles, and JP-8 is the desired single fuel. The 
Army, through TARDEC, has the unique role of qualifying 
alternative jet fuels for use in tactical/combat vehicles hav-
ing diesel engines. TARDEC is concerned over fuel lubricity 
and the wide variations that the Army sees in its worldwide 
fuel surveys of JP-8, its primary fuel. For example, cetane 
index varies from 33 to 50, density by about 6 percent, and 
volumetric energy density by about 5 percent. These varia-
tions affect engine operation and vehicle range. Fuel-quality 
sensors are needed to minimize these adverse effects. For 
ground vehicle use, the Army would like the cetane number 
of JP-8 to be at least 50.

Although the Army would like to use less petroleum-
derived fuels, it realizes that it will be difficult to do so. It is 
exploring biodiesel fuels; however, the lower energy density 
of these fuels is a negative. The military has a very rigorous 
procedure for qualifying alternative fuels, which by itself 
could prevent any from qualifying. A recent report from the 
RAND Corporation stated that the U.S. military would derive 
no meaningful benefit from increased use of alternative fuels, 
because the technologies needed were unproven, too expen-
sive, and too far from commercial scale to have any impact 
in the next decade (Bartis and von Bibber, 2011). 

The Army keeps many of its engines for 40 to 50 years, 
and so there is concern about the compatibility of newer fuels 
and lubricants in these engines. For example, diesel engine 
fuel pump life can be an issue with low-lubricity fuels. Also, 
the newer low-sulfur, phosphorus and ash lubricants will not 
be compatible with these engines. 

Advanced Petroleum Fuels

For many years to come, trucks will be powered by diesel 
engines, and the fuel for these engines will be diesel-like fuel. 
This fuel will continue to be made mainly from petroleum, 
in spite of considerable efforts to develop processes for mak-
ing biodiesel fuel and to use alternative fuels. For the United 
States in 2008, 95 percent of transportation fuel was from 

petroleum, 3 percent was biofuels (essentially all ethanol 
that is not usable in diesel engines), and 2 percent was natu-
ral gas.23 This distribution will change with time, with the 
biofuels portion increasing slowly, but petroleum will be the 
dominant source for many years. For example, in BP Energy 
Outlook 2030, BP predicts that biofuels will supply 3 to 4 
percent of world transportation energy by 2030, whereas oil 
will supply almost 90 percent (BP, 2011). 

Thus, it is surprising and disappointing that the DOE 
efforts on petroleum-based fuels have been eliminated from 
the FY 2011 budget. For FY 2011, the DOE Fuels Technol-
ogy Budget request was $11 million, down from the $24 mil-
lion appropriation for FY 2010, with none of it for petroleum 
fuels.24 However, the DOE has remained active in programs 
that address diesel fuel properties, whether they are petro-
leum-derived or not. Programs such as Fuels for Advanced 
Combustion Engines (FACE), which provides a fuels matrix 
considering variations in cetane number, aromatics content, 
and T90, are worthwhile and should be continued. Also, the 
involvement on fuels with the U.S. Coordinating Research 
Council (CRC) and the American Society for Testing and 
Materials (ASTM) should be continued. 

Diesel fuel properties vary considerably, both for petroleum-
derived fuels and for those containing biomass-derived- 
components. As engines continue to be fine-tuned for 
improved fuel consumption and reduced emissions, varia-
tions in fuel properties, such as cetane number, aromatics and 
sulfur concentration, and T90, become more important. For 
example, the Alliance of Automobile Manufacturers’ annual 
diesel fuel-quality survey for 2005 reported that cetane qual-
ity varied from under 42 to over 50, with 80 percent of the 
samples under 46 cetane number and 20 percent over 46.

Truck engine manufacturers, through the Worldwide Fuel 
Charter, have expressed a desire for a minimum diesel fuel 
cetane number of 55 for markets with the highest degree 
of emission control, such as the United States. This cetane 
number is considerably higher than the current United States 
average in the mid-40s, and it is typical of cetane quality in 
European diesel fuel. A higher cetane number would improve 
engine thermal efficiency and cold starting, reduce engine 
noise, white smoke, and odor emissions (ACEA, 2006). It 
would improve the ability of diesel-hybrid trucks to restart 
in stop and go operations, especially at low temperatures. 
The 2006 version of the Worldwide Fuel Charter (WFC, 
2006) provides sufficient evidence to conclude that there is 
a very large, still unexploited potential for improvements in 
road fuels, which will provide major reductions in pollutant 
emissions both in vehicles already on the road as well as in 
future dedicated vehicles. However, the committee is not 
aware of conclusive test results showing the effects of cetane 
number on the engine thermal efficiency and exhaust emis-

23 Patrick Davis, DOE, “NAS Review of 21CTP—Phase 2,” presentation 
to the committee, September 8, 2010, Washington, D.C.

24 Ibid.
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sions of modern U.S. heavy-duty diesel engines or engines 
with advanced-concept combustion systems.

A series of trends needs to be explored in order to make 
proper decisions on future diesel fuels, whether they are 
petroleum- or biomass-derived:

1. In the United States and worldwide, future demand for 
diesel fuel is expected to continue to increase in spite 
of the forthcoming truck-fuel-consumption standards 
in the United States and elsewhere (EIA, 2011a).

2. In the United States, demand for gasoline is expected 
to decline as a result of more stringent fuel economy 
standards, greater use of ethanol, and the increased use 
of battery-driven light-duty vehicles. Worldwide, even 
with higher fuel economy standards, the demand for 
gasoline may increase because of the growth of vehicle 
sales in Asia (EIA, 2011b).

A presentation to the committee showed that even with 
improvements in vehicle fuel consumption, total truck petro-
leum consumption would continue to increase through 2035, 
dominated by the increase for heavy-duty trucks.25 This will 
have major implications for refineries in the United States, 
which will see the ratio of gasoline to diesel fuel production 
change from highly gasoline-biased to highly distillate-fuel-
biased, and will necessitate changes in refinery configuration 
and operation. 

The United States for many years has been a large 
importer of petroleum, mainly to meet the needs of transpor-
tation. If demand for diesel fuel continues to increase, reduc-
ing gasoline demand might not have the desired favorable 
impact on petroleum imports because diesel fuel production 
will become the controlling factor. Continuing to add ethanol 
to gasoline for use in light-duty vehicles, be it from corn or 
cellulosic materials as prescribed by the Renewable Fuels 
Standards (RFS) in the Energy Policy Act of 2005 (Public 
Law 109-58), might not contribute to reducing petroleum 
imports, if increasing diesel fuel demand must be met. The 
major efforts in the United States to develop and commer-
cialize cellulosic ethanol, many supported by the DOE, may 
be counterproductive. It may be wise to redirect the DOE 
biofuels programs to the development of hydrocarbons for 
use in distillate fuels (diesel fuel and jet fuel) and away from 
oxygenated fuels for use in gasoline. Also, the DOE will also 
need to consider efforts toward combustion system devel-
opment, which uses gasoline-like fuels in high-efficiency, 
heavy-duty engines.

In looking ahead, the government, in cooperation with 
industry, could look at maximizing the miles driven per bar-
rel of petroleum used. Studies of this type were done more 
than 40 years ago, but there have been none of note recently. 
Because one of this nation’s major goals is to reduce petro-

25 Kevin Stork, DOE, “DOE Fuel and Lubricant Technologies R&D,” 
presentation to the committee, November 15, 2010, Washington, D.C.

leum imports, the DOE could also explore how the nation 
might use petroleum in the most efficient manner. Such a 
study would include the following factors:

1. What is the optimum distribution (gasoline/distillate/
other) of the barrel to maximize miles or work done 
per barrel of petroleum processed?

2. What are the optimum ignition characteristics, cetane 
quality of diesel fuel and octane quality of gasoline? 

3. How many grades of each fuel, at what specific octane 
and cetane qualities, would be optimum?

Such a study would look at the impacts of the continued 
use of ethanol in gasoline. It could show the potential for 
reducing petroleum demand and providing fuels tailored for 
future optimized internal combustion engines. A cost-benefit 
analysis should be included to compare the costs of the 
required refinery modifications, with the savings in reduced 
automotive fuel use. Transition to such an optimal fuel and 
engine combination would have to be facilitated through the 
development of engines that are capable of adjusting to the 
fuel characteristics.

Biofuels

For many years, biofuels have been held out as the “holy 
grail” that could reduce petroleum imports and greenhouse 
gas emissions and provide domestic jobs. The DOE has been 
heavily involved with developing technology and processes 
for cellulosic ethanol and biodiesel fuels, with the ultimate 
goal of commercialization. Biodiesel fuels were envisioned as 
ideal supplements or replacements for petroleum-derived die-
sel fuel. Congress established the Renewable Fuels Standards 
in 2005, which set a goal of 36 billion gallons of biofuels by 
2022. Congress has provided tax credits and incentives for 
biofuels production, including that of ester-based and renew-
able diesel fuels, and they were recently extended. A recent 
study conducted by Sandia National Laboratories and General 
Motors concluded that there are no theoretical barriers to 
achieving the stated goal of producing 90 billion gallons of 
ethanol per year by 2030.26 A number of practical obstacles 
were identified however. In particular, investment in cellulosic 
ethanol production needs long-term protection against oil and 
feedstock price volatility. Capital costs are significant, and 
investment risk needs to be managed. Technology improve-
ments, particularly in cellulosic conversion yields, are critical 
and must be sustained over a number of years. Finally, large-
scale development of energy crops is necessary. An NAS-
NAE-NRC (2009) report concluded that the resources for 
biomass were available in the United States and that significant 
biofuels could be produced by 2020. However, the applicabil-

26 Available at http://www.sandia.gov/news/publications/white-papers/90-
Billion-Gallon-BiofuelSAND2009-3076J.pdf. Accessed May 18, 2011.
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ity of the forecasts in the NAS-NAE-NRC (2009) report for 
fuels used in heavy-duty diesel engines remains an open issue. 

With all of the above, what success has occurred, and 
what is the outlook for biofuels, especially for biodiesel 
fuels that could be used in truck diesel engines? To date, 
the only success has been with corn-based ethanol, which is 
added to gasoline across the United States for use in gaso-
line engines. This policy has been clouded with controversy 
over “food for fuel,” tax credits, and the reduction of green-
house gas emissions. To date, the commercial production of 
cellulosic-derived ethanol, envisioned in the RFS, has not 
occurred, and the production of biodiesel (essentially fatty 
acid methyl ester [FAME] and other esters) and renewable 
diesel (a biomass-derived feedstock used in refineries for 
diesel fuel production) has been minimal. For 2011, the RFS 
targets for all biofuels are these: biomass-derived diesel, 
0.8 billion gallons; advanced biofuels, 1.35 billion gallons; 
cellulosic biofuels, 5 to 17.1 million gallons; total renew-
able fuels (almost all corn-derived ethanol), 13.95 billion 
gallons. Compared with Energy Information Agency (EIA) 
values for annual gasoline consumption in the United States 
in 2009 of 138 billion gallons, and diesel fuel consumption 
in 2008 of 42 billion gallons, these amounts are very small 
(EIA, 2011a,b). By 2022, the RFS requirement is 4 billion 
gallons of advanced biofuels, which can be just about any 
renewable fuel except corn-based ethanol. Even if all of this 
was biodiesel fuel, it still would meet only about 10 percent 
of diesel fuel demand.

To meet future RFS requirements, significant advance-
ments in technology and reductions in cost are needed for 
biofuels. Many years are expected to be required to explore 
the different approaches to producing biofuel, which are 
currently at the fundamental laboratory research stage, and 
to transition promising technologies from the laboratory to 
large-scale production. The DOE has been actively involved 
in process development, in monitoring the quality of the 
biofuels produced, and in understanding their use in engines 
and vehicles. A significant portion of the DOE effort at the 
National Renewable Energy Laboratory has been in the gen-
eration of cellulose-derived fuels, primarily ethanol. Insuf-
ficient work is being done in the generation of hydrocarbon 
fuels, which are better suited for diesel engines.

In looking toward bio-derived hydrocarbons for diesel 
fuel, there are two options:

1. Generate a biodiesel fuel, such as FAME or other es-
ters, from a specific feedstock, such as soybeans, and 
blend that into existing diesel fuel. 

2. Generate a bio-crude oil (renewable diesel fuel) that can 
be used at the refinery in the production of diesel fuel. 

Much of the effort to develop diesel biofuels has been 
directed toward the development of ester-based fuels such 
as FAME. These fuels are now blended, to a limited extent 
in the United States, commercially in diesel fuel, and to a 

greater extent in Europe. But, they are not without problems 
relating to low-temperature operability and deposits. 

Bio-mass derived dimethyl ether (DME) has received 
attention, especially in Europe, as a sulfur-free diesel fuel 
substitute because of its high cetane number (55) and very 
low emissions of PM, NOx, and CO. It would require minor 
engine modifications, and would need a special system for 
distribution and storage, which could be a major stumbling 
block.27 

Others are working on renewable diesel fuels, which 
essentially use biomass feedstocks to generate a hydrocarbon 
blend that is processed at a refinery during the production of 
diesel fuel. It results in a finished diesel fuel that is essentially 
the same as a completely petroleum-derived fuel, with very 
similar properties.

The California Environmental Protection Agency has 
recently compared FAME with renewable diesel fuel and 
concluded that renewable diesel fuel is a better option for 
the following reasons: it is all hydrocarbon and is chemically 
more like diesel fuel; it is compatible with current diesel fuel 
infrastructure and engines; and it avoids unwanted effects 
associated with ester-based biodiesel fuels (FAME), such as 
lower volumetric energy content, instability, hygroscopicity, 
injector fouling, and low-temperature operability, among 
other factors. The U.S. EPA recently approved a prototype 
renewable diesel fuel as an “advanced biofuel.”28 

The DOE has encouraged production of renewable die-
sel fuel. On January 20, 2011, DOE Secretary Steven Chu 
announced29 a loan guarantee of $241 million to support 
the construction of a 137 million gallon per year renewable 
diesel facility that will use animal fats, used cooking oil, 
and other waste grease as feedstock. Many more of these 
plants will be needed to make a significant dent in biodiesel 
fuel supply.

The use of other sources for biodiesel fuel production 
has not yet been successful. For example, a recent United 
Nations Food and Agricultural Organization report stated 
that biodiesel from the Jatropha plant that grows in arid 
climates could not make a significant contribution toward 
reducing oil dependence (UNFAO, 2010). 

Algae have been receiving much attention as a poten-
tial source of biofuels. In the United States, major energy 
companies such as ExxonMobil and Chevron have invested 
hundreds of millions of dollars, the DOE’s National Renew-
able Energy Laboratory has an extensive R&D program, 
and the DOE has invested $24 million in three programs to 
tackle key hurdles in the commercialization of algae-based 

27  A study of DME as an alternative fuel for diesel engine applications (TP 
13788E) is available at http://www.tc.gc.ca/eng/innovation/tdc-summary-
13700-13788e-718.htm (accessed July 5, 2011).

28 See http://www.epa.gov/otaq/fuels/renewablefuels/compliancehelp/
triton-determination.pdf. Accessed May 22, 2011.

29 See DOE Blog; Available at http://blog.energy.gov. Accessed on May 
9, 2011.
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biofuels.30 In spite of all of this effort, algae-based biofuels 
are not on the horizon. A study presented to the National 
Petroleum Refiners Association (NPRA) meeting in March 
2010 (NPRA, 2010) concluded: “significant production 
seems a minimum of five years off and likely 10 years.” 
The same study said: “even the current algae-oil technology 
leaders have big cost hurdles facing them, with algae-derived 
crude liquids likely to cost between $6 and $20 per gallon” 
(NPRA, 2010). A study from Wageningen University in the 
Netherlands concluded that the cost of producing biodiesel 
from algae is 3.5 times more than the cost of producing 
biodiesel from crude oil, and twice as much as producing it 
from rapeseed. The study also stated that it would be 10 to 15 
years before commercial production would be feasible, and 
the cost would have to go down by a factor of 10 (Wijffels 
and Barbosa, 2010). Even the DOE’s National Algae Biofu-
els Technology Roadmap concluded that the technology is at 
an early stage and will require years of development to reach 
commercialization (Wijffels and Barbosa, 2010). As stated 
above, the development time for new biofuels will be long, 
measured in decades.

The International Energy Agency’s report Status of 2nd 
Generation Biofuels Demonstration Facilities in June 2010 
concluded: “A high number of projects are being pursued, 
but only few facilities in the demonstration phase are actually 
operating” (Bacorsky et al., 2010). An Australian program 
has reduced the cost of algae-derived biodiesel fuel by a fac-
tor of four to $11 per gallon and admits that further reduction 
is not a simple process (Wards, 2011). A Japanese report 
concluded that Japan’s biofuel industry would have a hard 
time surviving without government subsidies (Ethanol and 
Biofuels News, 2010). The situation is similar throughout 
the world. 

Finding 3-7. In spite of efforts to reduce the fuel consump-
tion of light-duty and heavy-duty vehicles and to develop 
biomass-derived fuels (an effort which, except for corn-based 
ethanol, has not progressed as much as had been expected), 
petroleum will remain the primary source of light-duty and 
heavy-duty vehicle fuel for many years to come. Whereas 
future U.S. gasoline demand is expected to be flat for the next 
20 years, diesel fuel demand is expected to grow, necessitat-
ing changes in refinery operations.

Recommendation 3-4. The DOE should reinstate its pro-
gram for advanced petroleum-derived fuels (they will be 
transportation’s primary fuels for many years to come) with 
the objective of maximizing the efficiency of their use.

Alternative Fuels

One of the DOE’s original 21CTP goals was to replace 
5 percent of petroleum fuels with fuels from nonpetroleum 

30 See http://www.energy.gov/9167.htm. Accessed May 9, 2011.

sources by 2010. In the NRC Phase 1 report (NRC, 2008), 
it was stated that this was unlikely to happen, especially for 
fuels for heavy-duty diesel engines, and this has been the 
case. Other than ethanol from corn for use in gasoline-fueled 
engines and the use of natural gas in fleet vehicles, suc-
cess with alternative fuels has been limited. About 110,000 
natural gas vehicles are on U.S. roads today, with about 66 
percent of those being transit buses. In 2009, 26 percent of 
all new transit bus orders were for natural-gas-fueled buses.31 

Interest remains in utilizing natural gas, either directly or 
as a feedstock, for the production of diesel fuel. The natural 
gas resources of the United States can be greatly expanded 
through the fracturing of shale deposits, providing a greater 
opportunity for the use of natural gas resources in produc-
ing transportation fuels. However, there is concern about 
the adverse effects of methane emissions in the fracturing 
process and about the impacts of those emissions on global 
warming.

There is also interest in coal, oil shale, and tar sands. How-
ever, high costs, environmental issues, and greenhouse gas 
emissions have stymied most of these efforts. Commercial 
success for coal and shale oil is unlikely in the next 10 to 20 
years, especially if the price of petroleum remains relatively 
low. The production of transportation fuels from Canadian 
tar sands has been a commercial success, but not without 
environmental controversy.

Gasoline fuel for heavy-duty applications is currently 
receiving attention in several areas. First, evidence is emerg-
ing that some gasoline engines are replacing some diesel 
engines in pickup, delivery, and other smaller trucks as a 
lower-cost alternative to the 2010 emissions-standards-
compliant diesel engines. Second, R&D work is under way 
on gasoline-fueled heavy-duty HCCI engines. Work on this 
type of engine at the EPA was previously described in this 
chapter. Other research work on similar gasoline-fueled 
HCCI engine concepts is also under way.

There are no simple and inexpensive substitutes for 
petroleum-based liquid energy carriers. However, the global 
demand and diminishing growth in petroleum reserves 
mandate that alternatives be pursued. Because of the tre-
mendous utility, high energy density, and specific energy of 
liquid hydrocarbon fuels, the DOE should continue to follow 
progress in utilizing alternative resources to generate trans-
portation fuels, especially hydrocarbon fuels for heavy-duty 
diesel engines. The DOE should focus on processes likely to 
be commercially successful in the next 10 to 20 years.

Lubricants

Lubricants for truck engines will have to provide reduced 
fuel consumption, powertrain durability, and emissions-
control-system compatibility. The DOE recognizes this. 

31 See http://www.ngvamerica.org/about_ngv/. Accessed April 25, 
2011.
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Regarding emissions, the DOE has been active in the Col-
laborative Lubricating Oil Study on Emissions (CLOSE) 
project. Of particular concern is the effect of sulfur from the 
fuel and the engine oil and of phosphorus from the engine oil 
on emission-control-system performance, especially regard-
ing PM and NOx.

It is well known that reducing powertrain friction, through 
design changes and the use of more efficient engine oils and 
transmission fluids, can reduce fuel consumption. Signifi-
cant reductions in powertrain friction, and improvements in 
lubricants, especially for light-duty vehicles, have occurred 
in the past 20 years. The DOE recognizes that not as much 
progress has been made with heavy-duty vehicles, especially 
with their lubricants. For instance, the use of 5W engine 
oils is recommended for most light-duty engines, and 0W 
engine oils are now recommended for some, whereas 15W 
engine oils are recommended for most heavy-duty engines, 
primarily to provide the necessary bearing oil-film thickness, 
because heavy-duty diesel engines have significantly higher 
bearing unit loads than do typical light-duty engines.

The DOE has an objective of reducing “parasitic losses in 
system efficiency by developing improved engine and trans-
mission lubricants.”32 The target benefits are as follows: for 
2016, 10 percent engine/15 percent drivetrain friction reduc-
tion, leading to approximately 1.5 percent fuel economy ben-
efit; for 2030, 25 percent engine/35 percent drivetrain fric-
tion reduction leading to approximately 3 to 4 percent fuel 
economy benefit. Considering what has already been done to 
reduce powertrain friction, these are very ambitious targets. 
To help achieve these goals, the DOE is supporting research 
to develop and improve the understanding of microfluidic 
transport, ionic liquids, and lubricant film formation.33

The DOE includes the retrofit of improved engine and 
transmission fluids in its plans and projected fuel economy 
improvements. This is a problematic strategy for several 
reasons:

•	 Before	lower-viscosity	engine	oils	are	recommended,	
either for factory fill or in-use lubricants, manufactur-
ers and truck owners will have to be assured that engine 
durability is not compromised.

•	 Transmissions	are	very	sensitive	to	the	quality	of	the	
transmission fluids. Fluids are not changed frequently, 
and manufacturers and operators will need great assur-
ance before risking the use of a retrofit transmission 
fluid.

A critical development goal is for backward-compatible 
products, which would minimize the complications of 
supplying multiple products in the industry. A program 
that relies on retrofit of lubricants absolutely needs to be 

32 Kevin Stork, DOE, “DOE Fuel and Lubricant Technologies R&D,” 
presentation to the committee, November 15, 2010, Washington, D.C.

33 Kevin Stork, DOE, “DOE Fuel and Lubricant Technologies R&D,” 
presentation to the committee, November 15, 2010, Washington, D.C.

conducted in conjunction with the engine and transmission 
suppliers and users, and with the engine oil and transmission 
fluid developers and suppliers. Without their involvement, it 
has zero chance of success.

The process for periodic enhancements of heavy-duty 
diesel truck engine lubricating oil has been initiated, begin-
ning nearly a year ago as the EPA and DOT/NHSTA GHG 
emissions and fuel efficiency rule was anticipated (EPA/
NHTSA, 2010). This primary objective is an improved fuel 
efficiency contribution through the implementation of a high 
temperature high shear (HTHS) viscosity property. Early 
industry testing with HTHS controlled oils has shown prom-
ise for fuel consumption reduction while other parameters 
continue to protect traditional performance. HTHS can be 
managed relatively independently from traditional viscosity 
designations (e.g., 10W30 and 15W40 are frequently used 
diesel oil viscosity specifications). Fuel consumption results 
are shown to be duty-cycle-specific. The results character-
izing over-the-road cycles may experience up to a 1 percent 
reduction, whereas an urban/suburban pickup and delivery 
cycle may achieve up to 1.5 percent reduction or more.34 

Bio-derived lubricants are not receiving much attention. 
However, the DOT has provided $370,000 to the National 
Ag-based Lubricant Center at the University of Northern 
Iowa to study the feasibility of using readily biodegradable 
soy-based lubricants in railroad engines (Ethanol and Bio-
fuels News, 2010). Because diesel engines are involved, the 
DOE should maintain cognizance of this study.

Finding 3-8. The DOE recognizes the importance of reduc-
ing truck powertrain friction and the need for improved 
lubricants that reduce fuel consumption.

Recommendation 3-5. The DOE must work closely with 
industry in exploring improved lubricants that reduce fuel 
consumption, especially with regard to using such lubricants 
in existing truck engines and transmissions.

Three Different Sets of 21CTP Goals for Fuels and 
Lubricants

To determine the current goals for the 21CTP fuels pro-
gram, the committee addressed the following comments to 
the Partnership:

 The 21CTP fuels and lubricants goals stated in the NRC 
(2008) Phase 1 report were:

•	 By	 2010,	 identify	 and	 validate	 fuel	 formulations	
optimized for use in advanced combustion engines 
exhibiting high efficiency and very low emissions, and 

34 Private communication between Gregory Shank, Volvo Powertrain, and 
the committee, September 8, 2010.
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facilitating at least 5 percent replacement of petroleum 
fuels.

•	 By	 2010,	 identify	 and	 exploit	 fuel	 properties	 that	
could increase efficiency and reduce overall tailpipe 
emissions through (1) lower engine-out emissions, 
including new low-temperature combustion regimes, 
and (2) enhancement of aftertreatment performance 
for 2010 emissions regulations.

•	 By	 2013,	 identify	 non-petroleum	 fuel	 formulations	
(i.e., renewables, synthetics, hydrogen-carriers) for 
advanced engines and new combustion regimes for the 
post-2010 time frame that enable further fuel economy 
benefits and petroleum displacements while lowering 
emissions levels to near zero, thus adding incentives 
for using non-petroleum fuels.

A draft white paper presented to the committee on 
November 15-16, 2010, provided the following new list of 
21CTP fuels and lubricants goals (DOE, 2010a). The new 
Goal 3 repeats the earlier Goal 1, and the new Goal 4 repeats 
the earlier Goal 3. The status of each goal is provided in the 
comments following each goal. Little or no progress has been 
made on these goals because DOE funding reductions in 
fuels and lubricants technologies have resulted in no funding 
for heavy-duty fuels and lubricants R&D.

•	 New	21CTP	 fuels	and	 lubricants	Goal	1:	“Establish 
the influence of fuel and lubricant sulfur on emission-
control technologies.”

	 Status: The 21CTP engine white paper dated August 
30, 2010, states: “The sulfur and ash content of lubri-
cants are sufficiently high to be factors in degradation 
of performance of NOx adsorber catalysts and to influ-
ence the cleaning intervals and regeneration phenom-
ena in DFPs, for example.” No progress was reported 
to the committee for this goal.

•	 New	 21CTP	 fuels	 and	 lubricants	 Goal	 2: “Identify 
and exploit fuel properties that reduce overall tailpipe 
emissions through lower engine-out emissions, includ-
ing new low-temperature combustion regimes and 
enhancement of aftertreatment performance.”

	 Status: The 21CTP engine white paper dated August 
30, 2010, states: “The understanding of fuel property 
effects on emissions is highly empirical. Similarly, 
understanding the relation between fuel properties and 
low-temperature combustion modes is far from well-
understood.” The DOE reported that high-volatility 
diesel (HVD) fuel increased efficiency and lowered 
emissions for PCCI operation according to optical 
engine studies, which showed that liquid fuel films on 
the piston are avoided. 

•	 New	21CTP	fuels	and	lubricants	Goal	3: “By 2010, 
identify and validate fuel formulations optimized for 
use in advanced combustion engines exhibiting high 

efficiency and very low emissions, and facilitating at 
least 5 percent replacement of petroleum fuels.”

	 Status: This DOE goal was discussed in detail in the 
NRC Phase 1 report (NRC, 2008). For this present 
review, the DOE reported that it contributed to an 
improved biodiesel ASTM specification, resolving 
shortcomings of the ASTM D6751 specification 
issued in 2002. The DOE also reported on stud-
ies under way to determine the factors (including 
radiative heat transfer, reaction rates, and combustion 
temperatures) that result in increased NOx emis-
sions when fueling with biodiesel. A set of common 
research fuels were developed, analyzed, and distrib-
uted for understanding low-temperature combustion 
(the FACE project), although a low-temperature 
combustion engine for testing these fuels had not 
been identified. The NRC Phase 1 report did not 
contain plans for achieving the goal of replacing 5 
percent of petroleum fuel with nonpetroleum fuels 
by 2010. The DOE subsequently reported that zero 
percent reduction in petroleum consumption for the 
total heavy-duty truck fleet was achieved in 2010, but 
forecasted a 5 percent reduction in 2015.35

•	 New	21CTP	fuels	and	lubricants	Goal	4: “By 2013, 
identify non-petroleum fuel formulations (e.g., renew-
ables, synthetics, hydrogen-carriers) for advanced 
engines and new combustion regimes for the post-2010 
time frame that enable further fuel economy benefits 
and petroleum displacements while lowering emis-
sions levels to near-zero, thus adding incentive for 
using non-petroleum fuels.”

	 Status: The NRC Phase 1 report (2008) stated that this 
goal “was intended to emphasize the development of 
non-petroleum fuel formulations beyond biodiesel,” 
previously addressed by Goal 1. Similar to Finding 
3-15 in the NRC Phase 1 report, the DOE provided 
little insight into the scope and magnitude of the 
effort to address this goal. The Phase 1 report stated, 
“It appears unlikely that the fundamental mechanisms 
that control the formation of HC, NOx, and particulate 
emissions in a diesel engine can be dramatically altered 
with a change in fuel formulation to the extent that the 
emissions could approach zero.” 

 Another draft 21CTP engine white paper dated February 
25, 2011 (DOE, 2011a) states the goal for fuels as follows:

•	 “Through	 experiments	 and	models	with	FACE	 fuels	
and other projects, determine the most essential fuel 
properties, including renewables, needed to achieve 55 
percent engine brake efficiency, by 2014.”

35 Kevin Stork, DOE, “Fuel & Lubricant Technologies R&D Overview 
for NAS Review of 21CTP,” presentation to the committee, November 15, 
2010, Washington, D.C.
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	 Status: Plans for achieving this goal were not reviewed 
with the committee. As noted in an earlier section, 
significant progress in low-temperature combustion 
has been realized through the use of gasoline or dual 
gasoline and diesel fuels. The DOE should recognize 
this progress in defining this goal and developing spe-
cific plans for achieving the goal. 

Finding 3-9. The DOE established three different sets 
of goals for the fuels program from 2008 to 2011, which 
made an assessment of progress against the goals difficult. 
In total, little progress has been made toward the achieve-
ment of these DOE goals, which were not specified goals 
of the 21CTP.

Recommendation 3-6. The DOE fuel goals should be 
re-evaluated in line with the FY 2012 budget and the recom-
mendations of this report. Specific plans for achieving these 
goals should be established.

AFTERTREATMENT SYSTEMS

Introduction

Considerable effort and research funding have been 
focused on improving aftertreatment systems as part of the 
21CTP. This effort is complementary to the development 
of combustion processes that would minimize or preclude 
the in-cylinder formation of criteria pollutants. It is most 
appropriate to think of the combustion processes within the 
cylinder and the aftertreatment devices within the exhaust 
as an interconnected system. Minimal emissions leaving 
the combustion chamber result in reduced demands on the 
aftertreatment system, allowing for simpler, less expensive 

aftertreatment systems. Also, highly effective aftertreatment 
systems can facilitate different engine calibrations for bet-
ter efficiency, which would otherwise have been precluded 
because of emission constraints. Aftertreatment research and 
development must be done with an eye toward the likely 
progress in combustion system development.

In addition, aftertreatment systems are the subject of 
extensive research within the technical community. Con-
sequently it is critical for the 21CTP be aware of the broad 
scope of activities taking place outside of its program and 
to make sure that the research activities within its purview 
address fundamental concerns and are not already being done 
as part of the research and development efforts of the other 
agencies or industry.

To this end, the research structure of the 21CTP aftertreat-
ment program is well organized. The research programs are 
built around teams with participation from national labora-
tories, universities, and relevant stakeholder industries. This 
is directly stated in the goals of their aftertreatment program. 
The research focuses on developing new technologies and on 
gaining an enhanced fundamental understanding of catalysis 
and governing phenomena limiting the effectiveness of cur-
rent approaches. Success in these programs could lead to 
combining multiple aftertreatment approaches into a single 
unit, developing catalysts with higher resistance to poison-
ing, and implementation of retrofit systems. 

The 21CTP aftertreatment research has already helped 
manufacturers meet the EPA 2007 and 2010 new-engine 
emissions standards. The system architecture generally 
being applied to meet U.S. EPA 2010 emissions is shown 
in Figure 3-4. The attainment of these emission standards 
is providing substantial health and environmental benefits 
by reducing ground-level ozone and fine particulates (mass 
as well as number), in addition to regional haze. Thus, con-

3-4.eps
bitmap

FIGURE 3-4 Emission control system architecture generally being applied to meet 2010 new engine emissions standards of the Environ-
mental Protection Agency. Acronyms are defined in Appendix I. SOURCE: DOE (2011a).
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tinued research into improved aftertreatment is extremely 
important. 

Diesel particulate filters have reduced diesel particulate 
matter by approximately 90 percent. Particulate matter 
emitted from modern diesel engines is typically in the size 
range of 10 to 250 nanometers (µm). There are concerns that 
current regulatory limits for particulate matter from engines, 
which are in terms of emitted mass, are not a proper measure 
of the health hazard. One particle of 10 micrometers (µm) 
diameter has approximately the same mass as 1 million par-
ticles of 100 nm diameter. There is evidence that particles 
smaller than 100 nm can pass through cell membranes and 
migrate into other organs. Research into the potential health 
impacts of very small particles is currently being sponsored 
by the Health Effects Institute (HEI). Proposals for new 
regulations exist in some countries, with suggestions to limit 
the particle surface area or the particle number. Although 
particulate number regulations are not in effect in the United 
States, they are being considered. Vehicles equipped with 
particulate filters should have no difficulty meeting newly 
proposed particle number regulations. However, as new 
combustion technologies, such as LTC and high injection 
pressure, lifted flame, mixing controlled combustion, are 
integrating into the engine map, it may be possible to meet 
the particulate mass regulation without a filter. Under such 
situations it will be important to understand the characteris-
tics of the particulate number being emitted from these future 
combustion systems. Technologies to address this issue will 
be needed in the future.

Response to Recommendations from NRC Phase 1 Review

Prior to 2007, the aftertreatment goals of the 21CTP were 
focused on (1) meeting the 2007 heavy-duty engine emission 
standards and (2) eliminating the need for aftertreatment. In 
its Phase 1 review of the 21CTP (NRC, 2008), the commit-
tee found that no specific goals had been outlined for 21CTP 
diesel engine aftertreatment systems, but some goals had 
been set for eliminating aftertreatment. The committee found 
that the goal of eliminating aftertreatment did not appear to 
be achievable in the foreseeable future. The committee also 
found that the Crosscut Lean Exhaust Emissions Reduction 
Simulations (CLEERS), Diesel Crosscut Team (DCT), and 
CRADAs had contributed to many successful projects and 
programs. The NRC Phase 1 review recommended that spe-
cific goals should be set for aftertreatment systems (improved 
efficiency, lower fuel consumption, lower cost of substrates, 
lower-cost catalyst, etc.) and that the 21CTP should con-
tinue with the CLEERS, DCT, and CRADA activities for 
aftertreatment systems. The 21CTP accepted the recom-
mendations of the NRC (2008) review and has adjusted its 
aftertreatment program to address them.

Goals

The 21CTP responded to the recommendations of the 
NRC Phase 1 review with a critical evaluation of the role of 
aftertreatment in meeting its overall program goals and has 
written a white paper specifying the role of aftertreatment 
within its program (DOE, 2011a). Formally the 21CTP has 
identified six goals specifically related to aftertreatment tech-
nologies. These goals are as follows with comments from the 
committee on the work supporting these goals.

•	 21CTP	Goal	1	related	to	aftertreatment	technologies: 
“Improve performance and durability of NOx control 
technology through improved combustion and after-
treatment processes, sulfur management, reductant 
strategies, and improved materials.”36

	 Comment: This goal would appear to be met by further 
reduction of sulfur in the diesel fuel, and developments 
of SCR catalysts, lean NOx traps, DEF reductants, low 
temperature combustion, and iron and copper zeolite 
materials.

•	 21CTP	Goal	2	related	to	aftertreatment	technologies: 
“Develop and apply advanced fuel injection, engine 
control strategies, new combustion regimes, air-
handling, and aftertreatment for emissions reduction, 
with modeling, simulation and controls integrated in 
the approach.”

	 Comment: This goal would appear to be met through 
the various CRADAs and research projects discussed 
in this chapter.

•	 21CTP	Goal	3	related	to	aftertreatment	technologies: 
“Develop and implement cost effective retrofit emis-
sion control technologies.”

	 Comment: OEM systems for PM control and NOx 
control have been supported, and these have made their 
way into retrofit (aftermarket) systems, but no direct 
support of retrofit systems or programs are evident.

•	 21CTP	Goal	4	related	to	aftertreatment	technologies: 
“Determine the best configuration and controls for NOx 
and particulate matter (PM) reduction through engine/
aftertreatment integration.”

36 Fundamental work is being done to improve the reduction efficiency 
(performance) of NOx aftertreament systems, with particular emphasis on 
high mileage (durability) where compliance with applicable standards is 
required. The higher the efficiency of the aftertreatment system the larger 
the cylinder-out NOx can be. The efficiency of the NOx aftertreatment system 
ends up constraining the allowable NOx leaving the cylinder. Constraining 
the cylinder-out NOx constrains what one can do to improve the efficiency 
of the engine—especially at high load. If the NOx reduction efficiency were 
100 percent, the engine engineers would have great leeway in improving the 
engine efficiency—which they currently do not have. The closer one can get 
to this ideal the better. The objective of the research work in the 21CTP is to 
continually improve the NOx aftertreatment reduction efficiency at the least 
possible cost; thus the statement to improve performance and durability of 
the NOx control technology. 
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	 Comment: This goal is being met through the sup-
port of many programs discussed in this Chapter. The 
“best” configurations are the systems developed by the 
OEMs.

•	 21CTP	Goal	5	related	to	aftertreatment	technologies: 
“Achieve production-feasible, life-cycle effective, 
emission control system(s) that will meet NOx and PM 
regulations phasing in starting 2007, also with reduc-
tions of unregulated “toxic” emissions.”

	 Comment: This goal was achieved, as discussed in the 
Health Effects section of this chapter.

•	 21CTP	Goal	6	related	to	aftertreatment	technologies: 
“Research pathways to post 2010 regulations for emis-
sions, such as toxics and carbon dioxide.”

 Comment: The regulation for carbon dioxide emis-
sions from heavy-duty trucks will entail research into 
pathways for meeting this regulation. For a potential 
future regulation for particulate number, research will 
need to be carried out to develop an understanding 
of the characteristics of the particulate number being 
emitted from future diesel combustion systems. 

Aftertreatment Projects

Aftertreatment research in the 21CTP is overseen by the 
DOE, EPA, and 21CTP industry partners. Approximately 
$37 million has been spent for heavy-duty-truck aftertreat-
ment research for the past 7 years and $3.6 million was the 
funding for FY 2010. 

The development of effective exhaust gas aftertreatment 
systems and the optimal integration of these technologies 
as part of the engine-powertrain system are a critical aspect 
of meeting the goals of the 21CTP. Of specific interest to 
the 21CTP is the reduction of NOx within a lean exhaust 
environment and effective capture and regeneration of par-
ticulate matter from the exhaust stream. This happens to be 
the focus of the combustion research and development com-
munity at large, so the 21CTP not only contributes to, but 
also benefits from, the research activities of a much larger 
technical community.

As part of the Phase 2 review, the DOE supplied to the 
committee a list of research programs that should be consid-
ered as part of the 21CTP. The names of these projects, the 
lead agency performing the work, their DOE funding level, 
and a link to the most recent EERE merit review presentation 
are presented in Table 3-11. 

The aftertreatment research projects currently supported 
by the 21CTP, listed in Table 3-11, cover a wide range of 
technologies. Included in the funding is support for the orga-
nizational structure called Crosscut Lean Exhaust Emission 
Reduction Simulations. CLEERS, which is managed through 
the Oak Ridge National Laboratory, acts as a coordinating 
body and a disseminator of the newest kinetic schemes and 
models for aftertreatment system simulation. This is done 
through its website.37 

37 Available at http://www.cleers.org.

TABLE 3-11 Department of Energy 21CTP Supported Aftertreatment Research Programs 

Project Title Organization
FY 2009
DOE Funding

FY 2010
DOE Funding Link to Most Recent EERE Merit Review

CLEERS Coordination and  
Joint Development of Kinetics  
for LNT and SCR 

ORNL $200,000
$450,000

$200,000
$500,000

http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/emissions_control/ace022_
daw_2010_o.pdf

Development of Advanced Diesel 
Particulate Filtration (DPF) Systems

ANL $500,000 $500,000 http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/emissions_control/ace024_
lee_2010_o.pdf

CLEERS: Aftertreatment Modeling  
and Analysis

PNNL $750,000 $750,000 http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/emissions_control/ace023_
lee_2010_o.pdf

Experimental Studies for DPF and  
SCR Model, Control System, and  
OBD Development for Engines  
Using Diesel and Biodiesel Fuels

Michigan 
Technological 
University

NA $583,000 http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/emissions_control/ace028_
johnson_2010_o.pdf

Combination and Integration of  
DPF-SCR Aftertreatment Technologies

PNNL $200,000 $400,000 http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/emissions_control/ace025_
rappe_2010_o.pdf

Development of Optimal Catalyst 
Designs and Operating Strategies  
for Lean NOx Reduction in Coupled 
LNT-SCR Systems

University  
of Houston

NA $637,000 http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/emissions_control/ace029_
harold_2010_o.pdf

TOTAL NA $3,570,000

NOTE: Acronyms are defined in Appendix I. NA, not available.
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More specifically, CLEERS is a collaborative effort 
among the national laboratories ORNL, ANL, and the Pacific 
Northwest National Laboratory (PNNL), and industry and 
academia; CLEERS works to identify, prioritize, and coordi-
nate R&D needs within industry to expedite the development 
of detailed technical data necessary to simulate lean NOx trap 
(LNT) and SCR. Through their efforts, LNT and SCR kinet-
ics have been published, the toluene poisoning mechanism 
for SCR has been identified using surface spectroscopy, and 
new catalyst formulations for LNTs that are more sulfur-
resistant have been developed. Most of the major catalyst 
suppliers and engine and vehicle manufacturers participate 
with national laboratories and academia in these activities.

Within the aftertreatment program, efforts are under way 
at the ANL to develop advanced diesel particulate filters. 
This effort involves collaboration with Corning, Caterpillar, 
the University of Illinois–Chicago, and the University of 
Wisconsin–Madison; it is focused on studying the oxidation 
processes to enable better control systems and optimization 
of regeneration strategies.

The PNNL is leading an effort on aftertreatment modeling 
and analysis. This work is being done through a new CRADA 
involving DOW, PACCAR, Ford, GM, and Cummins. The 
participants are working together to enhance the scientific 
understanding of DPF, SCR, and LNT technologies. Recent 
accomplishments include the identification of which hydro-
carbons have detrimental effects to NOx reduction, why water 
can be an inhibitor to HC storage, and the role of the BaO/
alumina interface in LNT performance with ceria as a supple-
ment. These results feed into models that are important in 
aftertreatment design and control strategy optimization.

Under 21CTP funding, Michigan Technological Uni-
versity is leading an activity with Cummins, Navistar, 
John Deere, Johnson Matthey, Watlow, ORNL, and PNNL 
to perform an experimental assessment of DPF and SCR 
models. This effort is being done with diesel and biodiesel 
fuels. The importance of particulate maldistribution within 
the DPF, NH3 loading in the SCR system, and the ability of 
different sensors in conjunction with state estimation models 
to monitor the state of the aftertreatment system effectively 
are being evaluated. 

Funding for a research program being led by the Uni-
versity of Houston is exploring optimal catalyst design and 
operating strategies for lean NOx reduction in a coupled 
LNT/SCR system. Participants in this program include the 
University of Kentucky’s Center for Applied Energy, Ford, 
BASF Catalysts, and ORNL. The mechanisms of NOx reduc-
tion in LNT/SCR coupled systems are not understood. The 
program participants are also exploring catalyst synthesis 
with better desulfation and durability. Recently it has been 
determined the non-NH3 mechanisms may be important in 
SCR kinetics for Fe-zeolite systems.

Finally, a research program is being led by the PNNL with 
PACCAR and DAF Trucks looking at an advanced aftertreat-
ment system consisting of an integrated DPF and SCR for 

simultaneous particulate and NOx control from the same 
device. The current focus of this work is to determine the 
optimal SCR catalyst loading that will maximize NOx reduc-
tion while minimizing the pressure drop across the DPF.

These projects have several global aims: to evaluate 
and address emission control technology barriers; address 
deficiencies in modeling capabilities and basic understand-
ing; develop the understanding of degradation from sulfur 
in fuels; address the high platinum metal content and high 
cost; work to expand the effectiveness of catalytic systems to 
a broader temperature range; eliminate the inefficient use of 
fuel for regeneration of diesel particulate filters and desulfur-
ization of NOx reduction systems, as well as poor reductant 
utilization (lean NOx catalyst, LNC); improve inadequate 
sensors for processing control diagnostics; and address cost 
and packaging constraints.

Finding 3-10. The research agenda of the 21CTP is focused 
on improving the NOx reduction performance of SCR and 
LNT systems, improving the efficiency of and reducing the 
fuel consumption associated with PM filter regeneration, and 
improving the ability to model aftertreatment systems. The 
DOE CLEERS program does a good job of coordinating the 
aftertreatment research programs within the 21CTP and dis-
seminating the results to the technical community at large.

Finding 3-11. The demands on the aftertreatment system 
and its performance are intimately linked to the combustion 
process taking place within the cylinder. Consequently, the 
aftertreatment system must be developed and its performance 
evaluated in conjunction with the combustion system. The 
21CTP realizes this, and its new goals for the aftertreatment 
program specifically state this.

Recommendation 3-7. The aftertreatment program within 
the 21CTP should be continued, and the DOE should con-
tinue to support the activities of CLEERS that interface with 
the activities of the aftertreatment technical community at 
large.

Finding 3-12. Particulate size distribution is not a problem 
with current diesel-type combustion using DPFs. However, 
as new combustion processes, possibly using different fuels 
ranging from petroleum-derived fuels to biofuels and syn-
thetics, are integrated into future engine operating maps, it 
is important to assess particulate size distribution character-
istics if particulate filter designs are changed or if DPFs are 
not used.

Recommendation 3-8. In light of the progress being made 
with new combustion technologies, which show potential 
for very low cylinder-out NOx and particulate emissions, 
the 21CTP should incorporate studies of particulate number 
emissions into their research portfolio.
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EMISSIONS AND RELATED HEALTH EFFECTS

Introduction

The health effects research within the 21CTP is coor-
dinated through the Health Effects Institute. The HEI is a 
nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, 
and relevant science on the health effects of air pollution. 
Typically the HEI receives half of its core funds from the 
U.S. Environmental Protection Agency and half from the 
worldwide motor vehicle industry. The 21CTP’s support to 
the HEI represents a strong collaboration between the HEI, 
DOE, EPA, California Air Resources Board, Coordinat-
ing Research Council, Engine Manufacturers Association 
(EMA), American Petroleum Institute (API), engine and 
aftertreatment manufacturers, and lubricant suppliers. The 
objective of the research is to provide a sound scientific basis 
underlying any potential health hazards associated with the 
use of new powertrain technologies, fuels, and lubricants in 
transportation vehicles. Furthermore, the program endeavors 
to ensure that vehicle technologies being developed by the 
DOE Vehicle Technologies Program for commercialization 
by industry will not have adverse impacts on human health 
through exposure to toxic particles, gases, emanation of 
electromagnetic fields,38 and other effects generated by these 
new technologies. This is being done by characterizing the 
emissions from vehicles using advanced technologies and 
also screening these emissions for toxicity. In selected cases 
if necessary and where possible, the team will work to iden-
tify the components responsible for toxicity and engineer 
solutions to reduce the toxic components. 

38 The World Health Organization website includes the statement: “To 
date no adverse health effects from low level, long-term exposure to radio 
frequency or power frequency fields have been confirmed but scientists 
are actively continuing to research this area.” Available at http://sho.int/ 
peh-emf/about/what is EMF/en.index1.htm.

Three main efforts are under way as part of 21CTP and 
the Vehicle Technologies Program to evaluate potential health 
concerns related to heavy-duty diesel vehicles. These efforts 
aim to undertake high-risk mid- to long-term research; utilize 
unique national laboratory expertise and facilities; help create 
a national consensus; and work cooperatively with industry and 
other agencies. The three efforts are presented in Table 3-12.

Project Overviews

Advanced Collaborative Emissions Study 

The combination of advanced-technology, compression-
ignition engines, aftertreatment systems, reformulated fuels, 
and oils developed to meet the 2007 and 2010 emissions 
standards are demonstrating reduced emissions. Substantial 
public health benefits are expected from these reductions. 
However, with any new technology it is prudent to conduct 
research to confirm benefits and to ensure that there are no 
adverse impacts on public health and welfare. This is the 
overall objective of the Advanced Collaborative Emissions 
Study (ACES) (DOE, 2010b; Greenbaum et al., 2010).

There are three phases to ACES:

1. In phase 1 (completed), the Southwest Research Insti-
tute (SwRI) characterized emissions from four 2007 
engines. A final report was issued in June 2009.39 

2. In phase 2, emissions from 2010 model year engines 
are being characterized.

3. In phase 3, health effects testing is being conducted 
by the Lovelace Respiratory Research Institute. In this 
phase, short-term biological screening and long-term 

39 Available at http://www.crcao.org/reports/recentstudies2009/ACES% 
20Phase%201/ACES%20Phase1%20Final%20Report%2015JUN2009.
pdf.

TABLE 3-12 Projects Attributed to Health Effects Studies Receiving Funding from the Department of Energy as Part  
of 21CTP 

Title Organization
FY 2009  
DOE Funding

FY 2010  
DOE Funding Link to Reference

Advanced Collaborative Emission 
Study (ACES)

HEI, Lovelace 
Respiratory Research. 
Institute, CRC

$600,000 $600,000 http://www1.eere.energy.gov/vehiclesandfuels/
pdfs/merit_review_2010/health_impacts/ace044_
greenbaum_2010_o.pdf

Measurement and Characterization 
of Unregulated Emissions from 
Advanced Technologies

ORNL $475,000 $450,000 http://www1.eere.energy.gov/vehiclesandfuels/
pdfs/merit_review_2010/health_impacts/ace045_
storey_2010_o.pdf

Collaborative Lubricating Oil Study 
on Emissions (CLOSE Project)

NREL FY 2006-FY 2010 (DOE)
$892,000

http://www1.eere.energy.gov/vehiclesandfuels/
pdfs/merit_review_2010/health_impacts/ace046_
lawson_2010_o.pdf

NOTE: Funding levels represent DOE funds only.
SOURCE: Information based on DOE Vehicle Technologies Program Merit Review (DOE, 2010b).
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health effects tests are being conducted on the emis-
sions from 2007 model year engines.

The ACES project funding totals $15.5 million, with the 
DOE contribution in FY 2009 and FY 2010 being $600,000 
each year. The project will continue until mid-2013.

To date, the reported results from the 2007 engines 
include the demonstration of emission reductions below the 
2007 standards as follows: PM, 89 percent below the 0.01 
g/hp-h limit; CO, 98 percent below the 15.5 g/hp-h limit; 
NMHC, 95 percent below the 0.14 g/hp-h limit; and NOx, 
10 percent below the 1.2 g/hp-h average limit. Unregulated 
emissions are 90 percent below those of a 2004 technology 
engine. NO2 emissions increased over those from the 2004 
engines but are expected to go down in 2010; no results have 
been published yet. Short-term animal studies are complete, 
and a report is being prepared for review in 2011. The long-
term exposure study is under way, with results expected in 
2013.

Measurement and Characterization of Unregulated 
Emissions from Advanced Technologies

The project on the Measurement and Characterization 
of Unregulated Emissions from Advanced Technologies 
is largely focused on light-duty vehicles. However, some 
analysis of SCR systems is being done for the ACES project. 
Results reported to date have included detailed particulate 
characterization from direct-injection spark-ignition engines 
with gasoline and ethanol blends. In addition, the HEI is 
undertaking a review of the literature on ultra-fine particu-
lates (UFPs). The review will encompass information on the 
contribution of mobile sources to atmospheric UFPs, health 
effects of UFPs, and the potential for environmental exposure 
leading to potential health effects in humans. Animal studies 
are being considered.

The presentation by the DOE’s James Eberhardt to 
the committee titled “Overview of DOE Health Impacts 
Research” provided the following observations that may 
indicate the need for further study:40 

•	 “NO2 emissions have increased significantly at two 
sampling locations in the South Coast Air Basin since 
the introduction of 2007 MY trucks. (Starting in 2007, 
CARB introduced regulations to limit the increase in 
NO2 emissions from DPF equipped diesel engines.)

•	 Certain	 liquefied	 natural	 gas	 (LNG)-powered	 trucks	
are emitting large amounts of ammonia.”

40 James Eberhardt, DOE, “Overview of DOE Health Impacts Research,” 
presentation to the committee, November 15, 2010, Washington, D.C. See 
http://www1.eere.energy.gov/vehiclesandfuels/pdfs/merit_review_2010/
health_impacts/ace00d_eberhardt_2010_o.pdf.

Collaborative Lubricating Oil Study on Emissions (CLOSE) 
Project

The objective of the CLOSE project is to quantify the 
relative contributions of fuel and engine lubricating oil to 
motor vehicle particulate matter and semi-volatile organic 
compound emissions through the extensive chemical and 
physical characterization of emissions under a variety of 
engine operating conditions (Eberhardt and Louison, 2010). 
At the time of this review, testing from the HD compressed 
natural gas and diesel buses has been completed, and detailed 
analyses and source apportionment of exhaust from all 
vehicle samples are now under way.

Response to Recommendations from NRC Phase 1 Review

Recommendation 3-19 in the NRC (2008) Phase 1 report 
stated that the committee endorses the DOE multiparty 
effort to characterize the emissions and assess the safety and 
potential health effects of new, advanced engine systems, 
aftertreatment, fuels and lubricants (ACES), and recom-
mends that this continue for the remainder of the study until 
results become available in the 2012-2013 time period. The 
DOE response to this recommendation was that it appreciates 
the endorsement of the ACES program and agrees with the 
NRC committee on its value.

Finding and Recommendation

Finding 3-13. The Advanced Collaborative Emissions 
Study, the Collaborative Lubricating and Oil Study on 
Emissions, and the project on Measurement and Character-
ization of Emissions from Advanced Technologies are com-
prehensive and cooperative projects that are investigating 
important issues related to heavy-duty diesel engine health 
effects. Based on the activities reported, the committee finds 
a high degree of collaboration among government agencies, 
national laboratories, and industry stakeholders.

Recommendation 3-9. The DOE should continue funding 
the Advanced Collaborative Emissions Study, the Collabora-
tive Lubricating Oil Study on Emissions, and the project on 
Measurement and Characterization of Unregulated Emis-
sions from Advanced Technologies until results are finalized 
and reported for all three studies.

HIGH-TEMPERATURE MATERIALS 

Introduction

Current heavy-duty diesel engines are extremely durable, 
in most cases performing reliably for more than 1 mil-
lion miles in Class 8 truck applications. However, modern 
diesel engines have pushed the performance of materials 
to the limit. As the 21CTP develops the next generation of 
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clean and efficient engines, new, higher-performance, light-
weight, and cost-effective materials will be needed, as well 
as manufacturing and inspection methods and appropriate 
standards. An example of this need for materials is that the 
thermal efficiency of the diesel engine is enhanced with the 
ability to run the engine at higher peak cylinder pressures. 
Higher cylinder pressures and temperatures will challenge 
the current mechanical property limitations of many engine 
components, so new materials will be needed to achieve the 
engines’ efficiency potential. A second example is in the 
potential to reduce fuel consumption through the use of fuel 
injection systems with higher injection pressure, finer spray 
control, and multiple injection events. To realize these new 
fuel injection systems, new materials with higher strength, 
dimensional stability, and erosion resistance are needed. 
Lowering the rotation mass in valve trains and air-handling 
systems has the potential to improve engine response and 
thermal efficiency and to lower emissions. To capitalize on 
these potential performance improvements, cost-effective, 
lightweight material with superior mechanical properties is 
needed for valve train and air-handling components. After-
treatment limitations include an incomplete understanding 
and optimization of catalysts, inadequate test methods for 
rapid age testing of catalysts, and inadequate sensors for 
process control or diagnostics. Other barriers to improved 
fuel efficiency are tribological limits of current lubricants. 

The DOE’s Heavy Vehicle Propulsion Materials Team has 
been helpful in identifying commercial materials solutions 
introduced in 2007 engines. A number of these materials 
have been identified as enablers of higher-efficiency engines 
that are being developed for future engine technology. The 
Heavy Vehicle Propulsion Materials program has been 
instrumental in developing materials technologies for future 
engine technologies.

In general, advanced material needs include the following:

•	 Major	 engine	 components: cost-effective materials 
with higher strength and fatigue resistance (cylinder 
blocks, cylinder heads, pistons, cylinder liners, cam-
shafts, crankshafts, bearings);

•	 Fuel	injection	systems: materials with higher strength, 
better dimensional stability, and erosion resistance;

•	 Valve	train: cost-effective materials with lower recip-
rocating mass and greater wear resistance;

•	 Air-handling: corrosion-resistant materials for EGR 
systems; higher-strength and creep-resistant materials 
for turbocharger components;

•	 Exhaust	 systems: materials with higher strength and 
better creep resistance (DOE, 2011a).

As an example of advanced materials needs, cast compo-
nents such as cylinder heads and engine blocks are limited at 
peak temperature and pressure by material tensile strength. 
Current engines with a peak cylinder pressure of 190 bar 

are approaching the design limit for traditional cast iron, 
with a tensile strength of 44,000 pounds per square inch. 
As cylinder pressures increase to 260 bar for engines with 
higher efficiency, midterm goals for tensile strength will be 
approaching 75,000 pounds per square inch, which exceeds 
the 65,000 pounds per square inch tensile strength for 
compacted graphite cast iron. Longer-term goals for tensile 
strength may approach 90,000 pounds per square inch as 
cylinder pressures approach 300 bar.41

Propulsion Materials Programs

There are a number of individual research programs in 
the area of propulsion materials for both light- and heavy-
duty engines.42 This work is being conducted at the ORNL, 
ANL, PNNL, and LLNL. The majority of these programs 
are at the ORNL. Most are in cooperation with industrial 
partners of which many of the programs are CRADAs. The 
overall 21CTP budget for heavy vehicle propulsion materi-
als had averaged about $5 million for the past decade. It 
was $4.86 million in FY 2009 and is $5.66 million in FY 
2010. For FY 2011, the total budget for materials for internal 
combustion engines is expected to be $8.71 million, with an 
industry cost share of $5.15 million. Research areas include 
the following:43

•	 Sensors,
•	 Internal	engine	components,
•	 Friction	reduction,
•	 Turbomachinery,
•	 Fuel	injection,
•	 Alternative	fuel	compatibility,
•	 Exhaust	aftertreatment,
•	 Modeling.

It is beyond the scope of this report to review each pro-
gram individually, but a few are highlighted and listed in 
Appendix D. A complete list of 21CTP projects in the area 
of high temperature materials, conducted prior to 2007, can 
be found in project quad sheets for February 2007 (ORNL, 
2007). 

The DOE’s Heavy Vehicle Propulsion Materials Team 
also has been helpful in identifying commercial materials 
solutions that were introduced in 2007 engines. CF8C-
Plus stainless steel was developed in an ORNL/Caterpillar 
CRADA. CF8C-Plus steel received a U.S. patent, and 
Caterpillar has filed foreign patent applications to facilitate 
commercial licensing. CF8C-Plus steel also received an 

41 Response by 21CTP to committee question 52, Advanced Materials, 
received March 1, 2011.

42 Answers submitted by the 21CTP to committee questions.
43 Jerry Gibbs, DOE, “Materials Support for the 21st Century Truck: 

Lightweighting and Propulsion Materials,” presentation to the committee, 
November 15, 2010, Washington, D.C.
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ASTM new-alloy designation. Caterpillar commercialized 
CF8C-Plus as the burner housing for the Caterpillar Regen-
eration System (CRS) on all CAT on-highway truck engines 
in January 2007. Deployed in the fall of 2006, more than 500 
tons of CF8C-Plus steel have been cast to produce more than 
35,000 CRS units. 

The project continues in 2011 to explore thin-sections 
for turbocharger and manifold applications (Maziasz and 
Pollard, 2007).

Additional examples of successful projects that led to 
commercialization were presented on February 17, 2011, 
to committee members John Johnson and David Merrion.44 
Examples include the following:

•	 Development	of	high-performance	inconel,	 titanium,	
and silicon nitride engine valves;

•	 Development	of	a	piezoelectric	control	valve	actuator	
for fuel injectors; and

•	 Exhaust	aftertreatment	 research	 leading	 to	 improved	
catalyst durability, improved diesel particulate filter 
durability, and improved EGR cooler performance.

Finding 3-14. The propulsion materials program is address-
ing a broad range of materials issues associated with heavy-
truck propulsion systems. Many of the initiatives are funded 
as CRADAs with significant industry cost sharing, showing 
strong support by industry for this area of work. 

Recommendation 3-10. The DOE should fund programs in 
the areas outlined in its “21CTP White Paper on Engines and 
Fuels” (February 25, 2011) in the section “Approach to Reach-
ing Goals” covering materials R&D for valve trains, major 
engine components, air-handling systems (turbochargers and 
EGR systems), and exhaust manifold sealing materials.

High Temperature Materials Laboratory

The High Temperature Materials Laboratory was estab-
lished more than 20 years ago as a National User Facility 
to provide specialized, and, in some cases, one-of-a-kind 
instruments for materials research and characterization. The 
laboratory is located at the Oak Ridge National Laboratory 
housing six centers:

•	 Materials	Analysis;	
•	 Mechanical	Characterization	and	Analysis;	
•	 Residual	Stress;	
•	 Thermography	and	Thermophysical	Properties;	
•	 Friction,	Wear,	and	Tribology;	
•	 Diffraction.	

44 Ron Graves, ORNL, “Material Technology for the 21st CTP Pro-
gram,” presentation to a subgroup of the committee, February 17, 2011, 
Oak Ridge, Tenn.

Additional information on the HTML can be found in the 
NRC (2008) Phase 1 report, Chapter 3.

Capabilities of HTML that are of current value to the 
21CTP through the Vehicle Technologies Program’s HTML 
User Program include the following (DOE, 2010d):45

•	 The	 Spallation	 Neutron	 Source	 (SNS)—a particle 
accelerator that provides neutron streams in short 
bursts, enabling the study of materials that are not in 
equilibrium and are changing dynamically;

•	 VULCAN—a diffractometer, which enables the inves-
tigation of stress formation in a material as it solidifies 
from the molten state as an alloy component (e.g., 
brake disk rotor, engine block);

•	 VENUS—which makes measurements of the absorp-
tion of neutrons by the various nuclei in the material. 
By doping some 6Li in with the predominant 7Li iso-
tope, VENUS can create an image illustrating the flow 
of Li ions in a working Li-ion battery. Other applica-
tions of VENUS include viewing the lubricant flow in 
a working engine.

During FY 2009, HTML had 11 industry participants, 
14 university participants, and 3 national laboratory par-
ticipants. Projects focused on such topics as the following: 

•	 Determine	the	effect	of	machining	parameters	on	resid-
ual stress in ceramic diesel engine exhaust valves,

•	 Study	 the	 residual	 stresses	 resulting	 from	 piercing	
truck frame rails,

•	 Characterize	 the	 atomic	 structure	 of	 thermoelectric	
materials,

•	 Examine	the	plastic	behavior	of	wrought	magnesium	
alloys, and

•	 Determine	 the	mechanical	and	 thermal	properties	of	
fibrous diesel particulate filter materials.

These and other projects were described in detail in a 
presentation to committee members John Johnson and David 
Merrion on February 17, 2011.46

Perhaps just as important as the direct support of the 
21CTP is the extensive benefit to the broader research and 
development community that comes from the research 
conducted at HTML. This research covers a wide range 
of challenging problems, for which solutions require the 
unique instrumentation at HTML as well as the expertise of 
the knowledgeable DOE researchers who oversee and oper-
ate the facility. The fact that many academic researchers, as 
well as industry research specialists, seek collaboration with 

45 See 21CTP response to committee questions, submitted to the com-
mittee on November 12, 2010.

46 Edgar Lara-Curzio, ORNL, “Materials Characterization Capabilities 
at the High Temperature Materials Laboratory and HTML User Program 
Success Stories,” presentation to John Johnson and David Merrion, February 
17, 2011, Oak Ridge, Tenn.
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HTML speaks to the value of the facility to the advancement 
of knowledge on many fronts. 

Finding 3-15. The High Temperature Materials Laboratory 
continues to be a valuable resource for materials research for 
the 21CTP, providing specialized and in many cases unique 
instrumentation and professional expertise. The expertise of 
those who oversee the laboratory, and therefore the value of 
HTML to all users, is enhanced by the participation of the 
HTML staff in the research. 

Recommendation 3-11. The DOE should continue to pro-
vide 21CTP researchers and other potential users access to 
HTML, and it should make every effort to maintain support 
for HTML and to maintain the cutting-edge capability of 
the facility. Moreover, the DOE should provide sufficient 
funding for HTML, and for the research specialists who 
oversee and operate the facility, to enable continued research 
collaboration with the academic community, other govern-
ment laboratories, and industry. In particular, HTML support 
should not be reduced to a level that allows only maintenance 
of the equipment for paying users.
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Medium- and Heavy-Duty Hybrid Vehicles

INTRODUCTION

The 21st Century Truck Partnership (21CTP) focuses 
on “research and development of advanced heavy-duty 
hybrid propulsion systems that will reduce energy con-
sumption and pollutant emissions” (DOE, 2011). A heavy-
duty hybrid vehicle has an internal combustion engine, 
an energy storage system, and a means for absorbing or 
delivering torque from the drivetrain. Hybrid vehicles pro-
vide improvements in fuel consumption by several means, 
including the conversion of kinetic energy into a storable 
form of energy for later use, the downsizing of the internal 
combustion engine, engine shutoff, and accessory electrifi-
cation. A mild hybrid provides idle-stop functionality and 
regenerative braking. Idle stop-start functionality is made 
possible by having the electric motor quickly restart the 
engine. A full hybrid design provides traction capability 
and higher rates of brake energy regeneration as well as 
idle-stop functionality.

The two major types of heavy-duty hybrid vehicles dis-
cussed in this chapter are hybrid electric vehicles (HEVs), 
which are the primary focus of the Department of Energy 
(DOE) in the 21CTP, and hydraulic hybrid vehicles, which 
are the focus of the Environmental Protection Agency (EPA). 
In addition to HEVs, similar technologies are being applied 
to plug-in hybrid electric vehicles (PHEVs) and battery elec-
tric vehicles (EVs). Hybrid electric vehicles are considered 
“a key technology that will help the 21CTP achieve its goals” 
by enabling manufacturers to achieve reduced fuel consump-
tion and emissions (DOE, 2011). The various electric hybrid 
architectures have been well described elsewhere (NRC, 
2010, 2011). Heavy-duty hybrid electric vehicles provide 
additional benefits from their unique capability to “creep” 
in queues and idle without operating the main engine. For 
Class 8 long-haul trucks, heavy-duty hybrid systems can 
recharge large-capacity batteries during daytime operation 
to provide for hotel loads (powering support services for the 

driver in the truck tractor), eliminating overnight idling of 
the main engine.

The 21CTP partners work together on technical and com-
mercial programs related to the reduction of fuel consump-
tion by heavy-duty hybrid trucks and the commercialization 
of these more-fuel-efficient vehicles. In addition to the DOE, 
the U.S. Department of Defense (DOD), the U.S. Depart-
ment of Transportation (DOT), EPA, and several original 
equipment manufacturers (OEMs) and key suppliers, the 
21CTP has strategic alliances with the Engine Manufacturers 
Association (EMA), the Truck Manufacturers Association 
(TMA), and the Hybrid Truck Users Forum (HTUF). The 
national laboratories assist the 21CTP in conducting research 
and development (R&D) involving hybrid technologies. 
Missing from these partnership alliances are companies in 
the electric machines, energy storage, and semiconductor-
device industries. Such relationships should be fostered 
through 21CTP R&D programs with industry.

During the 2007-2010 period, the 21CTP project priori-
ties in the area of medium- and heavy-duty hybrid vehicles 
have been the following:

•	 Simulation	and	modeling,	
•	 Subsystem	R&D,	and	
•	 Vehicle	demonstrations.

Progress in addressing each of these priorities is discussed 
later in this chapter. Programs in these priority areas have 
been pursued by the DOE through the Argonne National 
Laboratory (ANL), the National Renewable Energy Labo-
ratory (NREL), and DOE’s Office of Vehicle Technologies; 
by the DOD through the U.S. Army’s Tank-Automotive 
Research, Development and Engineering Center (TARDEC); 
by the DOT through its Federal Transit Agency’s National 
Fuel Cell Bus Program; and by the EPA through its National 
Vehicle and Fuel Emissions Laboratory.
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Differences Between Heavy-Duty and Light-Duty Hybrids

Requirements for heavy-duty hybrid vehicles are signifi-
cantly different from those of light-duty (LD) hybrid vehi-
cles, and they necessitate unique solutions. In this chapter, 
the term heavy-duty vehicles refers to both medium heavy-
duty trucks and heavy-duty trucks, as defined in Figure 1-3 
in Chapter 1 of this report. Many technologies that apply to 
light-duty vehicles do not apply to heavy-duty vehicles. The 
heavy-duty truck and light-duty vehicle hybrid technologies 
leverage each other only at the most basic level. Conse-
quently, the 21CTP hybrid program is needed to address the 
unique technology needs of heavy-duty vehicles. 

 Unlike LD hybrid vehicles, the broad class of vehicles 
comprising the heavy-duty fleet is very diverse and includes 
tractor-trailer, refuse, dump and utility trucks, package deliv-
ery vehicles, buses, and large pickups. These vehicles have 
highly differentiated mission profiles, which make it dif-
ficult to establish architectures or performance metrics that 
are commonly applicable to this broad range of heavy-duty 
vehicles. Key differences between heavy-duty trucks and 
light-duty vehicles (LDVs) include the following:

•	 Volume: Annual sales volume for heavy-duty trucks is 
about 5 percent of that for LDVs, and the former can 
be bought in a thousand times more configurations than 
the latter.

•	 Buying	 criteria: Heavy-duty truck buyers prioritize 
reliability and cost of ownership, whereas LDV buyers 
prioritize a variety of attributes including cost, func-
tionality, reliability, performance, and styling.

•	 Weight: A heavy-duty truck can weigh up to a hundred 
times more than an LDV and has peak horsepower up 
to twice that of LDVs.

•	 Life	expectancy	and	driving	cycles: Heavy-duty vehi-
cles have longer life expectancy and more demanding 
duty cycles than those for LDVs. Heavy-duty vehicles 
have expected lifetime mileages nearly 10 times 
greater than those of LDVs.

Driven by these vehicle differences, factors differentiating 
hybrid systems for heavy-duty vehicles and those for LDVs 
are power rating, energy storage capacity, number of relevant 
driving cycles, and economics. Unlike cars and light trucks, 
which are available in only a relatively restricted range of 
sizes and weights and whose missions have been character-
ized by a few standardized driving cycles, heavy-duty trucks 
span a size range from 8,500 lb (Class 2b) to greater than 
33,000 lb (Class 8), with gross vehicle weights (GVWs) 
of up to 200,000 lb (DOE, 2011). As a result, heavy-duty 
hybrid vehicles require high energy storage density, much 
like an EV, as well as high power density for acceleration 
and deceleration, like light-duty hybrids.

Functional differences between hybrid systems for 
heavy-duty trucks and those for LDVs result in substantial 
economic differences. Light-duty vehicles are fundamentally 

similar. Their weight range is relatively limited (up to Class 
2a, under 8,500 lbs GVW), and their driving schedules are 
characterized by a small number of driving cycles. They are 
manufactured in high volumes, and their expected lifetime 
mileage is up to 150,000 miles. Hybrid systems for these 
vehicles can be manufactured in volumes large enough to 
benefit from the economies of scale. 

Heavy-duty trucks by contrast vary widely in both tare 
(empty) and gross weights. Their missions vary from daily 
runs with frequent stops (e.g., the work of a delivery van) to 
24-hour–a-day, multiple-day long hauls of tractor-trailers up 
to 200,000 lb GVW. The total fleet of heavy-duty vehicles 
is 10.99 million, and the average life of a vehicle is up to 1 
million miles, resulting in a small market with low turnover 
and a challenge to making an economic argument for hybrid 
systems generally applicable to the heavy-duty fleet. A con-
ventional hybrid design applied to vehicles whose missions 
incorporate a lot of stop-and-go driving, such as delivery 
vans, urban transit buses, or refuse trucks, has the potential to 
be economically sound (i.e., to result in a favorable payback 
period) by providing substantial fuel economy benefits of 20 
to 40 percent (17 to 29 percent reduction in fuel consump-
tion) (Greszler, 2009).1 A further benefit of hybridization in 
these vehicles is the reduced brake wear and maintenance 
resulting from regenerative braking. 

In contrast to medium-duty delivery vans, urban transit 
buses, and refuse trucks, a heavy-duty, Class 8 long-haul 
truck makes few stops, maintains a relatively constant speed, 
and requires high power for long periods of grade climbing. 
According to the 21CTP, there are three primary reasons 
to consider hybridizing a Class 8 long-haul powertrain 
(Greszler, 2009):

1. Reduced engine idle time, through the hybrid energy 
storage and use of electric auxiliaries; 

2. Reduced fuel use, through the electrification of com-
ponents, thereby improving efficiency; and 

3. Reduced fuel usage during cruise, through energy 
management with traffic-induced speed variation and 
in rolling terrain.

An additional reason to consider hybridizing a long-haul 
truck is that, as mentioned above, the large-capacity batter-
ies can be recharged during daytime operation to provide for 
hotel loads so that overnight idling of the main engine can 
be eliminated.

Hybrid Technology for the SuperTruck Program

In FY 2010, the DOE announced the establishment of the 
SuperTruck program, with an overall goal to develop and 
demonstrate a 50 percent improvement in freight efficiency 

1 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions 9(a) and 42.
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expressed in ton-miles per gallon (33 percent reduction in the 
proposed fuel consumption standard expressed in gallons per 
1,000 ton-miles) for Class 8 long-haul trucks (see Chapter 8). 
The three project teams selected for the SuperTruck program 
are Cummins-Peterbilt, Daimler Trucks North America, and 
Navistar, Inc. Two of the teams, Daimler and Navistar, are 
using hybrid technology, with Navistar specifying a dual-mode 
(series/parallel) electric hybrid. The Cummins-Peterbilt team 
is using waste heat recovery (WHR) and a solid oxide fuel cell 
auxiliary power unit (APU) for idle reduction. All three teams 
are planning to use some electrically driven accessories as part 
of their hybridization and idle-reduction systems.

Impact of Duty Cycle

Fuel consumption improvements in a heavy-duty hybrid 
vehicle are highly dependent on the duty cycle, because the 
duty cycle determines the amount of kinetic energy available 
to be recovered, the time available for engine shutoff at idle, 
and the benefit of the electrification of accessories operat-
ing on demand and at constant speed versus operating full 
time at speeds proportional to engine speeds. There are no 
industry standards yet for heavy-duty hybrid vehicle testing. 
The duty cycle used to measure fuel consumption is typically 
determined by the way that a certain type of vehicle is used 
in the targeted application and the creation or selection of an 
appropriate cycle based on measured data taken to character-
ize the vehicle usage.

The Argonne National Laboratory has conducted modeling 
studies of the effect of duty cycle on a Class 8 long-haul truck 
with a mild hybrid (50 kW motor and 5 kWh battery) and a 
full hybrid (200 kW motor, a 50 kW starter/generator, and a 
25 kWh battery) (NRC, 2010). Both were pre-transmission 
hybrids, that is, hybrids in which the electric drive motor is 
located between the clutch and the transmission, allowing 
torque multiplication through the transmission and electric-
mode-only operation during low power demand. Five drive 
cycles were evaluated; they included three highway cycles: 
HHDDT 65 (Heavy Heavy-Duty Diesel Truck), HHDDT 
Cruise, and HHDDT High Speed; and two transient/urban 
cycles: HHDDT Transient and UDDS (Urban Dynamic Driv-
ing Schedule) Truck (NRC, 2010). Key observations from this 
ANL analysis as described in the National Research Council 
(NRC) report were as follows:

•	 On	the	highway	cycles,	fuel	savings	were	less	than	10	
percent for the full hybrid and less than 5 percent for 
the mild hybrid. 

•	 Neither	hybrid	system	had	enough	electrical	storage	to	
contribute to cruise power demand for any significant 
length of time.

•	 Fuel	savings	on	the	transient/urban	cycles	were	greater,	
although the mild hybrid showed significantly lower 
savings than the full hybrid, peaking at 14 percent, 
while the full hybrid showed savings over 40 percent.

Other simulation studies of the fuel consumption benefit 
from a variety of hybrid truck configurations have been 
conducted and reported (NRC, 2010). The qualification for 
these studies is relevant and is repeated here. “While indica-
tive of the range of potential benefits, it should be noted that 
simulations are carried out under ideal conditions—hence 
results typically represent best-case scenarios. Real-world 
savings in fuel consumption are likely to be lower, because 
of off-design duty cycles and practical production vehicle 
constraints” (NRC, 2010, p. 83).

Limited test results for different duty cycles are avail-
able for medium- and heavy-duty hybrid vehicles. Regard-
ing one set of results, the EPA conducted tests on a series 
hydraulic hybrid delivery truck over a number of different 
test duty cycles. The results indicated that the fuel economy 
improvements ranged from negligible for the Highway Fuel 
Economy Test (HWFET) to more than 100 percent improve-
ment (50 percent reduction in fuel consumption) on the 
Manhattan Bus Cycle.2 

Commercialization

Hybrid truck technology is currently available in dem-
onstration vehicles as well as commercial vehicles. Heavy-
duty hybrid electric trucks are commercially available 
from several manufacturers, including Freightliner/Daimler 
Trucks, International/Navistar, Kenworth, Peterbilt, Ford, 
and GMC. Details of the specific models of commercially 
available heavy-duty hybrid trucks are listed in Appendix 
E of this report. Commercially available battery electric 
trucks are also listed in Appendix E. Heavy-duty hydraulic 
hybrid trucks are becoming commercially available, with the 
hydraulic hybrid systems primarily supplied by Eaton, Parker 
Hannifin, and Bosch-Rexroth. A summary of the status as of 
2009 of the wide variety of hybrid system architectures cur-
rently available in the market is provided in Table 4-1.

Hybrid Truck Users Forum (HTUF)

The HTUF, which was briefly described in the NRC Phase 
1 report (NRC, 2008), is a North American, user-driven 
program to speed the commercialization of heavy-duty 
hybrid and high-efficiency technologies. It is operated by 
CALSTART, a member-supported organization with head-
quarters in California and dedicated to supporting a growing 
clean transportation industry, in partnership with the U.S. 
Army’s National Automotive Center (NAC), with project 
support from the Hewlett Foundation, which makes grants to 
solve social and environmental problems, and the DOE. The 
HTUF focuses on developing the commercial hybrid industry 

2 John Kargul, EPA, “Clean Automotive Technology, Cost Effective 
Solutions for a Petroleum and Carbon Constrained World,” presentation 
to a subgroup of the committee, October 26, 2010, Ann Arbor, Michigan.
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through increasing user-driven volumes in key platforms to 
provide the benefits of reduced fuel use and lowered emis-
sions. HTUF efforts have accelerated the market “pull” that 
assisted in helping to launch the first production of hybrid 
trucks. 

Ten years ago, the U.S. Army and collaborative partner 
CALSTART launched an initiative to promote hybrid and 
high-efficiency dual-use technologies for the commercial 
trucking industry and military platforms. The HTUF held 
its first annual conference at that time. In September 2010, 
the 10th annual HTUF conference was held in Dearborn, 
Michigan, with 700 attendees. It was the largest national 
conference in the program’s history, signaling the expanding 
interest in hybrid trucks and their growing market. During a 
panel discussion at this conference, efforts to secure purchase 
incentives (through an expansion and extension of the hybrid 
truck tax credit) and R&D funding (through H.R. 3246, the 
Advanced Vehicle Technology Act) were discussed, but both 
of these efforts have stalled. 

The prime role of the HTUF with its military partners 
was to help create the commercial industrial capability to 
support military hybrid advanced technology and vehicle 
needs. To date, commercial hybrid use has surpassed that in 
pure military applications. When HTUF user specifications 
were developed, they included functionality (stealth mode/
silent watch, power generation) of importance to the military. 
Therefore, most commercial systems can be easily adapted 
to military needs. Military hybrid truck adoption has been 
slowed owing to the prolonged and deployed status of the 
military since September 11, 2001. The military has been in 
a replace-and-repair mode with its vehicles since that time. 
The Army has had to delay or halt new vehicle develop-
ment efforts that included hybrid vehicles. The HTUF is 
focusing its near-term efforts on the following areas for the 
military: (1) increasing deployments of commercial hybrids 

on military bases, (2) identifying and demonstrating hybrid 
and advanced systems in off-road commercial construction 
equipment of use to the military, and (3) assisting with 
identifying and testing commercial-based systems in tactical 
vehicle applications.

FUNDING

The only heavy-duty hybrid truck funding available since 
2007 has been used to conduct in-use and laboratory evalu-
ations on hybrid vehicles, mostly delivery trucks and transit 
bus applications. None of this funding was for hybrid R&D. 
Since 2007, the $1 million to $1.5 million per year for heavy-
duty R&D has been focused on aerodynamics, thermal man-
agement, and friction and wear reduction. Although there 
were no congressional requests for FY 2007 through FY 
2010 that specifically targeted 21CTP heavy-duty hybrids, 
the work cited above was completed under the DOE’s Office 
of Vehicle Technologies, which has included both light-duty 
and heavy-duty advanced vehicle testing and R&D activities, 
with some of these being hybrid-specific. Project funding 
since 2007 is shown in Table 4-2.

HYBRID ELECTRIC VEHICLES

The various electric hybrid architectures have been well 
described elsewhere (NRC, 2010, 2011). The three major 
components of a hybrid system are the electric machines 
(motor/generator), the electronic controller, and the electric 
energy storage system (typically a battery or battery/ultraca-
pacitor combination). In addition, the hybrid powertain sys-
tem includes an internal combustion engine, a transmission 
system linking the motor and engine, and electromechani-
cal controls that determine the electrical and mechanical 
power directions and their paths. The electrical machine(s), 

TABLE 4-1 Hybrid Vehicle Architectures, Their Status as of 2009, and Primary Applications

Architecture Technology Status Primary Applications

Medium-duty/heavy-duty parallel HEV Available now: Eaton, Azure, Volvo Refuse, urban pickup, and delivery (P&D)

Medium-duty/heavy-duty parallel HEV w/e PTO Available now: Eaton, Volvo Bucket truck

Parallel gasoline or diesel  HEV bus Available now: ISE, Enova, BAE Transit bus

Two-mode diesel HEV bus Allison Transit bus

Series gasoline or diesel HEV bus Available now: ISE Transit bus

Parallel hydraulic hybrid Introduced in 2009: Eaton, Parker Hannifin,  
Crane Carrier

Refuse, urban P&D

Series hydraulic hybrid Demo vehicles Refuse, urban P&D

Parallel Class 2b Demo vehicles Class 2b pickups and vans

Two-mode Class 2b Demo vehicles Class 2b pickups and vans

Line-haul dual-mode HEV Demo vehicles Line-haul tractor trailer.

Line-haul parallel HEV Demo vehicles Line-haul tractor trailer, motor coach

NOTE: Acronyms are provied in Appendix I. See Appendix E, Table E-1, for a list of medium- and heavy-duty vehicle models.
SOURCE: TIAX (2009).
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its coupling to the driveline, and the necessary power and 
control electronics are generally referred to as the drive unit. 
Of all the components, the energy storage system presents 
the greatest economic challenge for the truck application. 
Trucks in stop-and-go driving and with long lives will require 
long-life energy storage systems, as identified in the goal for 
energy storage systems discussed in the next section.

Goals and Status

The overall goal of the 21CTP for the heavy-duty hybrid 
system is to develop and demonstrate system technologies 
that deliver substantial reductions in fuel consumption for 
both urban start-stop use and for higher mileage applications. 
The top-priority hybrid electric vehicle R&D areas requiring 
support are the following:

1. Drive-unit optimization,
2. Drive-unit cost,
3. Energy storage system reliability,
4. Energy storage system cost, and
5. The ability to attain fuel-consumption improvements. 

Three hybrid technology goals for 2012 were established 
in 2006 by the 21CTP.3 The progress toward achieving 
each of these goals is discussed below. The revised, stretch 
goals for heavy-duty hybrids issued by the 21CTP in 2011 
are summarized in the section below titled “Revised Goals 
Issued in 2011.”

21CTP Goal 1: Develop a new generation of drive unit 
systems that have higher specific power, lower cost, and 
durability matching the service life of the vehicle. Develop 
a drive unit that has 15 years of design life and costs no 
more than $50/kW by 2012.

3 Lee Slezak and Kevin Walkowicz, NREL, “Hybrid Team Progress on 
Past Goals,” presentation to the committee, November 15, 2010, Washing-
ton, D.C.

The drive unit consists of the motor, controller, and pack-
aging. No R&D work for drive-unit systems technology for 
heavy-duty hybrid vehicles was funded by the DOE for FY 
2007 through FY 2010. The NRC Phase 1 report (NRC, 
2008) stated that “very little evidence was presented to the 
committee to substantiate any significant progress made by 
21CTP-funded researchers toward achieving the desired reli-
ability target of 15 years design life for the hybrid propulsion 
equipment. In fairness, the number of prototype heavy-duty 
hybrid trucks currently in the field is very low, making it par-
ticularly difficult to gather any meaningful reliability data.”

The DOE did not discuss the status of costs of the drive-unit 
system with the present committee. The NRC Phase 1 Report 
(NRC, 2008) stated that “meeting the aggressive cost target of 
$50/kW is proving to be one of the most difficult challenges 
for the developers of heavy hybrid propulsion systems.”

The Advanced Power Electronics and Electric Motors 
(APEEM) program is one of the DOE’s Office of Vehicle 
Technologies’ two basic building blocks for electric propul-
sion drive vehicles; it includes power electronics, electric 
motors, thermal management, and packaging. The Office of 
Vehicle Technologies addresses the needs of both light- and 
heavy-duty vehicles. A principal objective of the APEEM 
R&D program is to reduce component and subsystem 
costs so that a customer can recover the additional cost for 
advanced electric vehicles in 3 years through fuel savings 
(DOE, 2010). In addition to cost, APEEM research focuses 
on components that are significantly smaller, lighter, and 
more reliable than those of existing systems. The American 
Recovery and Reinvestment Act of 2009 (ARRA) awarded 
$500 million in grants to U.S.-based manufacturers to accel-
erate the development of the U.S. manufacturing capacity 
for electric drive components. These R&D programs are 
described in the DOE’s “Multi-Year Program Plan 2011-
2015” (DOE, 2010, pp. 2.1-20 to 2.1-25). The specific 
applicability of these projects to heavy-duty vehicles was 
not provided to the committee.

21 CTP Goal 2: Develop an energy storage system with 
15 years of design life that prioritizes high power rather 
than high energy, and costs no more than $25/kW peak 
electric power rating by 2012.

The energy storage system consists of the battery, its 
thermal control system, and packaging. No R&D work for 
energy storage technology for heavy-duty hybrid vehicles 
was funded by the DOE for FY 2007 through FY 2010. The 
NRC Phase 1 report (NRC, 2008) provided the status of 
energy storage systems for the light-duty FreedomCAR pro-
gram. As noted earlier, heavy-duty hybrids are significantly 
different from light-duty hybrids. The DOE indicated to the 
committee that the state-of-the-art energy storage systems 
are typically rated for 8 years of useful life.4 The DOE did 

4 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-

TABLE 4-2 Heavy-Duty Hybrid Funding for  
FY2007-FY2010

FY 2007 FY 2008 FY 2009 FY 2010

HD Simulation and 
Technology Focused  
HEV R&D 

$200,000 $250,000 $200,000 $350,000

HD HEV Fleet 
Demonstrations

$400,000 $450,000 $300,000 $1,500,000

Subsystem R&D $0 $0 $0 $0

NOTE: Acronyms are defined in Appendix I.
SOURCE: Lee Slezak and Kevin Walkowicz, NREL, “Hybrid Team 

Progress on Past Goals,” presentation to the committee, November 15, 
2010, Washington, D.C.
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not discuss the status of costs of heavy-duty hybrid energy 
storage systems with the committee. 

The DOE’s 2010 cost goal for light-duty hybrid energy 
storage systems is $750 to $900/kWh (nameplate capacity).5 
However, the committee was informed by one manufacturer 
that the current cost for heavy-duty hybrid energy storage 
systems was approximately $2,000/kWh (nameplate capac-
ity). Drivers of the increased cost relative to light-duty energy 
storage systems are the operating environment (e.g., vibra-
tion) in the truck and lower production volumes over which 
tooling, design, and validation costs can be amortized. 

Electrical energy storage has improved in the past decade, 
but further gains are required for truck applications. The 
more promising technologies are the nickel metal-hydride 
battery, lithium technology batteries, and ultracapacitors. 
The EV requires a high-energy electrical storage capac-
ity for a long driving range. Heavy-duty hybrid vehicles 
require high energy storage density, much like an EV, as 
well as high power density for acceleration and decelera-
tion, like light-duty hybrids. In recent years batteries have 
been the major focus for electrical energy storage for LDVs, 
and results provide an opportunity for cross-application to 
medium-duty and heavy-duty hybrid development. Several 
companies (A123 Systems, Hitachi, and Valence Tech-
nologies, Inc.) are producing batteries for transit operations. 
Since 2007 the DOE has funded seven heavy-duty hybrid 
projects. These have all been vehicles with a high level of 
stop-and-go behavior in their mission profiles—for example, 
delivery vehicles and school and transit buses. Observed 
fuel economy improvements for hybrid electric vehicles 
ranged from 0 to 30 percent (0 to 23 percent reduction in 
fuel consumption), whereas a plug-in hybrid electric school 
bus exhibited an improvement up to 57 percent (36 percent 
reduction in fuel consumption), but results were inconsistent 
because of incomplete battery-charging data.6 

Opportunity exists for further fuel consumption reduc-
tions and cost reductions with the development and applica-
tion of components designed specifically for the heavy-duty 
hybrid vehicles. For example, a greater fraction of braking 
energy could be regenerated if the power electronic and 
energy storage systems were more efficient and able to 
transfer energy at higher powers. Other areas for improve-
ment are implementing the system-wide electrification of 
accessories and increasing the temperature range of opera-
tion for lithium batteries. The key challenges identified by 
the DOE for the heavy-duty hybrid energy storage system 
are as follows:

gies, to committee question 42.
5 Patrick B. Davis, DOE, “U.S. Department of Energy Vehicle Technolo-

gies Program Overview,” presentation to the committee, September 8, 2010, 
Washington, D.C. Note that these cost goals for electric energy storage are 
different from the peak power cost goal in Goal 2 of $25/kW.

6 Answers provided by Ken Howden, DOE Office of Vehicle Tech-
nologies, to the committee’s written questions to 21CTP representatives, 
Question 9a.

•	 Both	procurement	costs	and	life–cycle	costs,
•	 Weight	and	space	claim,
•	 Life	expectancy	(in	a	heavy-duty	drive	cycle),
•	 Energy	 and	 power	 capacity	 for	 a	 heavy-duty	 hybrid	

application,
•	 Suitability	for	the	heavy-duty	vehicle	environment	and	

cooling techniques,
•	 Architecture	and	modularity,
•	 Safety	and	failure	modes,
•	 Maintainability,
•	 Management	 and	 equalization	 electronics	 and	 algo-

rithms, and
•	 Supplier	base	for	the	storage	elements.

On March 19, 2009, the DOE launched a $2 billion 
competitive grant program under the ARRA to promote the 
manufacturing of the batteries and parts for electric vehicles. 
The objective of these grants is to establish a complete “value 
chain” for lithium battery manufacturing, from material sup-
ply, to cell production, to pack assembly. Twelve domestic 
manufacturers are developing battery materials, production 
and recycling capabilities, as shown in Table 4-3. DOE 
funding for each of the manufacturers is listed in the table. 
Nine domestic U.S. battery manufacturing facilities for 
cell production and for pack assembly, together with total 
investment in these facilities, are shown in Table 4-4. The 
committee was not provided with information on the appli-
cability of the manufacturing facilities shown in Tables 4-3 
and 4-4 to light-duty versus heavy-duty vehicles.7 However, 
the committee believes that these facilities would be capable 
of supplying batteries for medium- and heavy-duty trucks, 
although their shock and vibration requirements are more 
severe than for LDVs.

As with the APEEM program mentioned above, battery 
energy storage is one of the DOE’s Office of Vehicle Tech-
nologies’ two basic building blocks for electric propulsion 
drive vehicles; it includes a wide range of battery technol-
ogy R&D under the U.S. Advanced Battery Consortium 
(USABC) that addresses the needs of both light- and heavy-
duty vehicles. The battery R&D is engaged in topics ranging 
from fundamental materials research through battery devel-
opment and testing and includes the following:8

•	 Seventy	laboratory	and	university	projects	to	address	
the cost, life, and safety of lithium-ion batteries and to 
develop next-generation materials; and 

7 James Miller, DOE, “Status/Prospects for Energy Storage Technology 
for Medium-Duty and Heavy-Duty Hybrids,” presentation to the committee, 
January 31, 2011, Washington, D.C.

8 James Miller, DOE, “Status/Prospects for Energy Storage Technology 
for Medium-Duty and Heavy-Duty Hybrids,” presentation to the committee, 
January 31, 2011, Washington, D.C.
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•	 Thirty-five	industry	contracts	to	design,	build,	and	test	
battery prototype hardware, to optimize materials and 
processing specifications, and to reduce cost. 

Notable accomplishments made by the USABC battery 
development partners for light-duty vehicles include the 
following:

•	 Johnson	 Controls-SAFT	 (JCS)	 is	 supplying	 lithium-
ion batteries to BMW and Mercedes for hybrids;

•	 A123	Systems	is	supplying	batteries	to	Ford	EVs	and	
hybrid buses; and

•	 Compact	 Power/LG	 Chem	 is	 supplying	 lithium-ion	
cells to GM for the Chevrolet Volt.

Progress in heavy-duty batteries is expected to benefit 
from the development of light-duty vehicle batteries.

Finding 4-1. Although 2012 has been established as the dead-
line for 21CTP Goals 1 and 2 for hybrid vehicle technology, 
it is unlikely that these will be met, because there has been no 
funding for either goal. However, with regard to Goal 2, the 
DOE’s Office of Vehicle Technologies’ battery R&D program 

is supporting a large number of programs addressing issues 
ranging from fundamental materials research through battery 
development and testing. Significant progress has been made 
in developing domestic manufacturing facilities for battery 
materials production and recycling, cell production, and pack 
assembly. Although the applicability of these programs to 
heavy-duty applications was not provided to the committee, 
the committee believes that these developments are supportive 
of the needs of medium- and heavy-duty hybrid applications.

21CTP Goal 3: Develop and demonstrate a heavy hybrid 
propulsion technology that achieves a 60% improvement 
in fuel economy (38% reduction in fuel consumption), on 
a representative urban driving cycle, while meeting regu-
lated emissions levels for 2007 and thereafter.

No R&D work to reduce the fuel consumption of heavy-
duty hybrid vehicles was funded by the DOE for FY 2007 
through FY 2010. However, fleet testing sponsored by the 
DOE has shown that, for “urban-based, start and stop driving 
cycles” (e.g., FedEx route, transit bus, etc.), demonstrations 
in the 20 to 40 percent range (17 to 29 percent reduction in 
fuel consumption) have been achieved, based on measured 

SOURCE: James Miller, DOE, “Status/Prospects for Energy Storage Technology for Medium-Duty and Heavy-Duty Hybrids,” presentation to the com-
mittee, January 31, 2011, Washington, D.C.

TABLE 4-3 Electric-Vehicle Battery Materials, Production, and Recycling Capabilities Being Developed by 12 Domestic 
Manufacturers, with Amount of Department of Energy Funding

4-1.eps

Company Location Funding Material Description

Elyria, OH $50 M Cathode Production of nickel-cobalt-metal 
cathode material for Li-ion batteries

Midland, MI $70 M Cathode Production of nickel-cobalt-metal 
cathode material for Li-ion batteries

Sanborn, NY $23 M Anode Production of carbon powder anode 
material for Li-ion batteries

Batesville, AR $25 M Anode Production of high-temp anode 
material for Li-ion batteries

Zachary, LA $41 M Electrolyte Production of electrolytes                  
for Li-ion batteries

Buffalo, NY & Metropolis, IL $55 M Electrolyte Production of electrolyte salt             
for Li-ion batteries

Charlotte, NC $101 M Separator Production of polymer separator 
material for lithium-ion batteries

Silverpeak, NV & Kings Mtn., NC $60 M Lithium Production of battery-grade lithium 
carbonate and lithium hydroxide

Albany, OR $28 M Carbon Production of high-energy density 
nano-carbon for ultracapacitors

Holland, MI $10 M Cell Casing Manufacturing of precision aluminum 
casings for cylindrical cells

Lancaster, OH $19 M Recycling Hydrothermal recycling of Li-ion 
batteries

Lebanon, OR JCI 
Partner Separator Production of battery separators for 

HEVs and EVs
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Albany, OR $28 M Carbon Production of high-energy density 
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Partner Separator Production of battery separators for 

HEVs and EVs
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fuel usage in the field and testing in the laboratory.9 These 
data are typically determined by measuring how the particu-
lar type of vehicle is used in the specific application, and 
creating or selecting an existing heavy-duty cycle based on 
the measured data characterizing the vehicle usage. There 
are no industry standards yet for heavy-duty hybrid vehicle 
testing. The demonstrated fuel economy improvement of 20 
to 40 percent is somewhat reduced from the finding of 35 to 
47 percent improvement (26 to 32 percent reduction in fuel 
consumption) from the NRC Phase 1 report (NRC, 2008), 
perhaps because of the additional data that were obtained in 
the intervening time.

DOE vehicle simulation tools have been used to evalu-
ate the fuel consumption benefits of advanced technologies 
to meet the goal of 60 percent improvement in fuel econ-
omy (38 percent reduction in fuel consumption). Specific 
advanced technologies and their capabilities of reducing 
fuel consumption were not discussed by the DOE, although 
the DOE’s modeling and simulation of heavy-duty hybrid 
vehicles, discussed in the next section, is focused on iden-
tifying technologies for improving the fuel consumption of 
heavy-duty hybrid vehicles. 

9 Answers provided by Ken Howden, DOE Office of Vehicle Technologies, 
to committee’s written questions to 21CTP representatives, Question 42.

Finding 4-2. The DOE did not receive any funding for 
heavy-duty hybrid R&D in FY 2007 through FY 2010. 
Consequently, no progress was reported toward the 21CTP’s 
three heavy-duty hybrid goals, primarily focused on R&D, 
for achieving 15 years of design life, achieving cost goals for 
drive-unit systems and energy storage systems, and achiev-
ing a 60 percent improvement in fuel economy (38 percent 
reduction in fuel consumption). During this period, the DOE 
made progress in developing heavy-duty hybrid simulations 
and models and conducting fleet testing and evaluations of 
heavy-duty hybrid vehicles. 

Recommendation 4-1. The DOE should provide an up-to-
date status with respect to the heavy-duty hybrid goals. The 
DOE should partition the available hybrid funds between 
heavy-duty and light-duty hybrid R&D technology to pro-
mote the R&D required for the development of heavy-duty 
hybrid technologies, because heavy-duty hybrid requirements 
are significantly different from light-duty requirements. 

Simulation and Modeling

Modeling and simulation work was begun in 2007 at the 
Argonne National Laboratory and is currently ongoing using 
the ANL’s simulation tool, Autonomie, to support original 

SOURCE: James Miller, DOE, “Status/Prospects for Energy Storage Technology for Medium-Duty and Heavy-Duty Hybrids,” presentation to the com-
mittee, January 31, 2011, Washington, D.C. 4-2.eps

Company Location
Total 

Investment
Cell 

Manu.
Pack 

Assembly
Description

Holland, MI
Lebanon, OR

$600 M Li-Ion: Nickel Metal Cobalt

Romulus & 
Brownstown, MI

$500 M
Li-Ion: Iron Phosphate

St. Clair & Holland, MI
$302 M

Li-Ion: Mixed Manganese

Brownstown, MI
$236 M

Battery Pack Assembly

Jacksonville, FL
$191 M

Li-Ion: Nickel Metal Cobalt

Midland, MI $320 M
Li-Ion: Manganese Spinel

Indianapolis, IN
$236 M

Li-Ion: Nickel Metal Cobalt

Lyon Station, PA
$98 M Advanced VRLA and the Ultra 

Batteries

Bristol, TN & 
Columbus, GA

$70 M Spiral Wound AGM and Flat  Plate  
Batteries

Company Location
Total 

Investment
Cell 

Manu.
Pack 

Assembly
Description

Holland, MI
Lebanon, OR

$600 M Li-Ion: Nickel Metal Cobalt

Romulus & 
Brownstown, MI

$500 M
Li-Ion: Iron Phosphate

St. Clair & Holland, MI
$302 M

Li-Ion: Mixed Manganese

Brownstown, MI
$236 M

Battery Pack Assembly

Jacksonville, FL
$191 M

Li-Ion: Nickel Metal Cobalt

Midland, MI $320 M
Li-Ion: Manganese Spinel

Indianapolis, IN
$236 M

Li-Ion: Nickel Metal Cobalt

Lyon Station, PA
$98 M Advanced VRLA and the Ultra 

Batteries

Bristol, TN & 
Columbus, GA

$70 M Spiral Wound AGM and Flat  Plate  
Batteries

TABLE 4-4 Nine Domestic Manufacturing Facilities for Battery Cell Production and Pack Assembly and Amount of Total 
Investment



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

MEDIUM- AND HEAVY-DUTY HYBRID VEHICLES 67

equipment manufacturer (OEM) hybrid activities as well as 
those of government agencies (EPA). State-of-the-art com-
ponent data characterizing heavy-duty vehicle components 
(engine, transmission, and vehicle aerodynamics) and spe-
cific control strategies have been implemented in Autonomie. 
Several applications were validated using test data provided 
by the EPA. The close collaborations with OEMs allow the 
national laboratories and industry users to accelerate the 
development of heavy-duty hybrid vehicles.

 Modeling and simulation work began in 2008 at the 
National Renewable Energy Laboratory and continues 
today with simulation and modeling techniques being used 
to analyze how medium-duty hybrid vehicles are used in a 
broad array of fleet applications. Measured fuel consumption 
results were used to validate fuel consumption values derived 
from dynamic models of the vehicles. A matrix of 120 com-
ponent sizes, usages, and cost combinations were analyzed 
to minimize fuel consumption and vehicle cost. The results 
illustrated the dependency of component sizing on the drive 
cycle and daily distance driven. 

Vehicle Development and Demonstrations

Hybrid electric drive systems are being tested in heavy-
duty vehicles through the NREL’s fleet testing and evaluation 
team. The results provide unbiased, third-party assessment 
of real-world operation and are used to focus future efforts 
to improve performance and cost-competitiveness. Heavy-
duty hybrid testing and evaluation project results since 2007 
include the following:

•	 GM	Allison’s	HEV	transit	bus	in	Seattle,	Washington	
(2007)—Improved on-road fuel economy by 27 per-
cent (21 percent reduction in fuel consumption) during 
a 12-month period.

•	 ISE’s	series	gasoline	HEV	transit	bus	in	Long	Beach,	
California	 (2008)—Improved on-road fuel economy 
(based on diesel-equivalent energy content per gallon) 
by 8 percent (7 percent reduction in fuel consumption) 
over a 24-month period.

•	 BAE’s	HEV	system	in	New	York	City,	New	York	(2009)— 
Improved fuel economy by 28 percent (22 percent reduc-
tion in fuel consumption) over a 12-month period.

•	 Eaton	Corporation’s	HEV	system	in	the	UPS	van	fleet	
in	Phoenix,	Arizona	(2009)—Improved fuel economy 
by 29 percent (22 percent reduction in fuel consump-
tion) over a 12-month period.

•	 Enova’s	 Plug-In	 HEV	 system	 in	 IC	 Corporation’s	
school	bus	(2009)—Improved fuel economy up to 57 
percent (36 percent reduction in fuel consumption) 
were observed, but results were inconsistent because 
of incomplete battery-charging data.

•	 Azure’s	hybrid	system	in	the	FedEx	Los	Angeles	deliv-
ery	fleet	(2010)—No statistically significant improve-
ment in fuel economy was observed during a 12-month 

evaluation, although 21 percent improvement (17 
percent reduction in fuel consumption) was measured 
on a dynamometer test cycle.

•	 Eaton	Corporation’s	HEV	system	in	a	Class	8	tractor	
in	 the	 Coca	 Cola	 Enterprise	 beverage	 delivery	 fleet	
in	 Miami,	 Florida	 (2010)—Chassis dynamometer 
testing showed 0 to 30 percent improvement in fuel 
economy (0 percent on mostly highway cycle, 30 per-
cent on urban cycle; 0 to 23 percent reduction in fuel 
consumption).

The DOT has been involved in the funding of heavy-duty 
vehicle hybrids through support of hybrid buses for public 
transport. These programs include the following:

•	 National	Fuel	Cell	Bus	Program—$49 million over 4 
years, starting in FY 2006;

•	 Transit	 Investments	 for	Greenhouse	Gas	and	Energy	
Reduction	(TIGGER)—$100 million in ARRA funding 
in round 1 and $75 million of discretionary funds in 
round 2; and 

•	 Emission	 Certification	 Support	 for	 Hybrid	 Buses—
carried out at West Virginia University.

These DOT-supported programs have distinct goals and ben-
efits that complement the work of other agencies. 

From 2006 to 2010, the DOD has supported heavy-duty 
hybrid vehicle programs and has taken leadership in the areas 
of heavy-duty hybrids for combat vehicles and nontactical 
trucks. The U.S. Army, acting through TARDEC and its sub-
ordinate organization, the National Automotive Center, has 
sponsored heavy-duty hybrid programs. A current program 
is the Oshkosh ProPulse diesel electric drive system, which 
provides electric propulsion power as well as 100 kW of 
clean exportable alternating current (ac) power. This technol-
ogy became part of the Heavy Expanded Mobility Tactical 
Truck (HEMTT) A3 platform from Oshkosh, which is a 
series-electric hybrid design. Recently, ADA Technologies 
announced a $70,000 contract from the U.S. Army for Phase 
I research into the development of advanced electrochemical 
ultracapacitor systems for use in hybrid electric vehicles for 
high-power military applications (Global and Refining Fuels 
Today, 2011).

Progress in Commercializing Hybrid ElectricVehicles

The committee obtained insight into industry’s progress in 
commercializing heavy-duty hybrid electric vehicles during a 
visit to the Eaton Corporation on January 14, 2011. Commer-
cialization at Eaton is focused on developing flexible archi-
tectures to accommodate many diverse applications for hybrid 
systems and developing designs that can provide significant 
cost reductions through modularization and reusability. 

Eaton has been developing hybrid power systems for 
more than a decade, having developed its first prototype in 
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2000. In 2002, Eaton began working with FedEx to develop a 
medium-duty hybrid system. Since that time, Eaton has sold 
more than 3,500 hybrid systems globally. Although Eaton’s 
largest application for hybrid systems has been for city buses 
in China, its largest application in the United States has been 
Class 4 and 5 FedEx delivery vans. Approximately 200 to 
300 units have been sold for each class. Eaton’s second larg-
est application for hybrid systems in the United States has 
been for Class 6 and 7 utility trucks. In these applications, 
Eaton has acted as the system integrator. One of Eaton’s 
challenges has been adapting its hybrid systems to many 
applications with diverse needs and many niche applications. 
In addition, there is increased emphasis on all-electric driv-
ing, especially in European cities and for port applications in 
the United States (see the following section, “Plug-in Hybrid 
and Battery Electric Vehicles”).

Eaton is developing two different parallel hybrid sys-
tems: (1) an in-line hybrid system with the engine, motor/
generator, and transmission arranged in-line, and (2) a power 
take-off (PTO) input hybrid system for a utility truck, which 
has the hybrid drive system connected to the PTO of the 
transmission and located parallel to the driveshaft. To accom-
modate the proliferation of applications for hybrid systems, 
Eaton is developing a flexible hybrid system architecture. A 
base hybrid drive system common to all applications would 
be interfaced with a flexible architecture extension to pro-
vide an energy management system that could be adapted to 
individual, specialized needs. To facilitate this architecture, 
Eaton is developing scalable hybrid drive systems that would 
include scalable motors and batteries for specific applica-
tions. Power electronics are being integrated into a module 
to eliminate cables and simplify packaging in the vehicle 
(Eaton Corporation, 2009).

Eaton’s pursuit of hybrid vehicle cost reductions is 
focused on (1) smaller motors operating at higher speeds, 
(2) integration of the hybrid drive system with the transmis-
sion at the PTO, and (3) flexible architectures with standard 
interfaces. To realize standard interfaces, Eaton indicated 
that a committee of the Society of Automotive Engineers is 
needed to help drive a standard for this flexible architecture 
to accelerate the availability of compatible components.

PLUG-IN HYBRID AND BATTERY ELECTRIC VEHICLES

The 21CTP did not have any goals for plug-in hybrid 
electric vehicles or battery electric vehicles. However, much 
of the technology for HEVs, including electric machines and 
energy storage systems, is expected to be directly applicable, 
or nearly so, to the PHEVs and EVs. 

Plug-in hybrids recharge their energy storage system 
through the electric grid, typically at night, when electric-
ity prices and demand are low. The NRC reported in 2010 
that commercial medium- and heavy-duty plug-in hybrid 
vehicles are being delivered in the United States to numerous 
companies (NRC, 2010, p. 74). The DOE, under ARRA-

Transportation Electrification, is funding the development of 
four additional PHEV and EV platforms. More than 1,800 
commercial vehicles are being funded by the DOE to aid in 
the development and demonstration of PHEVs and full EVs 
in fleets around the United States. The objectives of these 
programs are (1) to accelerate the development of U.S. manu-
facturing capacity for batteries and electric drive components, 
(2) to accelerate the deployment of electric drive vehicles, and 
(3) to help reduce costs and meet the 21CTP goals set forth 
in 2006. Selected heavy-duty vehicle projects with energy 
storage being funded by the ARRA include the following:10

•	 Electric	Vehicles:
 —Smith Electric Vehicles—An all-electric Class 3 box 

truck is being developed with a 120 kW liquid-cooled 
motor and the option of either a 40 kWh, 80 kWh, or 
120 kWh lithium battery pack. The battery packs are 
assembled in Kansas by Smith Electric Vehicles using 
modules assembled from Valence Technologies, Inc. 
cells manufactured in China. Smith Electric Vehicles 
received a $32 million award from the DOE to develop 
and deploy 100 of these vehicles. 

 —Navistar—A battery electric Class 2b/Class3 delivery 
truck is being developed. Navistar received a $39.2 mil-
lion award to develop and deploy 400 of these vehicles. 
Battery packs will be supplied by A123 Systems.

•	 Plug-in	Hybrid	Electric	Vehicles:
 —Eaton Corporation and Azure Dynamics—The 

DOE awarded the South Coast Air Quality Manage-
ment District $45.4 million, with an additional $45 
million that will come from several sources, including 
$5.5 million from Eaton, to develop and deploy PHEV 
demonstration trucks and shuttle buses over a 3-year 
period, starting in August 2009. The 245 utility aerial 
trucks are based on the Ford F550 chassis equipped 
with an Eaton PHEV system. The 35 shuttle buses are 
based on the Ford E450 chassis equipped with an Azure 
Balance PHEV system. Battery packs will be supplied 
by Compact Power, Inc. Following the delivery of these 
vehicles in the summer of 2011, the demonstration 
period will run for at least 2 years. Additional details 
of the Eaton program are provided below.

 —Ford Motor Company—The DOE awarded Ford 
$30 million to deploy 150 PHEVs, including 130 Ford 
Escape PHEVs and 20 E450 Van PHEVs in partnership 
with 15 utilities. The battery packs will be supplied by 
Johnson Controls.

Eaton provided the following overview of two heavy-duty 
PHEV programs that were under way during the committee’s 
January 2011 visit to Eaton:

10 James Miller, DOE, “Status/Prospects for Energy Storage Technology 
for Medium-Duty and Heavy-Duty Hybrids,” presentation to the committee, 
January 31, 2011, Washington, D.C.
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1. Ford F550 Diesel PHEV Utility Aerial Truck—Eaton 
has begun its program to develop a Ford F550 diesel 
PHEV utility aerial truck with a 15-mile EV range. 
Eaton is the system integrator, and Altec manufac-
tures the utility aerial addition for the trucks and will 
be the manager of the vehicles. The drive unit has a 
specification of 65 kW and 620 Newton-meters (Nm). 
An electric air conditioning (A/C) compressor will be 
used. The control strategy will provide the following 
modes: (1) maximization of engine-off for job site op-
erations, (2) range-extended EV mode, and (3) blended 
EV mode.

2. Class	 8	 PHEV	 Day	 Cab	 Tractor	 (for	 port	 opera-
tions)—This program is being conducted for the Texas 
Environmental Research Consortium, whose main 
interest is in reducing oxides of nitrogen (NOx) at ship-
ping ports. The Class 8 tractor has a hybrid powertrain, 
electrified accessories, and engine stop-start manage-
ment. The control strategy provides the following 
modes: (1) EV mode, (2) HEV with engine stop/start 
management, and (3) conventional HEV/engine-on 
operation. Preliminary results show 44 to 73 percent 
reduction in NOx emissions and 13 to 160 percent 
increase in fuel economy (12 to 62 percent reduction 
in fuel consumption) over two test routes—the Eaton 
Port Route with a maximum speed of 35 mph and the 
City Suburban Heavy Vehicle Route. An electric range 
of 10.6 miles was achieved at 25 mph and 9.7 miles 
at 33 mph for the 74,000 lb vehicle test weight. This 
program was completed in November 2010.

In FY 2009, the Technology Acceleration and Deploy-
ment Activity in the DOE Office of Vehicle Technologies 
provided a $10 million grant to Navistar to fund the develop-
ment and deployment of the next-generation PHEV school 
bus. Improvements from Navistar’s first-generation design 
include electric accessories to enable engine-off operation 
and improved strategies as well as improved energy storage 
approaches. This vehicle is expected to have a 30-mile range 
at 45 mph and will use an 80 kWh battery pack. Navistar is 
currently finalizing the design and build of two PHEV school 
bus designs. These vehicles will be evaluated, and one of the 
designs will be selected for the final build of the vehicles.

Finding 4-3. More than 1,800 commercial vehicles are 
being funded through the ARRA by the DOE to aid in the 
development and demonstration of plug-in hybrid electric 
vehicles and battery electric vehicles in fleets. One of the 
objectives of this program is to develop U.S. manufacturing 
capacity for all-electric drive components (energy storage, 
drive motors, power electronics, etc.). However, in at least 
one of these projects, the battery cells are being manufac-
tured outside the United States. 

Recommendation 4-2. The DOE should determine what is 
needed for the battery cells and other electric drive compo-
nents in the ARRA-Transportation Electrification programs 
aimed at development and manufacturing in the United 
States, as specified in the objectives of these programs.

HYDRAULIC HYBRID VEHICLES 

Although the 21CTP did not have any goals for heavy-
duty hydraulic hybrid vehicles, the EPA has been conducting 
R&D of heavy-duty hydraulic hybrid vehicles since early in 
the 21CTP program. The EPA has supported Cooperative 
Research and Development Agreements (CRADAs) to help 
speed the commercialization of federally developed technol-
ogy. Heavy-duty hydraulic hybrid vehicles were mentioned 
briefly in the NRC Phase 1 report (NRC, 2008). The NRC 
(2010) report reviewed the EPA’s hydraulic hybrid vehicle 
program in greater detail, indicating that the EPA had shifted 
its focus from parallel hydraulic hybrid technology to series 
hydraulic hybrid technology to realize further improvements 
in fuel efficiency. 

In contrast to an electric hybrid vehicle utilizing batteries 
for energy storage, a hydraulic hybrid vehicle provides high 
specific power, but low specific energy, as shown in Figure 
4-1. As a result, hydraulic hybrids are effective in providing 
short-duration launch assist rather than extended-duration 
power assist for cruise conditions. Delivery trucks and refuse 
trucks with frequent starts and stops are potential applica-
tions for hydraulic hybrids.

Series Versus Parallel Hydraulic Hybrid

The NRC report on medium- and heavy-duty vehicles 
illustrates the differences between parallel and series 
hydraulic hybrid systems (NRC, 2010, Figures 4-13 and 
4-8, respectively). In a parallel hydraulic hybrid system, the 
engine and transmission are connected to the differential 
and drive wheels as in a conventional vehicle. A hydraulic 
pump-motor unit is geared to the output shaft of the engine 
and transmission to assist in driving the wheels, or capturing 
braking energy to recharge the hydraulic accumulator tank. 
In contrast, in a series hydraulic hybrid system, there is no 
mechanical connection between the engine/transmission and 
the differential/drive wheels. A hydraulic pump-motor unit 
is mounted to the output of the engine, and another pump-
motor unit is mounted on the input to the differential for the 
drive wheels. The respective pump-motor units acting as a 
pump can charge the hydraulic storage tanks using either 
engine power or deceleration energy from the wheels. The 
respective pump-motor units acting as a motor can be used 
to drive the differential for the drive wheels or to restart 
the engine. During cruise conditions, the engine-mounted 
pump-motor unit acting as a pump will provide hydraulic 
fluid with some buffering by the hydraulic accumulator 
system to the pump-motor unit acting as a motor mounted 
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on the differential for the drive wheels. In a series hydraulic 
hybrid, the engine is decoupled from the wheels, enabling 
it to be operated at best-efficiency conditions. Buffering by 
the hydraulic hybrid accumulator system eliminates the need 
for quick engine transients. The EPA’s program began by 
investigating parallel hydraulic hybrid systems but switched 
to focus on series hydraulic hybrid systems. 

System Components

One of the key components in the series hydraulic hybrid 
vehicle is the pump-motor unit. In the EPA’s program, a 
bent-axis pump-motor unit was developed. The bent-axis 
pump-motor unit is a barrel arrangement pump in which 
the head of the pump can be pivoted off the centerline of 
the driveshaft. As the yoke angle increases, the pumping 
or motoring power increases. A 110 cubic centimeter (cc) 
pump-motor assembly can provide 300 hp at a pressure of 
5,000 pounds per square inch (psi). This pump-motor is small 
enough to be held in one’s hand. 

Two hydraulic storage tanks are required. The high- 
pressure accumulator tank operates between 2,000 and 7,000 
psi and the low-pressure accumulator tank operates between 
50 and 200 psi. A Class 6 truck would use at least two 22-gal-
lon carbon-fiber accumulator tanks, which are approximately 
5 feet long and 12.5 inches in diameter. Hydraulic accumula-
tor tanks can be either bladder or piston type. In the bladder 
type, adding hydraulic fluid to the accumulator compresses 
the nitrogen-filled bladder. In the piston type, adding hydrau-

lic fluid to the accumulator compresses the piston into the 
nitrogen-filled shell.

Fuel Economy Improvements

The potential fuel economy improvements projected for 
parallel and series hydraulic hybrid trucks are shown in Table 
4-5 (TIAX, 2009). Transient start-stop driving cycles, such 
as those of refuse trucks and delivery vans, are required to 
realize these potential improvements. 

Eaton Corporation is working to improve the performance 
of parallel hydraulic hybrids in special applications such 
as refuse trucks. Eaton’s first-generation hydraulic hybrid, 
also referred to as a hydraulic launch assist (HLA) system, 
provided 10 to 30 percent improvement (9 to 23 percent 
reduction in fuel consumption) in fuel economy. The EPA 
showed similar results for its early experimental parallel 

4-3.eps
bitmap

FIGURE 4-1 Relative performance of energy-storage systems. Acronyms are defined in Appendix I. SOURCE: John Kargul, EPA, 
“Clean Automotive technology, Cost Effective Solutions for a Petroleum and Carbon Constrained World,” presentation to a subgroup 
of the committee, October 26, 2010, Ann Arbor, Michigan.

TABLE 4-5 Fuel Economy Improvements for Parallel and 
Series Hydraulic Hybrid Trucks

Type of Truck
Fuel Economy Improvement % (mpg)
Fuel Consumption (FC) Reduction (%)

Parallel hydraulic hybrid 25 to 33% (mpg)
20 to 25% reduction in FC

Series hydraulic hybrid 67 to 100% (mpg)
40 to 50% reduction in FC

SOURCE: TIAX (2009).
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hydraulic hybrid trucks. Eaton’s R&D shows that a parallel 
hydraulic hybrid with an efficient transmission can improve 
fuel economy by 35 to 45 percent (26 to 31 percent reduc-
tion in fuel consumption) in refuse trucks over the baseline. 
Eaton’s next-generation hydraulic hybrid, or HLA, is cur-
rently undergoing fleet testing in the refuse industry with 
about 50 systems.

EPA experiments with series hydraulic hybrid trucks 
have shown fuel economy improvements of 60 to 70 per-
cent (38 to 41 percent reduction in fuel consumption) with 
proper matching of hydraulic components and driving the 
power steering and brake assist off the accumulator pres-
sure. Although these improvements in fuel economy can be 
obtained with a system tuned for a particular drive cycle, 
these conditions generally do not exist in the real world. Such 
gains are feasible only when there are almost no electrical 
loads on the system at idle, very few engine starts, and no 
high-speed travel.11

Progress in Commercializing Hydraulic Hybrid Vehicles

The EPA initially partnered with Eaton Corporation to 
develop series hydraulic hybrid technology in a UPS delivery 
vehicle. Eaton, which developed a first-generation, parallel 
hydraulic hybrid refuse truck, or HLA, has more than 100 
trucks in the field today. These first-generation vehicles pro-
vided a 10 percent improvement in fuel economy (9 percent 
reduction in fuel consumption) and four times longer brake 
life. Eaton’s next-generation HLAs will replace the Allison 
transmission with Eaton’s Ultra Shift Plus transmission with 
the hydraulic unit attached to the transmission’s PTO and 
will use hydraulic power to fill in torque during shifts. Eaton 
expects that this next-generation HLA will provide five 
times longer brake life and 30 percent better fuel economy 
(23 percent reduction in fuel consumption) than the baseline 
Peterbilt refuse truck. Eaton believes that a refuse truck pro-
vides an ideal duty cycle for the hydraulic hybrid vehicle and 
estimates that the North American refuse truck market is up 
to 10,000 vehicles per year. 

Delivery trucks, refuse trucks, yard hustlers, and shuttle 
buses have been the focus of the EPA’s series hydraulic hybrid 
program over the past 5+ years. EPA technology transfer 
partners are moving to preproduction and/or full production 
of hydraulic hybrid vehicles in the 2010-2012 time frame. 
The following time lines for these programs was provided by 
the EPA:

•	 Refuse	Vehicles:
 —2008-2011: Fleet testing of 20 pilot vehicles.
 —2010-2011: Purchases of 89 early/preproduction 

vehicles announced.

11 Information provided by Mihai Dorobantu, Eaton Corporation, to NRC 
staff, James Zucchetto, by e-mail, January 31, 2011.

•	 Delivery	Vehicles:	
 —2008-2011: Fleet testing of 6 pilot vehicles.
 —2010-2012: Purchases of 46 early/preproduction 

vehicles announced.

The EPA has worked with Parker Hannifin Corporation, 
Freightliner, and FedEx in developing a hydraulic hybrid 
delivery vehicle. Currently, Parker Hannifin (in an Auto-
car refuse truck), Eaton (in a Peterbilt refuse truck), and 
Bosch-Rexroth (in an American LaFrance refuse truck) are 
progressing toward full production status with their hydrau-
lic drive systems. Refuse trucks were a logical application, 
because they already utilize extensive hydraulic systems. 

On November 23, 2010, Parker Hannifin Corporation 
announced that it had developed several hydraulic hybrid 
technologies that improve the performance of refuse and deliv-
ery vehicles to levels that exceed proposed new federal fuel- 
efficiency and criteria emission standards (Parker Hannifin, 
2010). Parker Hannifin stated that its advanced hydraulic 
hybrid system is unique because it disconnects the engine 
from the rear wheels of the vehicles, indicating a series hybrid 
configuration. The hydraulic hybrid truck has the potential to 
reduce brake maintenance significantly owing to regenerative 
braking. Brake life can be extended two to eight times rela-
tive to the baseline vehicle, which requires three to four brake 
replacements per year, at approximately $2,000 each. This 
reduction in brake maintenance can assist in reducing the 
payback period. Parker Hannifin stated that the technology is 
already in use on 11 refuse vehicles in three South Florida com-
munities. UPS and FedEx have become the first companies to 
order a variation of the technology for use in delivery vehicles, 
scheduled to be on the road in 2011. Parker Hannifin is cur-
rently developing further advancements in the technology for 
use on an advanced bus platform that is targeting a 45 percent 
reduction in fuel usage over average diesel powertrains.

REGULATORY CONSIDERATIONS

Regulatory considerations for heavy-duty hybrid vehicles 
include hybrid truck tax credits, credits for fuel-efficiency 
standards, and emission certification. Each is discussed in 
the sections that follow.

Hybrid Truck Tax Credits

Tax credits, which are an important incentive for hybrid 
vehicles, have expired, but they are described below as back-
ground information for future consideration of credits (ACEEE, 
2009). The Energy Policy Act of 2005 provided tax credits for 
heavy-duty hybrid vehicles in the period January 1, 2006, 
through December 31, 2009. The credit amount depended on 
the weight class of the vehicle, its fuel economy relative to a 
comparable conventional vehicle, and the incremental cost. By 
December 31, 2009, the following 10 manufacturers had certi-
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fied tax credits through the Internal Revenue Service (IRS) for 
at least one heavy-duty hybrid truck or bus model:

Azure Dynamics
Freightliner (Daimler Trucks)
Freightliner/Eaton
International Truck/Eaton
Kenworth/Eaton
Navistar/Eaton
Navistar/IC Bus
Peterbilt/Eaton
Workhorse/Eaton
Odyne/Navistar

A hybrid vehicle’s incremental cost was defined in the 
Energy Policy Act of 2005 as the amount by which the 
manufacturer’s suggested retail price of the hybrid vehicle 
exceeded that of a “comparable” vehicle, but the incremental 
cost was capped by GVW class, as shown in Table 4-6.

The percentage of the incremental cost (up to the maxi-
mum allowed) that the credit covered was determined by the 
improvement in city fuel economy, as shown in Table 4-7. 
For example, the most efficient 20,000 lb hybrid truck could 
receive a credit of $6,000 ($15,000 maximum incremental 
cost × 40 percent [hybrid credit for improvement in city fuel 
economy of at least 50 percent]). 

Also, under the Energy Policy Act of 2005, the vehicle 
had to meet a threshold value of “maximum available power,” 
a measure of the percentage of total vehicle power available 
from the rechargeable energy storage system of the vehicle. 
For a vehicle of 8,500 to 14,000 lb gross vehicle weight, 
the requirement was 10 percent of the maximum available 

power; over 14,000 lb, the requirement was 15 percent. This 
requirement was to ensure that a qualifying vehicle incorpo-
rated substantial hybrid technology. The language of the act 
did not specify the type of hybrid; both electric and hydraulic 
hybrids, for example, could qualify.

In 2007, the IRS issued guidance setting out procedures 
for manufacturers to use in certifying a vehicle as an eligible 
heavy-duty hybrid, and the amount of the credit for that vehi-
cle.12 The credit depended on the hybrid’s fuel economy rela-
tive to that of a comparable conventional vehicle, but there 
was no standard fuel economy test procedure in place for 
heavy-duty vehicles. Therefore, the IRS guidance directed 
manufacturers to assign fuel economies to their vehicles 
using an approach “substantially similar” to one used by the 
federal government or the state of California to measure fuel 
economy or emissions. Once the IRS acknowledged a vehicle 
credit, the manufacturer could certify it to purchasers. By 
the end of this program, 10 manufacturers were eligible for 
credits. Specific models for each manufacturer can be found 
on the IRS website.13 

In February 2011, Senator Debbie Stabenow of Michigan 
introduced the Charging America Forward (S. 298) bill, 
which calls for an extension of the credits through December 
31, 2014, and sets new qualifying incremental cost levels 
for which the purchaser can receive a portion as a tax credit. 
As of March 2011, this bill had been referred to the Senate 
Finance Committee. 

Fuel Efficiency Standards

The EPA and the DOT/National Highway Traffic Safety 
Administration (NHTSA) introduced proposed standards 
for greenhouse gas (GHG) emissions standards and fuel 
efficiency standards for medium- and heavy-duty engines 
and vehicles on October 25, 2010 (EPA/NHTSA, 2010) and 
issued final standards on September 15, 2011 (EPA/NHTSA, 
2011). The agencies (a term used throughout this section to 
indicate the EPA and DOT/NHTSA) noted that, although the 
standards are not premised on the use of hybrid powertrains, 
certain vocational vehicle applications may be suitable can-
didates for use of hybrids owing to the greater frequency of 
stop-and-go urban operation and their use of power take-off 
(PTO) systems. As an incentive, the agencies are providing 
credits for the use of hybrid powertrain technology. There is 
an important distinction between the two types of credits for 
hybrid vehicles discussed above. The credits provided by the 
fuel-efficiency standards could be used to meet any of the 
heavy-duty fuel-efficiency standards and are not restricted to 
the averaging set generating the credit. In contrast, the credits 
for hybrid vehicles, provided by the U.S. Energy Policy Act 
of 2005, were direct tax credits for the purchasers of hybrid 

12 See Internal Revenue Service Notice 2007-46. Available at http://www.
irs.gov/irb/2007-23_IRB/ar08.html. Accessed December 3, 2010.

13 See http://www.irs.gov/businesses/article/0,,id=175456,00.html. 

TABLE 4-6  Maximum Incremental Cost of a Hybrid 
Truck Qualifying for a Tax Credit

Gross Vehicle Weight  
(GVW) Rating

Maximum Qualified  
Incremental Cost

8,501 to 14,000 lb $7,500

14,001 to 26,000 lb $15,000

> 26,000 lb $30,000

TABLE 4-7 Hybrid Truck Tax Credit as a Function of Fuel 
Economy

Improvement in City  
Fuel Economy

Hybrid Credit as  
Percentage of 
Qualified Incremental 
Cost

At least 30% and under 40%
(23 to 29% reduction in fuel consumption)

20%

At least 40% and under 50%
(29 to 33% reduction in fuel consumption)

30%

At least 50%
(At least 33% reduction in fuel consumption)

40%
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trucks that deliver improved fuel economy. Because the fuel-
efficiency standards provide procedures for defining the fuel 
economy improvements of hybrid vehicles, these procedures 
could provide a means, in lieu of the previously generated 
IRS guidance for truck purchasers, to obtain tax credits, if 
such credits are reinstated. 

Two different classes of emissions, GHG emissions and 
“criteria pollutants,” are referred to in this section. The 
first class of emissions, GHG emissions (referring primar-
ily to CO2), will be controlled by the new GHG emissions 
standards. The new GHG emissions standards also address 
hydrofluorocarbon emissions from air-conditioning systems 
and includes nitrous oxide (N2O) and methane (CH4) emis-
sions standards. The second class of emissions, criteria pol-
lutants, refer to hydrocarbons (HC), carbon monoxide (CO), 
NOx, and particulate matter (PM) exhaust emissions that 
have been regulated by the EPA for many years and require a 
certificate of conformity for engines based on tests conducted 
on heavy-duty transient engine dynamometers.

The agencies’ new fuel consumption and CO2 emissions 
standards are to be tailored to each of three regulatory cat-
egories of heavy-duty vehicles:

1. Heavy-duty pickup trucks and vans,
2. Vocational vehicles, and
3. Combination tractors.

The new rules for the fuel consumption and CO2 standards 
contain provisions for obtaining credits as an incentive for 
applying hybrid powetrain technology. The approach to 
account for the use of a hybrid powertrain when evaluating 
compliance with the standards is described in Appendix F.

The procedure requires testing heavy-duty pickup trucks 
and van hybrids on the light-duty federal test procedure 
(FTP) and highway fuel economy test (HWFET) with suitable 
adjustments to the test procedures. For vocational vehicles 
and combination tractors incorporating hybrid powertrains, 
two methods are specified: chassis dynamometer or engine 
dynamometer. Each method requires a comparison test (hybrid 
versus baseline) of the actual physical product (engine, pow-
ertrain, or vehicle), because the agencies are not aware of ana-
lytical models that can assess the technology. The measured 
fuel consumption advantage of a hybrid vehicle versus the 
baseline is multiplied by the production volume and the use-
ful life to provide the fuel consumption credits for the specific 
vehicle line that is applied to the manufacturer’s production 
volume-weighted annual fleet average standard.

Emission Certification

The NRC Phase 1 report noted the lack of an emissions 
test and certification procedure for heavy-duty hybrid trucks 
(NRC, 2008). The Phase 1 report noted that the EPA was 
developing a procedure to measure directly the emissions 
of complete heavy-duty vehicles, including hybrids. Unfor-

tunately, no progress has been reported on this effort by the 
EPA. Even though the EPA and the NHTSA introduced their 
NPRM on October 25, 2010, providing test procedures for 
CO2 emissions and fuel consumption for hybrid heavy-duty 
trucks, a manufacturer still needs a certificate of conformity 
that the vehicle’s internal combustion engine meets the 
EPA criteria emissions standards for heavy-duty engines, a 
procedure that does not recognize hybrid heavy-duty trucks. 
Therefore, the potential reduction in emissions with a hybrid 
heavy-duty truck cannot be recognized, and so reductions 
in the size or simplification of the emission control system 
cannot be considered. 

The California Air Resources Board (CARB) is currently 
drafting vehicle-level test procedures for heavy-duty hybrid 
vehicles. California is coordinating this effort with the EPA’s 
efforts to establish GHG standards for heavy-duty vehicles. 
The CARB’s work is aimed at quantifying the improvement 
in fuel consumption and emissions due to hybridization. 
However, at this time, procedures are in draft form, not final-
ized (DOE, 2011).

Finding 4-4. The EPA and the DOT’s National High-
way Traffic Safety Administration (NHTSA) issued their 
final rules on September 25, 2011, for “Greenhouse Gas 
Emissions Standards and Fuel Efficiency Standards for 
Medium- and Heavy-Duty Engines and Vehicles.” Although 
these standards contain test procedures for determining fuel 
consumption for heavy-duty hybrid trucks, a manufacturer 
still needs a certificate of conformity showing that a vehicle’s 
internal combustion engine meets the EPA criteria emission 
standards for heavy-duty engines (a procedure that does not 
recognize hybrid heavy-duty trucks). The CARB is currently 
drafting vehicle-level test procedures for heavy-duty hybrid 
vehicles. 

Recommendation 4-3. As partners of the 21CTP, the EPA 
and DOT/NHTSA should work with the CARB to develop 
test procedures for the certification process for criteria emis-
sions so that the emissions benefits of hybridization will be 
recognized, allowing the reduction in size or simplification 
of the emission control system of heavy-duty hybrid vehicles 
to be realized.

HYBRID COSTS AND PAYBACK PERIODS

The NRC report on medium- and heavy-duty vehicles 
(NRC, 2010) contains extensive information and projections 
on benefits and costs of hybrid truck systems. Because this 
information is contained in NRC (2010) in many tables with 
a variety of other information, a consolidated table present-
ing the information exclusively for hybrid truck systems is 
provided here. The fuel consumption benefit, capital cost, 
annual mileage, and typical fuel economy in miles per gallon 
for technologies projected to be available in the 2015-2020 
time period are shown in Table 4-8. The capital costs are 
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projections for 2015-2020 contained in NRC (2010). Using 
this consolidated information, a simple calculation of the 
payback period to break even, defined as the time to achieve 
fuel cost savings equal to the initial capital cost of the hybrid 
system, was made assuming a $3.00/gal fuel cost.14 Mainte-
nance costs and discount rates were not included. The results 
are also shown in Table 4-8. It is important to note that the 
capital costs listed in Table 4-8 are forecasted to be reduced 
by up to 47 percent from the 2013-2015 costs, which, in 
turn, are expected to be lower than current costs for hybrid 
systems. Thus, the capital costs shown are forecasts contain-
ing reductions of well over 47 percent from current costs. 

The 21CTP acknowledges that current break-even times 
without subsidies, based on current costs and fuel consump-
tion improvements, are typically twice as long as the 5 years 
that fleets normally require for a return on investment in new 
hardware for cost savings. The 21CTP stated that “heavy-
hybrid technology for commercial trucks and buses needs 
significant research and development (R&D) before it will be 
ready for widespread commercialization at prices that can be 

14 For a fuel cost of $4.00/gal, the breakeven period would be reduced 
in length by 25 percent.

borne by the vehicles’ operators” (DOE, 2011). The 21CTP 
further stated, “HD [heavy duty] hybrid technology is far 
from mature.… Many of today’s HD hybrid vehicles have 
used components that are commercially available but were 
not designed or optimized for on-road HD hybrid vehicles. 
Some HD hybrid components cannot be found elsewhere 
and must be custom designed for the application. These will 
be costly due to low production volumes that have not justi-
fied the development of high volume manufacturing tools 
and processes to produce them economically.” A very large 
investment is needed by the developers of the heavy-duty 
hybrids, the engine manufacturers, and the truck manufac-
turers to fully develop and implement the technologies in 
commercial vehicles. The capital costs shown in Table 4-8 
reflect the significant reductions that will be required for 
HEV systems to become commercially viable.

Fuel economy improvements of 20 to 40 percent (17 to 29 
percent reduction in fuel consumption) have been achieved 
for hybrid trucks over urban-based, start-and-stop driving 
cycles. DOE vehicle simulation tools are currently being 
used to evaluate fuel consumption benefits of advanced 
technologies to meet the goal of 60 percent improvement in 
fuel economy (38 percent reduction in fuel consumption).

TABLE 4-8  Hybrid Trucks—Break-even Cost Analysis (Future 2015-2020 Technology) 

Category Description

Fuel  
Consumption  
Benefit  
(%)

Forecasted 
Capital Cost 
($)a

Annual 
Mileageb

Typical 
MPGb

Payback 
Period to 
Breakeven 
Yearsc Referencesd

Class 2b Pickups and Vans Parallel electric hybrid 18 $9,000 27,500 12.5 7.6 Table 6-9

Class 3 to 6 Straight Box Truck Parallel electric hybrid 30 $20,000 41,250 9.4 5.1 Table 6-7

Class 3 to 6 Bucket Truck Parallel electric hybrid with 
electric power takeoff

40 $30,000 13,300e  9.4 17.7 Table 6-8

Class 8 Tractor Trailer Truck Mild parallel electric hybrid 
with idle reduction 

10 $25,000 137,500  5.75   3.5     Table 6-5
(not directly comparable 
because of inclusion of idle 
reduction feature)

Urban Transit Bus  
With federal subsidy of 
incremental cost

Series electric hybrid 35 $220,000 
($22,000) 

137,500 6.0 9.1 
0.9

Table 6-16

Class 8 Refuse Hauler Parallel hybrid electric 30 $39,000f   50,000 4.25 3.7 Table 4-9

Class 8 Refuse Hauler Parallel hydraulic hybrid 25 $30,000 50,000 4.25 3.4 Table 6-10

Class 8 Refuse Hauler Series hydraulic hybrid 50 N/A 50,000 4.25 N/A Table 4-9

NOTE: The break-even period is calculated on the basis of a fuel cost of $3.00/gal. For a fuel cost of $4.00/gal, the break-even period would be reduced by  
25 percent. 
aCosts for 2015-2020 are forecast to be reduced up to 47% from 2013 to 2015 costs.
bAverage values of ranges from NRC (2010), Table 2-1.
cBreakeven Time = Capital Cost/(Annual Mileage/MPG × % Improvement × $/gal).
dTables 6-5 through 6-16 provide future costs for 2015-2020. All tables are in NRC (2010).
eNRC (2010), page 138.
fNRC (2010), page 141.
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By using these forecasted capital costs, most of the tech-
nologies listed in Table 4-8 achieve payback, or break even, 
within approximately 5 years, except for the Class 2b pickups 
and vans, Class 3 to 6 bucket trucks, and transit buses without 
the 90 percent federal subsidy for the hybrid system incre-
mental cost. The Class 2b pickups and vans need to achieve 
greater fuel consumption improvements and/or capital cost 
reductions to achieve payback in 5 years. The Class 3 to 6 
bucket trucks have exceptionally low mileage that extends 
the payback period well beyond 5 years. No remedy for this 
shortfall appears to be available at this time. The continued 
application of hybrid technology to transit buses will require 
the continuation of federal subsidies. 

Finding 4-5. The 21CTP acknowledges that current heavy-
duty hybrid vehicle break-even times, without subsidies, based 
on current costs and fuel consumption improvements, are typi-
cally twice as long as the 5 years that fleets normally require 
for a return on investment on new hardware for cost savings. 
Heavy-duty hybrid components tend to be costly because 
they are not designed or optimized for the application and are 
produced in low volumes. Fuel-economy improvements of 
heavy-duty hybrid vehicles have not achieved the 60 percent 
improvement goal (38 percent reduction in fuel consumption). 

Recommendation 4-4. Dual paths should be pursued to 
achieve a break-even time of 5 years for heavy-duty hybrid 
vehicles. First, the DOE should use its vehicle simulation 
tools to determine the advanced technologies needed to 
meet the goal of 60 percent improvement in fuel economy 
(38 percent reduction in fuel consumption), from the current 
status of 20 to 40 percent improvement (17 to 29 percent 
reduction in fuel consumption) and initiate R&D programs to 
develop these technologies. Second, manufacturers should be 
encouraged to explore modular, flexible designs, which could 
yield higher production volumes and thus achieve significant 
reductions in capital costs of hybrid systems. 

REVISED GOALS ISSUED IN 2011

In February 2011, the 21CTP issued revised stretch goals 
for heavy-duty hybrids; they are similar to the goals provided 
to the committee in November 2010, but the revised goals 
provide more background and/or greater specificity. These 
revised stretch goals are summarized below; the complete 
version is available in the February 28, 2011, Hybrid Propul-
sion White Paper (DOE, 2011).

Summary of Revised Heavy-Duty Hybrids Goal 1—Electric 
Machines: Develop advanced motor technology that will 
deliver electric machines with improved durability, lower 
cost, better power density, and alternatives to rare-earth 
permanent magnets.

—Greater than 1 million miles (Class 8 line-haul applica-
tion) or 15 years of life (vocational applications). 

—Power density for some motor designs today is at 
approximately 0.5 kW/kg. The objective is to nearly 
double the power density to approximately 1 kW/kg. A 
cost target of $50/kW by 2016 has been established.

—Motors and generators have efficiencies typically at 
approximately 94 percent today. The objective is 96 to 
97 percent by 2016. 

—Demonstrate a nonpermanent magnet motor technology 
in a commercial vehicle application that would equal or 
meet current hybrid system requirements by 2013.

 °  Permanent magnet motors are used in several hybrid 
systems today. Concern is increasing that higher 
hybrid volumes will create significantly higher 
demands for rare-earth magnet material that is pre-
dominantly supplied by China. The development of 
alternate motor designs that do not depend on a com-
modity supplied primarily by a single foreign power 
is deemed to be in the best interests of the United 
States. 

Summary of Revised Heavy-Duty Hybrids Goal 2—Inverter 
Design/Power	 Electronics: Develop technologies that will 
improve the cycle life of critical components within the 
inverter and other power electronics within the hybrid 
system.

—Develop an improved switching device (insulated gate 
bipolar transistors [IGBTs] or other) that has a broader 
operating temperature range higher than today’s 50°C 
limit and offers improved system life and durability. 
Develop this improved switching system and demon-
strate benefits by 2016. 

 °  IGBTs are today one of the main components of the 
inverters used in heavy-duty hybrid systems. Their 
cycle life is limited owing to thermal expansion and 
contraction that occurs with varying power transmis-
sion levels, especially at the IBGT-to-device package 
interface. In addition, the allowable temperature 
range of these devices is limited, with recommenda-
tions to maintain operating temperatures below 50°C. 
Technology developments focused on these areas 
will improve system life, simplify cooling require-
ments, and drive down total life–cycle cost. 

—By 2016, reduce the overall weight of inverter designs 
by 20 percent through higher efficiency of switching 
devices with higher operating temperatures and poten-
tial integration with engine cooling systems. 

Summary of Revised Heavy-Duty Hybrids Goal 3—Energy 
Storage	Systems: Develop an energy storage system with 15 
years of design life, a broader allowable temperature operat-
ing range, improved power density and energy density, and 
significantly lower cost. 

—Develop a system that can provide a cycle life of 5,000 
full cycles, which should achieve the target of 1 million 
miles (on highway) or 15 years (vocational). Current 
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state-of-the art energy storage systems are typically 
rated for 8 years of life. 

—Expand the acceptable operating temperature range for 
lithium-ion batteries, currently at 0 to 55°C, by 2017.

—Develop battery technologies that will significantly 
increase power and energy densities. 

—Proposed cost targets:
 °  $45/kW and/or $500/kWh for an energy battery by 

2017;
 °  $40/kW and/or $300/kWh for a power battery by 

2020; and
 °  By 2016, the cost of the overall battery pack should 

not exceed the cost of the cells themselves by more 
than 20 percent.

—Establish an “end-of-life” strategy for advanced bat-
teries and provide the necessary funding related to 
either the remanufacturing or recycling of batteries 
by 2017. 

Summary of Revised Heavy-Duty Hybrids Goal 4—Hybrid 
System	Optimization,	Medium	Duty: To develop and dem-
onstrate medium-duty hybrid system technology that can 
deliver substantial increases in fuel economy, beyond what 
is available with today’s systems. 

—Potential applications for demonstration include medium- 
duty shuttle buses, vocational trucks, or on/off highway 
medium-duty work trucks. 

—A vehicle demonstration program that provides a plat-
form for developing these medium-duty technologies 
(similar to the SuperTruck program for heavy-duty 
technologies) is one potential approach, with develop-
ment and demonstrations to be completed by 2017.

Summary of Revised Heavy-Duty Hybrids Goal 5—Hybrid 
System	Optimization,	Heavy	Duty: An overarching goal is to 
develop and demonstrate heavy-duty hybrid system technol-
ogy that can deliver substantial increases in fuel economy. 

—For urban, heavy start-and-stop driving cycles, a stretch 
goal of 60 percent (38 percent reduction in fuel con-
sumption) has been identified. 

—For regional haul and line-haul applications, the per-
centage improvements would be more modest, with a 
stretch goal of 25 percent (20 percent reduction in fuel 
consumption). 

—Additional review and development need to be consid-
ered for those vehicles that would possess alternative 
anti-idling devices that could be provided without 
additional infrastructure changes.

Summary of Revised Heavy-Duty Hybrids Goal 6—Electri-
fied	 Power	Accessories: Develop robust, durable, efficient 
electric power accessories for use with medium- and heavy-
duty hybrid systems.

—Electrifying accessories such as power steering, air 
compressors, and air-conditioning compressors can 

achieve significant reductions in parasitic losses by 
powering them “on demand.” 

—Targeted availability of such improved accessories: 
2016.

Comments on New Hybrid Goals

Some of the metrics from the three 2007-2010 goals dis-
cussed earlier in this chapter have been carried over to these 
revised new goals. Specifically,

•	 The	new	revised	Goal	1	for	electric	machines	carries	over	
the 15-year design life and cost of no more than $50/kW 
for the drive-unit system from the 2006 Goal 1.

•	 The	new	revised	Goal	3	for	energy	storage	systems	car-
ries over the 15-year design life for the energy storage 
systems. However, the revised Goal 3 specifies a higher 
cost of $40/kW peak electric power, whereas the 2006 
Goal 2 specified a lower cost of no more than $25/kW 
peak electric power.

•	 The	new	revised	Goal	5	for	Hybrid	System	Optimiza-
tion, Heavy Duty, specifies a stretch goal of 60 percent 
improvement in fuel economy (38 percent reduction 
in fuel consumption), which is the same as the 2006 
Goal 3.

The committee agrees with the white paper (DOE, 2011) 
that these goals are indeed “stretch goals.” They appear to 
be reasonable technical goals, although the 21CTP did not 
provide the rationale for developing them. The cost and 
design-life objectives in the 2006 goals had been identi-
fied earlier by the 21CTP as necessary for achieving com-
mercially viable heavy-duty hybrid vehicles. Although the 
21CTP did not provide specific plans for achieving the six 
new revised goals, a significant budget is expected to be 
required through the target dates specified in the goals. Such 
a significant budget would require a significant increase from 
the zero budget for heavy-duty hybrid R&D over the past 3 
years (FY 2007 to FY 2010).

Finding 4-6. Six new stretch technical goals have been 
established by the 21CTP for heavy-duty hybrid vehicles. 
The committee agrees with the 21CTP that these are indeed 
stretch goals. Specific plans for achieving these new goals, 
some of which were carried over from the previous three goals 
that had been set for hybrids, were not provided to the com-
mittee. Nor was the rationale provided for these new goals, 
although they are appropriately focused on fuel consumption 
reductions, cost reduction, and a 15-year design life for the 
technologies. They appear to be reasonable technical goals. 
The cost and design life objectives in the previous goals had 
been identified earlier by the 21CTP as being necessary for 
achieving commercially viable heavy-duty hybrid vehicles. 
It is expected that a significant budget would be required 
through the target dates specified in the new goals, and a sig-



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

MEDIUM- AND HEAVY-DUTY HYBRID VEHICLES 77

nificant increase from the zero budget for heavy-duty hybrid 
R&D over the past 3 years would be required.

Recommendation 4-5. The 21CTP should establish plans 
and develop realistic budgets for accomplishing the six new 
stretch goals for heavy-duty hybrid vehicles in accordance 
with the committee’s findings, explain the rationale behind 
the new goals, and provide the current status of the applicable 
technology for each of the goals so that the magnitude of the 
tasks for each can be assessed.

RESPONSE TO RECOMMENDATIONS IN NRC  
PHASE 1 REPORT

The DOE concurs with the recommendations regarding 
hybrid powertrains made in the NRC Phase 1 report (see 
Recommendations 4-1 through 4-9 in NRC, 2008). In the 
energy storage area, the DOE recognizes that current light-
duty battery work may not necessarily apply to heavy-duty 
applications. A DOE-sponsored meeting on energy storage, 
held in January 2011, provided a crosscut of light-duty/
heavy-duty work (see Appendix C in this volume, presenting 
the 21CTP Response to Finding 4-2 and Recommendation 
4-2 on hybrids). The DOE plans activities to increase codes 
and standards work for hybrid components. It has plans 
to explore additional power density needs for heavy-duty 
applications, and two of the SuperTruck projects include 
hybridization of Class 8 trucks. One recommendation (Rec-
ommendation 4-7 in NRC, 2008) addressed the structure of 
the partnership between the DOD, the DOT, and the DOE. 
Given the separate funding mechanisms of these agencies, 
the DOE acknowledges their central role in fostering cross-
agency communications. The DOE plans to explore strategic 
alliances with stakeholder organizations. 
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Vehicle Power Demands

INTRODUCTION

The net power output of a truck engine is consumed by 
numerous forces opposing the truck’s movement on the road. 
These forces in the case of a heavy-duty truck derive from a 
number of subsystems or components that consume energy 
by various forms of friction, by unfavorable pressure differ-
entials, or by energy conversion to power a device. The 21st 
Century Truck Partnership (21CTP) has identified the areas 
of energy consumption for a typical Class 8 vehicle operating 
on a level road at a constant speed of 65 mph with a gross 
vehicle weight (GVW) of 80,000 lb. In this case, the engine 
losses are about 322 horsepower (hp), 60 percent of the fuel 
energy. The truck power demands consume the remaining 40 
percent, as summarized in Table 5-1.

Under the described operating conditions, aerodynamic 
drag and tire rolling resistance are major contributors to 
energy loss. Although all trucks would benefit from aero-
dynamic drag reduction, those with high average speed 
and miles traveled would benefit most. Class 8, over-the-
highway, tractor-trailer combination trucks best fit that 
operational description. 

The resisting aerodynamic horsepower is proportional 
to

Cd × A × V³, where Cd = coefficient of drag, A = frontal 
area, and V = forward velocity (NRC, 2010, p. 28).1 This 
illustrates the important role of vehicle speed on aerody-
namic horsepower consumption. The relationship is shown 
in Figure 5-1.

An analysis of the consumptions shown in Table 5-1 has 
illustrated that a 20 percent reduction in Cd results in about 
a 10.5 percent reduction in fuel consumption. This sup-
ports the industry’s rule of thumb that for high–road-speed 
tractor-trailers, the fuel consumption change is one-half of 
the drag change.

Although it is typical in truck aerodynamic improve-
ment practice to report fuel consumption at 65 mph, rarely 
is an average speed of 65 mph achieved without frequently 
exceeding the common Interstate highway speed limit. In the 
case of many real-world trucks’ duty cycles with perhaps an 
average 55 mph, the aerodynamic fuel-consumption reduc-
tion is about 9 percent rather than the 10.5 percent associated 
with a 20 percent Cd reduction.

Also illustrated in Figure 5-1 is the tire-rolling-resistance 
power consumption.2 Figure 5-1 indicates that these two 
sources of power consumption are equal at about 50 mph, 
while rolling resistance power consumption is about twice 
that because of aerodynamic drag at 37 mph, when the 
tractor-trailer is equipped as a 2008 model pre-SmartWay3 
combination vehicle. 

1 Cd = coefficient of drag = Force/(1/2 r A V2), which is dimensionless; 
F = force the vehicle must overcome due to air, r = density of the air, A = 
projected area perpendicular to the direction of travel, and V = velocity of 
the vehicle relative to the fluid (air).

2 “Rolling resistance” is the force at the axle in the direction of travel 
required to make a loaded tire roll. The coefficient of rolling resistance (Crr) 
is the value of the rolling resistance force divided by the wheel load.

3 SmartWay is an Environmental Protection Agency (EPA) voluntary 
certification program for tractor-trailer combinations. The EPA notes that the 

TABLE 5-1 Heavy-Duty Truck Power Consumption  
(each hour) 

Operating Load 
Power  
Consumed (hp)

Power  
Consumed (%)

Aerodynamic 114 53

Rolling resistance 68 32

Auxiliaries 20 9

Drivetrain 12 6

Total 214 100

NOTE: Horsepower consumed each hour is an energy term (hp-h).
SOURCE: NRC, 2010, Table 5-4.
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REDUCTION GOALS FROM THE PARTNERSHIP 
WHITE PAPERS

The goal of the 21CTP is to conduct research, provide 
hardware demonstrations, and validate and deploy cost-
effective, reliable, and durable technologies that reduce vehi-
cle power demands. The Partnership will continue to utilize 
a vehicle system approach to continually track the benefits 
of individual technologies on overall vehicle efficiency and 
performance. Five primary technology goals applicable to 
the target tractor-trailer truck are to be achieved over the next 
10-year period (DOE, 2011).

1. Goal 1 (reference	 level	 of	 53	 percent	 aerodynamic	
power	 consumption): Reduce the aerodynamic drag 
coefficient by 20 percent (from a Cd of 0.69). Evaluate 
a stretch goal of 30 percent reduction in aerodynamic 
drag. (The baseline is from the Environmental Protec-
tion Agency/National Highway Traffic Safety Admin-
istration [EPA/NHTSA] final rule “Greenhouse Gas 
Emissions Standards and Fuel Efficiency Standards for 
Medium- and Heavy-Duty Engines and Vehicles” for 
a conventional Class 8 tractor with high-roof sleeper. 
[EPA/NHTSA, 2011; NRC, 2010].) (Also, see footnote 
3 in this chapter.) 

2. Goal 2 (reference	level	of	32	percent	rolling	resistance	
power	consumption): Reduce tire rolling resistance by 
35 percent from tractors equipped with dual-tire drive 
wheels. (The baseline Crr is 0.0082 from the EPA/
NHTSA rule for tires of the dual tire drive wheels, 

SmartWay brand identifies products and services that reduce emissions, such 
as greenhouse gas emissions. Certification using EPA test methods allows 
carriers, manufacturers, and shippers to apply the SmartWay logo. See the 
EPA website at http://www.epa.gov/smartwaylogistics/basic-information/
index.htm and NRC (2010) for more detailed information.

only, of a Class 8 tractor [EPA/NHTSA, 2011; NRC, 
2010].) (Also, see footnote 3 in this chapter.)

3. Goal 3 (reference	level	of	9	percent	auxiliaries’	power	
consumption): Reduce essential auxiliary loads by 
50 percent. (The baseline for this goal is a Class 8 
highway tractor-trailer with sleeper, operating 5 days 
in over-the-highway operations at 80,000 lb gross 
combined vehicle weight [GCVW].)

4.	 Goal	4: Reduce tare weight by 10 percent, and for the 
long-term stretch goal by 20 percent, from a 34,000 lb 
base tractor-trailer capable of an 80,000 lb GCVW op-
eration, and comprised of a tractor (19,500 lb), trailer 
(13,500 lb), and fuel (1,500 lb). 

5.	 Goal	5:	Thermal	Management,	and	Friction	and	Wear	
Reduction

 a.	 	Thermal	Management	Systems: Increase heat-load 
rejected by 20 percent without increasing radiator 
size. 

 b.  Friction and Wear (reference	 level	 of	 6	 percent	
drivetrain	power	consumption): Reduce powertrain 
and drivetrain consumptions by 50 percent (NRC, 
2010).4

The committee appreciates these carefully formulated 
goals statements. The committee believes that these goals 
are achievable within the 10-year period specified, but only 
if adequate research and development efforts are expended. 
Typically, achieving some goals will be found more prob-
lematic than achieving others. In the more problematic 

4 Notes to Goals 1 and 2 were prepared to compare these current numeri-
cal goals to those stated in the DOE (2006) White Paper Roadmap, as well as 
to compare certain Cds and Crrs corresponding to other frequent descriptions 
(current available, SmartWay, Advanced SmartWay). See Appendix G in this 
report. The baseline for these goals is a Class 8 highway tractor-trailer with 
sleeper operating at a steady 65 mph at 80,000 lb GCVW. 

5-1.eps

0

20

40

60

80

100

120

0 10 20 30 40 50 60 70

Speed (MPH)

C
on

su
m

pt
io

n 
(H

P
)

Aero-hp w/Cd=0.625
Tires-hp w/Crr=0.0068

FIGURE 5-1 Aerodynamic and tire power consumption for tractor-trailer combination. SOURCE: NESCCAF/ICCT (2009).
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areas, typically of higher technology risk and cost, 21CTP 
processes are very important. The ability of the Department 
of Energy (DOE) to assist in understanding how to achieve 
the goals through its Vehicle Technologies Program, includ-
ing specifically the Vehicle Systems Simulation and Testing 
(VSST) protocols (DOE, 2010b), should be very beneficial 
and is particularly encouraged.

AERODYNAMICS

Aerodynamic drag arises principally from the pressure 
differentials on fore and aft body surfaces. Surface friction 
is a much less significant issue if surfaces are substantially 
smooth, which is a common but not yet a universal design 
feature; a notable example is container boxes (DOE, 2010a). 
Full-truck on-road testing following Society of Automotive 
Engineers (SAE) protocols (e.g., SAE J1263 coast-down test-
ing; SAE J1321, Type II over-the-road testing with control 
truck) is relatively imprecise for evaluating the aerodynamic 
effect of design changes. Wind tunnel tests, also following 
SAE protocols (e.g., SAE J1252), are an improvement in pre-
cision and, importantly, allow an evaluation of the effects of 
off-axis forces (yaw) due to prevailing wind. Computational 
fluid dynamics (CFD) is often useful for fine-tuning compo-
nent design to take account of the aerodynamic contribution, 
but it is in limited use for full-truck behavior.

Historically, the truck manufacturers have not reported 
Cd values for tractors. This situation is likely due to the 
competitive nature of those values, especially in light of the 
imprecision of prevailing standard test procedures.

Four regions of the tractor-trailer combination truck are 
amenable to aerodynamic design improvements. These 
regions include (1) the various tractor-related “aero” details, 
(2) the tractor-trailer gap, (3) the trailer skirt (or underbody), 
and (4) the trailer “base” fairing, which are all illustrated in 
Figure 5-2, along with the approximate fuel-consumption 

reductions related to each region that are estimated to be 
achievable in the near term.

The DOE funded a $4.2 million study, initiated in 2007, 
on trailer aerodynamic improvements to reduce fuel con-
sumption and presented a project status report to the com-
mittee (DOE, 2010a). The authors provided the committee 
a pre-publication draft of their results and analysis. The 
study combined CFD studies with a large battery of full-
size tractor-trailer wind tunnel tests at 65 mph in the huge 
National Full-Scale Aerodynamics Complex (NFAC) at the 
National Aeronautics and Space Administration (NASA) 
Ames Research Center. This research was supported by 
numerous industrial partners. These data are reported as 
yaw-wind averaged drag, which is acquired only in a wind 
tunnel, and which most aerodynamicists agree represents 
the best on-road performance figure. The study clearly is an 
excellent one, with very thorough evaluation of numerous 
candidate design improvements for all three of the trailer 
regions in Figure 5-2. The analysis is quite insightful, provid-
ing very helpful commentary to clarify why certain design 
details yield the observed results. The best performance 
observed for the case of a 2008 long sleeper tractor and 
straight frame (LS/SF) tractor-trailer was a Cd reduction of 
23 percent. The draft did not proffer a base case Cd for this 
LS/SF combination. However, if a Cd of 0.63—used in this 
chapter for a 2006-2008 pre-SmartWay tractor—is assumed, 
a fuel-consumption reduction of about 12 percent would be 
expected. This can be compared to the average fuel consump-
tion of 9.3 percent for a full package described in the section 
below titled “TIAX Summary” and Figure 5-3. 

EPA SmartWay Transport Program

In 2004 the EPA developed and implemented SmartWay, 
an organized effort to specify a collection of current and 
emerging technologies for creating fuel-efficient tractor-
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FIGURE 5-2 Tractor-trailer (T-T) combination truck showing areas of energy-saving opportunities. NOTE: Percentage changes refer to fuel 
consumption with base Cd = 0.625. SOURCE: Personal communication, Richard M. Wood, Solus, LLC. 
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trailer combinations with the best environmental performance 
in terms of both air pollution and emissions of greenhouse 
gases (GHGs) (EPA, 2011; NRC, 2010). SmartWay tractors 
must have an aerodynamic profile that includes a high-roof 
sleeper, integrated roof fairings, cab side extenders, fuel 
tank side fairings, and aerodynamic bumpers and mirrors. 
They must be powered by a 2007 or newer engine, with a 
SmartWay-approved option for idle reduction. The tires must 
be SmartWay-approved, low-rolling-resistance tires. All six 
major U.S. truck manufacturers have one or more complying 
tractors. Thousands of carriers, shippers, and manufacturers 
are SmartWay members or affiliates, attributing to the excel-
lent success of this voluntary efficiency program.

SmartWay dry van trailers are 53 ft long and must have 
side skirt fairings, a front gap or rear fairing, and SmartWay-
approved low-rolling-resistance tires. Trailer fairings and 
tires can be either provided by the original equipment manu-
facturer (OEM) on new trailers or retrofitted to older trailers 
by more than a dozen manufacturers that have developed 
these aerodynamic components.

The SmartWay program has provided an important 
visibility in the heavy-duty truck industry to the benefits 
of adapting manufacturer-developed aerodynamic trailer 
features and low-rolling-resistance tires. SmartWay com-
binations consume a minimum of 8 percent less fuel than 

pre-SmartWay specifications by virtue of their aerodynamic 
and tire-rolling-resistance changes alone.

California Regulation Based on SmartWay Program

One of the most significant consequences of the Smart-
Way certification program is action taken by the California 
Air Resources Board (CARB) to reduce the state’s GHG 
emissions to 80 percent of 1990 levels by 2020 (ARB, 2008). 
In response to the California legislature’s Global Warming 
Solutions Act of 2006, the CARB required all tractor-trailers 
to implement SmartWay technologies.

Beginning in January 2010, with the 2011 model 
year, all sleeper cab tractors on California highways that 
pull 53-ft or longer box van trailers must be SmartWay-
certified. Day cab tractors must have SmartWay-approved 
low-rolling-resistance tires. At the same time, in model 
year 2011 and beyond, all 53-ft van trailers must also be 
SmartWay-certified.

TIAX Summary

TIAX provided data on the performance of a collection 
of aerodynamic modifications to trailers, including packages 
of various combinations, using various testing methods. 
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These are reported in Figure 5-3. The full package includes 
the partial gap filler, full or partial trailer skirt, and base 
flaps (base fairings and boat tails). TIAX also reported that 
next-generation aerodynamic tractors would improve fuel 
consumption by 3 to 4 percent in the 2013-2015 time period 
(TIAX, 2009).

It might be helpful to note here that a 0.63 Cd base was 
used in several earlier documents, including the previous 
Partnership White Papers (DOE, 2006), the performance-
improvement estimates in Figure 5-2, and the TIAX (2009) 
study. Further, the current Partnership white paper (DOE, 
2011) adopted the proposed EPA/NHTSA GHG rule Cd base 
of 0.69 for application to the new goal. This difference in goal 
between the current and previous white papers represents a 
fuel consumption penalty increment of about 4 percent for the 
tractor-trailer operating condition described for Table 5-1.

Adjusting these TIAX data to the 0.69 new Cd base, the 
committee believes that in the 2013-2015 time frame, a 13 
percent reduction in fuel consumption is achievable at 65 
mph when utilizing the trailer “full package” average of 9.3 
percent reduction. Note that this performance represents a 
Cd reduction of about 25 percent, compared to the expressed 
goal of 20 percent. 

In the 2015 to 2020 time period, if it is assumed that the 
performance of the trailer individual devices at the 75th per-
centile would eventually be achieved, then the combined full 
package (of partial gap, full skirt, and base flaps) would be 
16 percent (Cd base adjusted to 0.69). Combining that trailer 
performance with the forecast next-generation tractor perfor-
mance would yield a 19 percent reduction in fuel consumption 
(a Cd reduction of about 38 percent) achievable at 65 mph, 
in the 2015-2020 time period. This result is derived through 
a method of multiplication of fuel-consumption reductions 
(DOE, 2010a). Take particular note that these packaged solu-
tions include a boat tail or similar device that might interfere 
with trailer docks, and must be appropriately accommodated. 
At least one manufacturer of such devices reported that its boat 
tail folds flat onto the doors in 6 seconds (ATDynamics, 2010). 

Navistar, with partners Kentucky Trailer and Freight 
Wing, initiated a Cooperative Research and Development 
Agreement (CRADA) with the DOE beginning in December 
2008 to bring to market a tractor-trailer combination and tire 
package that can reduce the fuel consumption of a heavy-
duty vehicle by at least 15 percent. After completion of the 
project, the team members will make this fuel-efficient tech-
nology package available for sale (Navistar, 2008).

All three of the SuperTruck projects will investigate tractor 
and trailer aerodynamic features (see Chapter 8 in this report). 
These projects will provide appropriate next steps under the 
21CTP for many of the vehicle power demand topics.

Findings and Recommendations

Finding 5-1. Aerodynamic improvement studies need to 
become increasingly integrated, because individual compo-

nent improvements are typically not additive. Appropriately, 
the perspective of the 21CTP for the SuperTruck projects is 
to utilize a vehicle systems approach for the validation of 
research and development results.

Finding 5-2. The aerodynamic test procedures may not be 
sufficiently precise, and only wind tunnel testing accounts for 
important yaw effects, so that competitive pressures discour-
age truck-tractor manufacturers from publishing Cd figures. 
Recommendation 5-15 from the National Research Council’s 
2010 report titled Technologies and Approaches to Reducing 
the Fuel Consumption of Medium- and Heavy-Duty Vehicles 
provided good suggestions for standardizing Cd reporting.

Finding 5-3. The proposed EPA/NHTSA greenhouse 
gas emissions standards rule chose not to regulate trailer 
operational efficiency. Regardless of the reasons, this seems 
a significant omission, because both trailer aerodynamic 
devices and low-rolling-resistance tires that are currently 
production-available can provide an immediate, combined 
fuel consumption reduction of about 13 percent (compared 
to the rule’s baselines).

Finding 5-4. Aerodynamic design packages are expected 
to improve tractor-trailer fuel consumption by 19 percent at 
65 mph when fully developed in the 2015-2020 time period. 
This reduction corresponds to a Cd reduction of nearly 40 
percent (from the newly adopted 0.69 Cd baseline). 

Recommendation 5-1. The Partnership should consider set-
ting an aerodynamic drag stretch goal of 40 percent instead 
of 30 percent.

TIRE ROLLING RESISTANCE

When tires roll under a truck’s weight, their shape changes 
cyclically, deforming and recovering with inherent hyster-
esis. That deformation energy is converted into heat and the 
tire’s environment dissipates the heat accumulation, and the 
heat dissipated is due to the tire’s rolling resistance. The 
power consumed by the tires is proportional to truck weight, 
speed, and the coefficient of rolling resistance (Crr) (NRC, 
2010, p. 28). Rolling resistance is influenced by many fac-
tors, including design and construction features, materials, 
internal pressure, and tread design, which may be different 
according to intended tire use at steer, drive, or trailer loca-
tions. The change from bias to radial ply in the 1970s and 
1980s reduced Crr by 25 percent.

A common 18-wheeler highway tire specification for 
today (pre-low rolling resistance) will have an average Crr 

5 “Regulators should require that aerodynamic features be evaluated on a 
wind-averaged basis that takes into account the effects of yaw. Tractor and 
trailer manufacturers should be required to certify their drag coefficient 
results using a common industry standard” (NRC, 2010).
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of about 0.0068. This results from the tire combination of 2 
steers, 8 drives, and 8 trailers from a range represented by 
data such as in Figure 5-4. (See Appendix G of this report 
for the tire weighting values used in this averaging.) Simi-
larly, the EPA SmartWay 18-wheeler average threshold Crr 
is 0.0063 based on the values from Figure 5-4, and might be 
achieved with low-rolling-resistance dual tires. 

The tire industry has taken additional initiative, spurred 
by competitive market forces, to develop next-generation 
wide-base single tires (NGWBSTs), which have substantially 
reduced Crr and are becoming the current state of the art; some 
fleets are replacing dual tires with the NGWBST systems 
when new trucks are ordered. Figures for Crr in the low 0.004s 
are available for some tire positions (trailers). A currently 
available set of tractor-trailer tires, including wide-base low-
rolling-resistance designs, provide a Crr of 0.0055. 

 As noted above in Goal 2, the 21CTP has recently 
adopted the Crr baseline used by the EPA for tractor tires 
on dual drive wheels, from the proposed truck GHG/fuel 
efficiency rule promulgated by the EPA and NHTSA (EPA/
NHTSA, 2010). To put the Goal 2 drive tires’ Crr baseline 
of 0.0082 in perspective for an 18-wheeler, one must create 
a combination that includes the EPA/NHTSA rule’s selec-
tion for steer tires, 0.0078, along with a committee-assumed 
trailer tire value of 0.0072. That tractor-trailer combined 
weighted average Crr then is about 0.0077. Now, by compari-
son, the current NGWBST combined weighted average Crr 
is a reduction of nearly 30 percent, to 0.0055, and yields a 
fuel-consumption reduction of about 10.5 percent. (Note that 
18-wheelers become 10-wheelers when their current 8 pairs 
of duals are replaced by single wide-base tires.)

This level of reduced fuel consumption has been validated 
in an extensive on-highway test series conducted by the Oak 
Ridge National Laboratory (ORNL) in cooperation with 
a carrier, Schrader Trucking, and using Michelin-supplied 
tires (ORNL, 2009). Six well-instrumented tractors and six 
trailers all with a mix of standard dual tires and NGWBSTs 
accumulated more than 688,000 miles at an aggregated 
average speed of 58 mph traveling through 39 eastern and 
midwestern states and Canada. Every combination of tires 
that included some mix of NGWBSTs provided statisti-
cally significant fuel-consumption reductions at all three 
of the selected gross weight groupings. Those applications 
that replaced both tractor and trailer duals with NGWBSTs 
achieved a 9.3 to 9.6 percent reduction in fuel consumed 
when carrying medium and high payloads.

A combined tractor-trailer Crr of 0.0045 is achievable 
in the next 5 years (TIAX, 2009, p. 4-53) and could yield 
a fuel-consumption reduction of about 15 percent. These 
reductions are compared to the supposed EPA non-low-
rolling-resistance tractor-trailer 0.0077 Crr weighted baseline 
noted above, and result from the corresponding 40 percent 
reduction in Crr.

 

Potential pavement damage due to changes in tire shape 
and load is a high concern for regulators. Road wear and 
damage are known to be directly controlled by contact 
(hertz) stress. This stress increases with the 4th power of 
unit load. As a result, vehicle weight and the distribution of 
that weight over the tire contact patches are critical factors in 
determining the durability of road surfaces. Studies show that 
NGWBSTs do not increase contact stress in the pavement 
compared to the stress generated by standard dual tires. As a 

5-4.eps
bitmap

FIGURE 5-4 Example rolling resistance coefficients for heavy-duty truck tires. (Data in this figure are Crr × 1,000). Acronyms are defined 
in Appendix I. SOURCE: Courtesy of Michelin Tire North America. C. Bradley and S. Nelson, Michelin Tire North America, “Truck Tires 
and Rolling Resistance,” presentation to the National Research Council Committee to Assess Fuel Economy Technologies for Medium- and 
Heavy-Duty Vehicles, February 4, 2009, Washington, D.C.
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result, pavement damage is expected to be similar for these 
two types of tires for primary roads.

Some of the concerns regarding pavement damage 
can be attributed to past experiences and studies of the 
original 65-series on-off-road and regional single tires (e.g., 
385/65R22.5 and 425/65R22.5). These tires are normally 
operated at elevated service inflation pressures, with conse-
quently reduced tire footprint size and peak tire-road contact 
stresses that surpass those of traditional dual tires. Studies 
of the original “65-series singles” concluded that increased 
road damage could be attributed to these tires, and this natu-
rally generated concern for state and federal departments of 
transportation when NGWBSTs were developed and put in 
use (Al-Qadi, 2007a,b).

Other issues still concerning users of NGWBSTs are 
tread life, truck stability in blowout, running on a flat, 
availability of nearby repair facilities, and integrity of drive 
traction. Tire manufacturers believe that these issues have 
been resolved (Al-Qadi, 2007a,b). Many carriers have been 
replacing duals on existing equipment with NGWBSTs at 
an accelerated pace, seeking the anticipated fuel savings 
contribution of NGWBSTs. A recent trade press article 
identified eight medium and large carriers that have been 
converting, some beginning many years ago (TT, 2011). It 
has been observed that when replacement of dual with wide 
single tires are made to existing axles, manufacturers cau-
tion that improper wheel selection can reduce load-carrying 
capability (AM, 2010). Carriers need to be made aware of 
the importance of such caveats. Potential safety issues asso-
ciated with blowouts of NGWBSTs do not appear to have 
become a remarkable problem. Nevertheless, the Department 
of Transportation (DOT) should thoroughly review the real-
world ramifications of documented NGWBST blowouts. 
Many carriers are routinely using NGWBSTs because 
they are satisfied that these issues are minimal, but many 
other fleet owners will need to be convinced. Most Class 8 
tractor-trailer combination trucks can benefit from the fuel-
consumption reductions contained in NGWBSTs. There are 
some application issues that carriers must become aware of, 
such as trailer spread-axle configurations. In short, carriers 
must monitor the details of conversion as well as new pur-
chases. Another benefit of using NGWBSTs is an 800 lb or 
greater weight reduction for an 18-wheeler, when used with 
aluminum wheels. 

Maintenance of tire pressure is important both to tire life 
and rolling resistance. A 20 percent pressure reduction in all 
tires causes a fuel-consumption increase of 2 to 3 percent, 
associated with an increase in rolling resistance (NRC, 2010, 
p. 114). Tire pressure monitoring systems with in-wheel sen-
sors have become available in recent years and are gaining 
acceptance in fleet application. As usual, the cost/benefit 
trade-off is an important element in the acceptance of such 
new technologies.

At least two standard laboratory test procedures are in 
common use for determining truck (and light-duty vehicle) 

rolling resistance characteristics: they are the SAE J1269 
multi- and single-point, and the draft International Orga-
nization for Standardization (ISO) 28580 single-point with 
interlaboratory correlation procedure. Unfortunately, tire 
manufacturers have not voluntarily collaborated in efforts 
to facilitate the comparison of rolling resistance and other 
characteristics across company boundaries. Furthermore, 
given that Crr is not constant over the tread life of tires, it 
would be a great improvement toward tire selection if such 
laboratory procedures added a requirement to measure Crr 
at the tire mid-life (circa 150,000 miles). This is an area 
needing DOT or DOE attention, because fuel-consumption 
benefits are being lost because of limited carrier acceptance 
of the NGWBSTs.

Response to Recommendations from NRC Phase 1 Review

The 21CTP agreed that it is appropriate for the DOT, EPA, 
and DOE to report tire performance data to buyers and sell-
ers. It noted that the EPA SmartWay Transport Partnership 
publicly reports the fuel-savings capability of low-rolling-
resistance tires, including the wide-base single families of 
tires (see 21CTP response in Appendix C to Recommenda-
tions 5-9 on Parasitics from [NRC, 2008]). The DOE also 
recently reported the favorable results of its testing with 
NGWBSTs.

Findings and Recommendations

Finding 5-5. Next-generation wide-base single tires 
(NGWBSTs) can provide a combination tractor-trailer with 
an immediate 10.5 percent fuel-consumption reduction and 
up to a 15 percent reduction in the next 5 years, but many 
fleets do not yet embrace the technology.

Recommendation 5-2. The DOE should set the goal for 
reduced rolling resistance for the tires of the combination 
tractor-van trailer, rather than for the tractor drive wheels 
only, because improved-performance trailer tires are equally 
important to realizing the full benefit of reduced rolling 
resistance designs. This benefit can be achieved by combin-
ing the EPA base values for steer and drive tires in the EPA/
NHTSA GHG rule, with an assumed trailer tire Crr value of 
about 0.0072.

Finding 5-6. Carriers need to follow carefully the recom-
mendations of axle manufacturers for replacing dual tires 
with single-wide tires to ensure that the integrity of the load 
system is not compromised.

Recommendation 5-3. The 21CTP should consider produc-
ing a comprehensive summary that can be updated giving the 
prescriptions and precautions that carriers should consider 
when retrofitting NGWBSTs onto original equipment axles 
fitted with dual wheels and tires. This effect might best be 
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managed in conjunction with the American Trucking Associa-
tion’s (ATA’s) Technology and Maintenance Council, which 
has drafted such a Recommended Practice and is a specialist in 
creating such directives for ATA membership (ATA, 2007).

Finding 5-7. There is no rolling resistance test procedure 
with interlaboratory correlation universally employed as an 
industry standard.

Recommendation 5-4. The 21CTP, strongly supported by 
DOT and EPA (the latter through its SmartWay program), 
should conduct an authoritative study of the several barriers 
(e.g., related to tread life, truck stability in blowouts, run-flat 
tires, and other topics) to the widespread carrier adoption 
of NGWBSTs. The DOT should specifically support reduc-
tion of barriers to NGWBST acceptance by requiring the 
universal use by tire manufacturers of a rolling resistance 
test procedure like that in ISO (International Organization 
for Standardization) 28580, to ensure that comparative inter-
laboratory data exist.

AUXILIARY LOADS

Auxiliary loads are typically driven by a mechanical drive 
from the propulsion engine. Examples include compressed 
air for brake systems; air conditioning compressors; electri-
cal energy for lighting, hotel loads, heating, ventilation, and 
air-conditioning (HVAC) fans and battery-charging systems; 
power-steering pumps; and power take-off (PTO) drives, 
where used. Trailer refrigeration loads are normally satisfied 
with a second, dedicated engine. Power demand on the pro-
pulsion engine for these functions might range up to 9 per-
cent, depending on the truck duty cycle and environment.

Seemingly missing from this list of “auxiliaries” is the 
engine cooling fan. However, this is not a significant omis-
sion when the principal truck operation perspective is to be 
a line-haul tractor-trailer at high road speed. The line-haul 
fan power consumption has been summarized for a 1,800 
engine rpm fan-on condition as 40 to 60 hp. However, for 
high road speed, the fan-on time was estimated at 5 percent 
(NRC, 2010, p. 110). Together these figures suggest a time 
average consumption of 2 to 3 hp, sufficiently small not to 
warrant attention. However, the committee notes that there 
are operating conditions, for example, at lower road speeds, 
climbing hills, and with the air conditioner on, when the fan 
on will be consuming 20 to 50 hp for appreciable periods. A 
variable-speed fan drive can reduce the necessary fan speed 
and accompanying power consumption to only that neces-
sary to achieve both radiator and air-conditioner-condenser 
temperatures and pressure. 

Goal 3 above requires a reduction in essential auxiliary 
loads by 50 percent. In Table 5-1, auxiliary load is identi-
fied as 9 percent of the demand on the engine. A 50 percent 
reduction, to 4.5 percent of the demand, would provide a corre-
sponding 4.5 percent reduction in fuel consumption on a level 

road at 65 mph, assuming unchanged brake thermal efficiency 
(BTE). Auxiliary power requirements are derived from many 
vehicle functions, as described above (DOE, 2011).

The most often imagined solution for removing these 
loads from their current drive is the electrification of the vari-
ous drives, which was called the More Electric Truck project 
in the 21CTP. Electrically driving many of these systems 
can achieve power on demand, using energy only when and 
where it is needed. In that way, nonpropulsion energy like 
that from waste heat recovery (WHR) systems, hybrid system 
regenerative braking systems, or auxiliary idle reduction 
systems might supply the needed electricity. A 21CTP goal 
identified for hybrid drive units in Chapter 4 (see revised 
Goal 1) provides for “electrification of power accessories 
with goals of reduced weight and cost, operation in engine-
off conditions and a service life of 1 million miles/15 years.” 
Truck electrification will have to be achieved without a deg-
radation of current subsystem durability and reliability, and 
advanced electrical systems will have to be cost-effective. 
Multiple projects were initiated and successfully completed 
in the 21CTP program by the end of 2007. Average power 
savings of up to 2 percent of fuel are the largest estimated in 
the NRC Phase 1 report (NRC, 2008, p. 74).

Two of the SuperTruck platforms will investigate electri-
cally driven auxiliaries, as those projects integrate WHR, 
hybrid-electric, and idle-reduction systems. It is expected 
that those projects may be better able to quantify the actual 
savings of electrically driven auxiliaries in real-world duty. 
Chapters 4 and 6 of this report are devoted to hybrid systems 
and idle reduction, respectively.

Response to Recommendations from NRC Phase 1 Review

The 21CTP reported that it is exploring the cost and bene-
fits of continuing R&D in the auxiliaries area compared to the 
potential for efficiency improvements by other heavy-truck 
technologies (see Appendix C, response to Recommendation 
5-1 on parasitics from NRC, 2008).

Finding and Recommendation

Finding 5-8. The More Electric Truck may achieve about 
one-third of the auxiliaries’ reduction goal for a loaded 
tractor-trailer. Better quantification is expected to result 
through two of the SuperTruck projects. 

Recommendation 5-5. The Partnership should renew R&D 
efforts to further reduce fuel consumption related to auxiliary 
power demands. 

WEIGHT REDUCTION

Truck weight reduction affects fuel consumption by 
reducing tire rolling resistance and unrecovered energy used 
when accelerating or grade climbing. The energy required to 
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overcome resistances is approximately linearly dependent 
on the weight of the vehicles. Generally for Class 8 trucks, 
there is more incentive for reducing the vehicle weight 
for weight-limited trucks, which can replace the reduced 
tare weight with cargo. For a 35,000 lb tractor-trailer fully 
loaded with 45,000 lb of cargo, reducing weight by 1,000 
lb increases load-carrying capacity by the same amount 
and therefore reduces payload-specific fuel consumption, 
expressed in gallons per 1,000 ton-miles, by a little more 
than 2 percent. Unfortunately, for a volume full (cubed-out) 
trailer application, the fuel-consumption reduction is only 
about 0.5 percent per 1,000 lb of tare weight reduction, 
because payload remains constant (NESCCAF/ICCT, 2009, 
p. 50). Approximately 60 percent of tractor-trailer loads are 
cubed-out before grossed out (weight full) (NRC, 2010). 
Opportunities for fuel efficiency impact vary considerably by 
truck type and class and duty cycle. Vehicle weight effects 
are more important for duty cycles with frequent starts and 
stops (NRC, 2010, Table 5-16). For urban delivery vehicles, 
a 10 percent reduction in weight can reduce fuel consumption 
by as much as 7 percent.

Because of budget reductions for the 21CTP, no funding 
was provided for lightweight materials (other than for pro-
pulsion materials) from FY 2007 through FY 2009. However, 
prior to the FY 2007 budget reduction, there had been numer-
ous projects aimed at vehicle weight reduction. Several 
projects involving the national laboratories and industry led 
to useful examples of weight reduction. A complete list of 
21CTP projects up to 2007 can be found in the 21CTP Quad 
Sheets (DOE, 2007).

New Incentives for Vehicle Weight Reduction

The incentive for reducing the weight of weight-limited 
Class 8 trucks has taken a new urgency as trucks have been 
adding weight particularly with emissions-compliance 
devices. Emissions control components have added as much 
as 400 lb to the typical tractor. Aerodynamic devices are 
slowly growing in popularity, adding several hundred pounds 
in some cases, especially trailer devices (the trade-off of add-
ing weight to improve aerodynamics is a good one, because 
aerodynamic drag is a major contributor to fuel consumption 
at highway speeds). Weight reduction will be needed to offset 
other components such as auxiliary power units (~400 lb) 
added to reduce fuel consumption normally expended dur-
ing idle. For city buses and urban delivery vehicles, weight 
reduction becomes important to offset the hybrid systems 
that many of these vehicles are adding. 

Furthermore, the new EPA/NHTSA standards to reduce 
fuel consumption and greenhouse gas emissions from 
medium- and heavy-duty vehicles are expected to achieve 
reductions in CO2 and fuel-consumption from 7 to 20 per-
cent reduction from current, 2010, baselines (EPA/NHTSA, 
2011). As selected truck tractor technologies are expected 
to build on the EPA SmartWay configurations, some weight 

increase issues will be encountered—for example, with the 
use of tractor aerodynamic components and idle reduction 
components. 

For these reasons, the 21CTP reinstated funding of 
the lightweight materials research beginning late in 2010 
($500,000) and into 2011 ($2.12 million) (see Chapter 1, 
Table 1-2). The FY 2011 budget of $2.12 million will be 
directed to lightweight materials initiatives for the Super-
Truck projects. Several weight-reduction initiatives are 
funded under the SuperTruck projects themselves.

Weight-Reduction Goals

Weight-reduction goals vary by vehicle; the targets for 
all vehicle classes range from 10 to 33 percent. For Class 8 
tractor-trailer combinations the goal had been from 15 to 20 
percent, with the specific goal of 5,000 lb. Recently the goal 
has been modified. The new goal is a 10 percent reduction in 
weight for a baseline tractor-trailer tare weight of 34,000 lb 
(specific goal of 3,400 lb) along with a longer-term stretch 
goal of 20 percent reduction in weight.

Opportunities and New Initiatives

For a Class 8 truck there are numerous opportunities 
for reducing vehicle weight by introducing lighter-weight 
materials, albeit often at a cost premium. The more obvious 
opportunities lie in the body structure (~19 percent of total 
tractor weight), the chassis/frame components (~12 percent), 
and wheels and tires (~10 percent). Truck manufacturers 
have been substituting lightweight materials for a number 
of components in the cab, chassis, and wheels. Examples 
include composite structure in the cab, aluminum panels, 
aluminum wheels, and aluminum fuel tanks. There are also 
weight-reduction opportunities afforded by extensive use 
of aluminum for both tractor and trailer (NRC, 2010, see 
Figure 5-38).

The Pacific Northwest National Laboratory (PNNL), in 
cooperation with PACCAR, Novelis, and Magna, is develop-
ing an aerodynamic lightweight cab structure.6 The objective 
is to develop a low-cost forming method using aluminum 
alloy that allows the use of aluminum instead of steel or 
other materials. A target of 40 percent weight savings is the 
objective. PNNL forming equipment will be used, and its 
impact on corrosion and ability to be painted will be evalu-
ated. The forming technology will be transferred to Magna 
for the fabrication of a full-scale cab. The project will begin 
in FY 2011.

As part of the SuperTruck projects, additional lightweight 
materials initiatives are planned. For example, Navistar, 
which of the 21CTP industry partners provided the most 

6 Jerry Gibbs, DOE, “Materials Support for the 21st Century Truck: 
Lightweighting and Propulsion Materials,” presentation to the committee, 
November 15, 2010, Washington, D.C.
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detail for its weight-reduction effort, plans to explore the 
following.7

•	 Use	of	composites	in	cab-in-white,
•	 Use	of	composites	in	trailer	floor,
•	 Carbon	composite	drums,
•	 Lightweight	rotors	and	aluminum	calipers,
•	 Plastic	fuel	tanks,
•	 Single	lightweight	driveshaft,	and
•	 Aluminum	cross-members.

It may also be possible to transfer and expand technical 
work that had been carried out on light-duty vehicle activities 
to heavy-truck applications. Two examples were presented 
to the committee (see footnote 6). The first example involves 
the potential application of magnesium. Studies at the PNNL 
and ORNL will explore the possibility of improving the duc-
tility of magnesium and its low-temperature formability. The 
researchers will also explore the development of new joining 
methods (magnesium to steel), as conventional automotive 
joining methods are not applicable to magnesium. Galvanic 
corrosion limits applications of magnesium currently—the 
team will explore the application of low-cost ceramic coat-
ings as a solution to this problem.

The second example involves the processing of carbon 
fiber for composite applications. Although glass-reinforced 
composites, often in the form of sheet molding compound, 
have been used in high-volume automotive and in heavy-
truck applications for years, higher-performance carbon-
reinforced composites have not. The primary obstacle has 
been the cost of the carbon fiber itself. However, there 
are other issues associated with the application of high-
performance carbon composites. The fabrication process is 
slow compared with steel stamping processes. Furthermore, 
assembly is complicated by the fact that joining methods 
typical of automotive assembly processes are not applicable. 
Other issues needing resolution include coloration, recycling 
methods, and the ability to repair damaged parts.

Progress is being made, however, in adapting carbon 
composites for automotive applications. Indeed, carbon 
composites have been used for years in the motor-sports 
industry, and they are more recently finding applications 
in low-volume specialty automotive products. And, in fact, 
certain characteristics of carbon composites are superior to 
conventional steel. Clearly the higher strength and stiffness 
of carbon composites enable part-to-part weight reduction. 
Composites offer opportunities for part consolidation as 
well as the ability to form complex shapes that could not 
be achieved by steel stamping. Composites are corrosion-
resistant. For low volumes, tooling costs can be lower than 
those typical of metal stamping. 

7 Anthony Cook, Navistar, Inc., “Navistar’s SuperTruck Program,” pre-
sentation to the committee, September 8, 2010, Washington, D.C.

The DOE recently issued a Funding Opportunity 
An nouncement (FOA) that includes opportunities for 
additional cost-shared research in the area of lightweight 
materials. It includes additional research in magnesium and 
carbon-fiber composites.8 

Response to Recommendations from NRC Phase 1 Review

Because of severe reductions in the 21CTP budget, no 
budget was allocated to lightweight materials research 
from 2007 through 2009. In the NRC Phase 1 report (NRC, 
2008), it was recommended (Recommendation 5-2) that 
scarce budget resources be allocated to projects with higher 
potential payoff for fuel-consumption reduction (e.g., engine 
efficiency) than payoff through the application of lightweight 
materials. Furthermore, the NRC Phase 1 report suggested 
that it should be the responsibility of the truck manufacturers 
to take the next steps of system integration, product valida-
tion, and production application of lightweight materials.

Finding

Finding 5-9. Several projects that were carried out prior to 
2007 have shown the potential for the reduction in weight 
of individual components and subsystems. However, to date 
there has been no integrated full-vehicle project to show that 
the goal of reducing the weight of a Class 8 tractor-trailer 
by 3,400 lb can be achieved. Moreover, the NRC Phase 1 
report had recommended that such a project, using prototype 
components, vehicle integration, and full-vehicle system 
analysis, should be carried out by industrial partners—led 
by original equipment manufacturers. The new SuperTruck 
program appears to be a response to this suggestion.

THERMAL MANAGEMENT

Thermal management projects have been coordinated 
with the DOE Heavy Vehicle Systems Optimization Pro-
gram. The primary focus has been on increasing cooling 
radiator capacity without increasing size. Heat rejection and 
radiator size are issues that have several effects on truck 
design. Incurring higher heat rejection normally mandates 
a larger cooling package, which adds weight and cost. The 
larger cooling package also requires more airflow, and the 
air passes through the turbulent and restrictive areas under 
the hood, increasing the vehicle aerodynamic drag. A larger 
cooling package also requires changes to the shape of the 
truck’s front, which limits aerodynamic design options and 
results in increased drag. Because of these factors, lower heat 
rejection and/or a more efficient cooling system contribute to 
lower aerodynamic drag, lower truck weight, and potentially 
lower cost.

8 Financial Assistance Funding Opportunity Announcement, Number: 
DE_FOA-0000239, December 16, 2010.
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Good progress has been achieved by the application of 
nanoparticle-containing coolants. Nanofluids contain highly 
conductive particles (1 to 100 nanometers) suspended in 
liquids to provide significantly increased heat transfer from 
cooled systems, compared to conventional glycol-water 
systems. These nanofluid coolant projects were planned for 
7-year duration, with completion anticipated in 2012. The 
nanofluid cooling system work has been managed at the 
Argonne National Laboratory (ANL), evidently with limited 
trucking company involvement. Nevertheless, a heavy-duty 
truck demonstration is planned for the nanofluid coolant 
project(s). Research status forecasts a radiator size reduction 
of more than 10 percent (ANL, 2009a, 2010b). 

Modeling of underhood cooling airflow has also been 
pursued. Both technologies were driven by the engine 
manufacturers’ addition of cooled exhaust gas recircula-
tion (EGR) beginning in 2002 to lower NOx by combustion 
modification. EGR rates have continued to increase in some 
of those engines to enable compliance with the latest NOx 
standard reduction in calendar year 2010. The committee 
has not found that high-technology cooling radiator designs, 
coordinated with increased EGR, have been incorporated 
in heavy truck systems to date. It is noted that there is an 
ANL project associated with the nanofluid projects, called 
Efficient Cooling in Engines with Nucleated Boiling. This 
project is attempting to exploit the fact that the boiling 
heat-transfer coefficient is more than five times the liquid 
heat-transfer coefficient. A two-phase boiling heat-transfer 
regime is sought, then altering the cooling system to man-
age a continuous gas-liquid condition. Such a two-phase 
heat-transfer system with a net higher heat-transfer than a 
conventional nonboiling cooling system further supports the 
notion to reduce radiator size (ANL, 2009b). 

The committee believes that the removal of barriers to 
production implementation is a key next-step action. The 
project leaders have listed barriers for nanofluids: adequate 
heat-transfer coefficient increase, high viscosity of nano-
fluids, pumping power increase, and fluid production costs 
(ANL, 2009a); and for the nucleate boiling radiators: cool-
ant boiling heat-transfer coefficients, coolant two-phase 
pressure-drop data, and acceptable boiling limits of both 
critical heat flux and flow instability (ANL, 2009b).

Furthermore, current efforts to achieve a major fuel-
consumption reduction by means of the addition of WHR and 
hybrid electric systems will add yet higher cooling demands 
on the radiator system. Given the fuel-consumption reduc-
tion goal, aerodynamics needs to be improved substantially, 
and smaller radiators would facilitate changes to the frontal 
tractor shape for reduced air pressure and aero-friction. Cum-
mins noted in its SuperTruck presentation to the committee 
that it would address this issue of tractor frontal shape as 
affected by cooling system capacity/efficiency needs. And 
the DOE has initiated a new CRADA with Cummins with 
this intention, reported at the June 2010 DOE Merit Review 
presentations. There is an associated CRADA with Peterbilt, 

to optimize coolant boiling to reduce coolant system size 
and power consumption (ANL, 2010a). This second project 
could support these same themes but was not reported by 
the SuperTruck participants. These projects are illustrative 
of areas in which technology development cost and risk can 
be managed under the DOE VSST protocol (DOE, 2010a). 
Further, the Partnership has identified a number of potential 
topics that might make a big contribution to the breakthrough 
sought, such as advanced window glazing, concepts for direct 
heating and cooling of the vehicle occupants, heat-generated 
cooling techniques, and thermoelectrics (DOE, 2011).

Other next steps appear to be to provide consistent funding 
to permit nanofluid performance-enhancing discoveries to be 
tested in truck-cooling demonstrations in aerodynamically 
efficient trucks, thereby integrating several technologies. 

Response to Recommendations from NRC Phase 1 Review

The DOE has continued to emphasize the cooling sys-
tem nanofluid developments through a series of ongoing 
projects at the ANL. It has also initiated the two CRADAs 
noted above: Cooling Boiling in Head Region-PACCAR, 
Integrated Underhood Thermal and External Aerodynamics-
Cummins, VSS004 (ANL, 2010a). The Cummins Super-
Truck project will evaluate tractor frontal shape as affected 
by cooling system capacity/efficiency needs.

The DOE also agreed to find methods to provide status 
reporting as part of its overall assessment of the Partner-
ship’s processes and progress. The DOE believes that the 
SuperTruck projects provide a unique opportunity to bring 
together manufacturers and suppliers for coordinated sys-
tems R&D. 

Finding and Recommendation

Finding 5-10. Heavy-duty truck thermal management 
objectives are growing in importance as new systems to 
improve both engine and truck efficiency, particularly waste 
heat recovery systems, become reality. These are accompa-
nied by new heat management issues and are expected to be 
added to trucks in the current decade.

Recommendation 5-6. The Partnership should continue 
priority support of nanofluid and high-efficiency underhood 
cooling systems, as well as review other potential technical 
concepts, and validate them as an integrated system.

FRICTION AND WEAR

The DOE initiated a study focused on developing a com-
prehensive friction model for engine and drivetrain systems. 
The project purports to improve existing computational 
models, which are based only on fluid film lubrication. Not-
ing that most engine and driveline components operate under 
both mixed and boundary lubrication regimes, a comprehen-
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sive model that can adequately predict friction in both sliding 
and rolling contact regimes is the objective.

Completed work identified that friction at a lubricated 
interface (especially under the boundary regime) is a com-
plex phenomenon involving the shearing of the lubricant 
fluid film, the tribochemical boundary films, and the near-
surface material. Next steps will attempt to quantify and 
model all three regimes. The expected 6-year project was 
begun at the ANL in 2010 (ANL, 2010c). This project is 
also illustrative of one in which technology development cost 
and risk can be managed under the DOE VSST protocol. It 
is noted that no truck OEM companies are yet collaborating 
with the contractor in this project.

As described in the subsection titled “Lubricants” in 
Chapter 3, the Engine Manufacturers Association initiated 
a lubricant project beginning in April 2010 as the EPA/
NHTSA GHG/fuel efficiency rule was anticipated. The 
primary objective is an improved fuel efficiency contribu-
tion through implementation of a High Temperature High 
Shear (HTHS) viscosity property. Early industry testing 
with HTHS controlled oils has shown promise for fuel-
consumption reduction while other parameters continue to 
provide traditional performance. The notion of this HTHS 
property is believed to be applicable to drivetrain units as 
well as engines. This potential should be considered within 
the projects that the 21CTP considers for friction and wear 
reduction.

In addressing the committee, two of the SuperTruck 
presenters indicated that friction reduction was included in 
their projects. However, it is believed that these efforts are 
being directed toward engine friction specifically and not to 
driveline or auxiliaries.

The DOE presented fuel and lubricants development 
plans to the committee.9 The DOE suggested that it might 
play a valuable role in developing an understanding of 
microfluidic transport and tribological film formation. The 
first project noted above appears to be a good beginning. 
The DOE cited the long-standing engine and drivetrain 
friction-reduction needs, anticipating that half of the target 
improvement might be achieved with engine oil enhance-
ments. The DOE surely can make a helpful contribution, 
but it will need to become engaged with driveline and 
auxiliary system developers and manufacturers as well as 
becoming involved in the heavy-duty-engine-industry oil 
development process. The 21CTP certainly provides an 
appropriate forum.

The DOE (2011) white paper identified a list of friction 
and wear activities that were proposed to begin in 2011 and 
to be completed in 2018. These activities may well make 
a needed contribution in this difficult area. A project plan 
needs to be developed within the Partnership to solidify this 
list (see below) and begin the work.

9 Kevin Stork, DOE, “DOE Fuel & Lubricant Technology R&D,” presen-
tation to the committee, November 15, 2010, Washington, D.C.

•	 Integration	of	friction	and	wear	models	to	reduce	pow-
ertrain loss,

•	 Development	of	advanced	coatings	for	reduced	friction	
and wear, and

•	 Down-selection	and	demonstration	of	engineered	sur-
face applications for reduced wear and friction.

Revision of Goal 5 within the new Vehicle Power Demand 
Orientation

The “friction and wear” component of Goal 5 requires the 
following: “Develop and demonstrate technologies that reduce 
powertrain and driveline losses” (DOE, 2011, p. 3). Note that 
this deals with both powertrain and drivetrain friction.

In Table 5-1, drivetrain load is identified as 6 percent of 
the demand (50 percent reduction of the load will reduce 
fuel consumption by 3 percent, assuming unchanged engine 
BTE). The drivetrain loads are those resulting from engine 
torque transmitted through units like a transmission(s) and 
rear axle(s) gearing, and not including auxiliaries or tires, as 
partitioned in the DOE (2011) white paper. Drivetrain loads 
derive from windage of gears running in lubricant and fric-
tion within components of the geared units.

Goal 5 has been carried over from the DOE (2006) white 
paper “Parasitics,” which included powertrain components, 
often referred to as engine accessories, that are needed to 
operate an engine on a dynamometer and on the EPA Federal 
Test Procedure (FTP). These are the oil pump, fuel pump, 
water pump, and any other engine fluid pump (like an EGR 
pump). Those loads are integral to engine operation con-
tributing to the brake thermal efficiency and not to vehicle 
power demand. To represent only the power consumptions of 
vehicle power demand, it is appropriate that the term “pow-
ertrain” be removed from the Goal 5.b statement.

There is also a need for an updated study of the current 
driveline power demand of 12 hp. It is noted that this 12 hp, 
reported in the most recent white paper (DOE, 2011), is the 
same value as that in the previous white paper (DOE, 2006) 
which represented both powertrain and driveline “parasitic” 
(friction) losses together. The committee expects that the 
driveline-only power demand (friction) will be significantly 
revised downward.

Response to Recommendations from NRC Phase 1 Review

The NRC Phase 1 review report (NRC, 2008) estimated 
that a 50 percent reduction in drivetrain losses would reduce 
fuel consumption by 1.2 percent. Similarly, that review sug-
gested that a 50 percent reduction in powertrain (engine) fric-
tion losses would reduce fuel consumption by 3.7 percent. 
The two losses sum to about 5 percent, somewhat lower 
than the stated goal. Further, Recommendation 5-8 from that 
review suggested that the DOE reassess the technical feasi-
bility of these 50 percent reductions while retaining adequate 
durability and reliability (NRC, 2008, p. 80). 
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The Partnership responded that it agreed with the rec-
ommendation (see Appendix C), and that each of the three 
SuperTruck teams will continue the research in these areas 
of friction, wear, and lubrication in the engine and drivetrain. 
Both Daimler and Navistar have friction-reduction phases in 
their projects. The DOE believes that the 50 percent reduc-
tion goal feasibility (combined powertrain and driveline 
losses) will receive reasonably thorough evaluation through 
the SuperTruck projects. The committee suggests that the 
DOE will need to be proactive with the SuperTruck contrac-
tors to ensure that they allocate adequate resources in order 
to achieve the expected thorough evaluation.

Findings and Recommendation

Finding 5-11. There is a need for an updated study of the 
current driveline power demand of 12 hp. Furthermore, to 
represent vehicle power demand power consumptions only, 
it is appropriate that the term “powertrain” be removed from 
the 21CTP Goal 5.b. statement.

Recommendation 5-7. The term “powertrain” should be 
removed from the 21 CTP Goal 5.b statement. In addition, 
the Partnership should update its study on the driveline power 
demand of 12 hp.

Finding 5-12. There has been no apparent collaboration on 
lubricant projects between the DOE and OEM partners.

OVERALL FINDING AND RECOMMENDATION

Finding 5-13. Summarizing the committee’s findings on 
vehicle power demands: Project prioritization by the 21CTP 
roughly follows the consumption ranking of the several 
heavy-duty truck operating loads listed in Table 5-1 and 
technology risk. However, sometimes market forces pro-
vide considerable impetus for quite good development and 
implementation—for example, in tire rolling resistance and, 
to a lesser extent, trailer aerodynamic components. The DOE 
has identified a strong role in which technology development 
costs and risks are high, as in its vehicle systems simulation 
and testing activities for heavy-duty trucks. It has generally 
followed these principles, to address high cost and risk in 
the vehicle power demand projects. The SuperTruck projects 
will provide a unique Partnership opportunity to provide both 
further high-risk technology results for certain vehicle power 
demand reductions and real-world validation of numerous 
integrated systems.

Recommendation 5-8. Although it is tempting to assume 
that the SuperTruck projects will address all of the technolo-
gies required to reduce tractor-trailer fuel consumption, in 
practice many technologies may be left behind, particularly 
those that are not yet very mature. The Partnership should 
carefully review the technologies that have been identified 

and determine whether any technologies to reduce vehicle 
power demand are not being adequately addressed by the 
SuperTruck program. The DOE should define projects and 
find funding to support the development of technologies 
beyond the scope of SuperTruck.
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Engine Idle Reduction

INTRODUCTION

Overnight and workday idling of trucks is estimated to 
consume well over 2 billion gallons of fuel annually in the 
United States (DOE, 2011). Extended idling by commercial 
trucks costs truck owners about $6 billion annually and 
wastes more than 1 percent of the petroleum used in the 
United States. Much of this petroleum use could be avoided 
by installing idle reduction technologies, adopting more 
efficient freight-scheduling policies, or in some cases simply 
turning off the engines. In addition to the fuel consumed, 
idling produces emissions and noise. Overnight idling is 
used to keep a truck’s cab and/or sleeper heated or cooled, to 
keep the fuel and engine warm in winter for easier starting, 
to provide power to operate electrical appliances, and to keep 
the batteries charged. A long-haul truck idles an estimated 
1,800 to 2,400 hours per year when parked overnight (DOE, 
2011). Workday idling includes creeping along in queues at 
ports and depots. Every hour that a truck idles unnecessarily 
is equivalent in fuel consumption to about 4 to 5 miles of 
driving and adds an estimated $0.15 in maintenance costs.1 

Solutions to eliminate overnight idling are shown in Table 
6-1. They include engine controls (for automatic shutdown/
start-up systems), fuel-operated heaters (FOH), auxiliary 
power units (APUs), battery-powered heating and cooling 
systems, and shore power or truck stop electrification (also 
called Electrified Parking Spaces [EPS]) (NRC, 2010). The 
attributes provided by each of these idle reduction technol-
ogy solutions are shown in the table. The cells in Table 
6-1 are shaded light green to indicate favorable attributes, 
yellow shading indicates mild drawbacks, and dark orange 
indicates major drawbacks. The U.S. Environmental Pro-
tection Agency (EPA), through its SmartWay program’s 
contacts with truck manufacturers and fleets, estimates that 
approximately 30 percent of the existing fleet has some 

1 Glenn Keller, ANL, “Idle Reduction Accomplishments,” presentation 
to the committee, November 15, 2010, Washington, D.C.

type of idle reduction technology.2 The most prevalent 
onboard technology, determined by a survey conducted by 
the American Transportation Research Institute (ATRI) of 
55,000 truckers, was direct-fuel-fired heaters (32 percent), 
followed by battery-powered air conditioners (24 percent), 
while auxiliary power units APUs were used by 12 percent of  
the respondents (American Transportation Research Insti-
tute, 2006).

The overall goal of the engine idle reduction portion of the 
21st Century Truck Partnership (21CTP) is to reduce fuel use 
and emissions produced by idling engines. The metric for this 
goal, which was provided to the committee in a November 
2010 presentation and in previous versions of 21CTP white 
papers since 2007, was an 85 percent reduction in idling fuel 
consumption in the period 2002 to 2017.3 An August 2010 
white paper draft revised the goal to a two-thirds reduction, 
based on discussions with industrial partners on the most 
appropriate and achievable goals using a variety of factors 
(DOE, 2010). However, in the February 2011 “21CTP White 
Paper on Idle Reduction,” the quantification of this goal was 
deleted (DOE, 2011). To date, the 21CTP has not been able 
to carry out surveys to measure quantitatively the progress 
being made toward the previously stated goal owing to the 
absence of funding for such studies. Only qualitative obser-
vations can indicate the increased adoption rate of these 
devices for which the primary drivers have been (1) the high 
cost of diesel fuel and (2) the regulatory measures adopted 
in some states and cities to reduce idling. 

There are restrictions on engine idling in 46 states and 
jurisdictions. Many states have strict regulations in more than 
one city, whereas the regulations of other states are statewide. 
Sometimes the regulations for a city are different from those 
of the state. Some of the localities have started enforcing 

2 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions 5(b).

3 Glenn Keller, ANL, “Idle Reduction Accomplishments,” presentation 
to the committee November 15, 2010, Washington, D.C. This overall goal 
has been used to formulate the 21CTP technical goals.
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anti-idling regulations more aggressively (DOE, 2011; 
Delphi, 2010). The California Air Resources Board (CARB) 
adopted a rule that since 2007 has not only limited idling 
to 5 minutes, but also requires automatic shutoff devices. 
Philadelphia bans the idling of heavy-duty diesel-powered 
motor vehicles, with exceptions made during cold weather.

FUNDING

The NRC Phase 1 report did not contain a breakdown of 
the 21CTP budget for idle reduction through 2008 (NRC, 
2008). Likewise, the 21CTP budget for idle reduction efforts 
was not available for FY 2009 and FY 2010 and the FY 
2011 President’s Congressional Budget Request (see Table 
1-2 in chapter 1 of this report). Similarly, a budget forecast 
for meeting the idle reduction goals that extend through 
2017 to reduce fuel use and emissions produced by idling 
engines was not provided to the committee. Therefore, an 
assessment of the probability of achieving the goals for idle 
reduction technologies cannot be made at this time. However, 
as noted in the section, “Goals,” the American Recovery and 
Reinvestment Act (ARRA) of 2009 did provide funds for 
idle-reduction related projects.

GOALS

In the NRC Phase 1 report, seven 21CTP goals for engine 
idle reduction were addressed (NRC, 2008). In its November 
15, 2010, presentation to the committee, the 21CTP slightly 
modified these goals for 2010 and added one new goal. Those 
goals are presented in bold type in this section. The action 

items addressing these goals provide a path toward accom-
plishing the overall goal of the idle reduction portion of the 
21CTP. The status of action items addressing each of these 
goals is discussed in this section. 

21CTP Engine Idle Reduction Goal 1. Continue industry/
government collaboration to promote the development 
and deployment of cost-effective technologies for reduc-
ing fuel use and emissions due to idling of heavy-duty 
engines.

For more than a decade, the Department of Energy 
(DOE) has carried out cooperative research and development 
(R&D) to characterize and address the reduction of fuel 
use and emissions during the idling of heavy-duty engines. 
The NRC (2008) Phase 1 report discussed the R&D work 
focused on idling reduction technologies. All of the 21CTP 
partners, both government and industry, have ongoing roles 
in developing and implementing a coherent program of idling 
reduction, as described below:

•	 The	DOE	analyzes	technology	needs	and	performs	the	
appropriate R&D to help make cost-effective technol-
ogy available for implementation. The results of the 
analyses enable a systematic comparison of potential 
strategies, including emission credits, positive incen-
tives, and regulations to install appropriate idle reduc-
tion technology.

•	 The	Environmental	Protection	Agency	(EPA)	and	the	
Department of Transportation (DOT) have been named 
to lead the effort in implementation. 

TABLE 6-1 Comparison of Attributes of Idle Reduction Systems
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Engine Control
Yes Yes Yes No No No

1,500 to 
2,400

~0.5 3%
$1,000 to 

$4,000

Heater
Yes No No No No No 500 to 800 0.2 to 0.3 1.3 to 2.3%

$1,000 to 
$3,000

Auxiliary Power 
Unit

Yes Yes Yes No No
In  

California
1,500 to 

2,400
0.2 to 0.3 4 to 7%

$6,000 to 
$8,000

Battery
Yes Yes Some Yes No No

1,500 to 
2,400

— 5 to 9%
$3,000 to 
$8,000a

Shore power
Yes Yes Yes Yes Yes Yes

1,500 to 
2,400

— 5 to 9% ~$100

NOTE:         
 Green:  Favorable Attribute
 Yellow:  Mild Drawback

  Dark Orange:  Major Drawback
a May require a diesel particulate filter, at an additional cost of $3,000.
SOURCE:  NRC (2010), Table 5-24, p. 125.
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•	 A	major	goal	of	 the	DOD	is	 to	 reduce	 the	 logistical	
footprint of deployed forces, primarily though savings 
in fuel consumption.

•	 The	21CTP	industrial	partners	and	their	suppliers	need	
to work together to make idle reduction technologies 
an affordable and cost-effective part of their vehicles’ 
design, seamlessly integrating their choice of technolo-
gies into their products.

•	 Local,	 state,	 and	 regional	 air	 quality	 agencies	 have	
teamed up with the EPA and DOE’s Clean Cities coali-
tions to form regional collaboratives to address diesel 
engine emissions, with idling reduction as a major 
component of their efforts.

21CTP Engine Idle Reduction Goal 2. Expand the cur-
rent educational programs for truck and bus owners and 
operators to implement enabling technologies and opera-
tional procedures to eliminate unnecessary idling.

The DOE has established or encouraged the following 
initiatives to educate stakeholders on the benefits of idle 
reduction and the opportunities to implement technologies 
and procedures to eliminate unnecessary idling:

•	 The	 EPA,	 through	 the	 SmartWay	Transport	 Partner-
ship, has sponsored numerous idle reduction outreach 
efforts and events, including technical papers, articles, 
and presentations.

•	 The	 DOE	 Clean	 Cities	 Program	 has	 sponsored	 out-
reach activities to educate Clean Cities’ coordinators 
and fleet managers about the benefits of idling reduc-
tions and the technologies available, through white 
papers, webcasts, and presentations at various profes-
sional meetings. The DOE has produced idle reduction 
fact sheets and other educational materials. 

•	 Through	the	Clean	Cities	Program,	the	DOE	has	broad-
ened its involvement in idling reduction to include 
light- and medium-duty vehicles in addition to heavy-
duty vehicles.

•	 The	 “National	 Idling	 Reduction	 Network	 News”	 is	
a DOE-sponsored electronic newsletter whose pri-
mary distribution each month reaches almost 1,500 
readers.

•	 The	DOE	has	produced	idling	reduction	fact	sheets	and	
other educational materials to make drivers and fleet 
owners aware of reasons not to idle. 

•	 The	following	DOE	and	industry	publications	address	
idling reduction: Argonne National Laboratory’s 
Idling:	 Cruising	 the	 Fuel	 Inefficiency Expressway 
(ANL, 2009) and Cummins’ Idle	Talk:	How	the	Regu-
lations Affect You (Cummins, 2008).

21CTP Engine Idle Reduction Goal 3. Investigate a mix of 
incentives and regulations to encourage trucks and buses 
to find other more fuel-efficient and environmentally 
friendly ways to provide for their power needs at rest.

The ARRA of 2009 has provided the following funding 
for idle-reduction-related projects (DOE, 2011): 

•	 $65	million	 for	 the	purchase	and	 installation	of	 idle	
reduction equipment for on-road diesel vehicles and 
educational outreach about the benefits of idling reduc-
tion (see Goal 2). This project includes APUs, fuel-
operated heaters, battery-powered air conditioners, 
engine block heaters, and engine start-up/shutoff idle 
control systems and other emission reduction projects, 
such as engine re-powers (the replacement of an in-use, 
existing engine with a remanufactured engine or a new 
engine with lower emissions), replacements, or instal-
lation of diesel oxidation catalysts in cases where these 
projects were bundled with idling reduction projects. 
Examples of projects funded include the following:4 

 —Installing 163 diesel-fired heaters in the city of 
Chicago fleets and 155 units in the city of Portland, 
Oregon, fleets;

 —Augmenting state funding for the installation of 562 
idle reduction  technologies by the Wisconsin Depart-
ment of Commerce program that competitively awards 
money for APUs to truckers; 

 —Providing funding in Nebraska to equip approxi-
mately 187 vehicles with EPA-verified idling reduction 
equipment;

 —Adding fuel-fired heaters to school buses in Mis-
sissippi, Wisconsin, Minnesota, Michigan, Maryland, 
South Dakota, and North Dakota; and 

 —Retrofitting of 180 long-haul trucks with APUs by 
the Colorado Department of Public Health and Envi-
ronment 5,6

•	 $32	million	 for	 truck	stop	electrification	 (TSE).	The	
funds will provide for the purchase and installation 
of wayside single-system (no onboard equipment 
required) and dual-system EPS (DOE, 2011).

 —A single-system EPS supplies all needed services 
through a duct inserted into the cab window. Single-
system electrification requires no retrofit on the truck, 
and therefore minimal upfront cost by the user;

 —A dual-system EPS is simply a plug at a parking spot 
that enables the trucker to tap into the electric power 
grid to power onboard electrical devices. Dual-system 
electrification involves installing some combination 
of an inverter/charger, electric engine block heater, 
electric fuel heater, and electric heating/cooling device 
for the cab and sleeper conditioning, and electric idle 
control on the truck.

 Currently, the single system is more widespread.

4 21CTP response to committee questions from its March 31-April 1, 
2011 meeting.

5 Glenn Keller, ANL, “Idle Reduction Accomplishments,” presentation 
to the committee, November 15, 2010, Washington, D.C.

6 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 20(a).
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 Approximately 165 electrified parking spaces have 
been completed to date. Examples of TSE projects that 
are being funded include the following:

   —30 AirDock units on the Maine Turnpike ($1.2 
million from EPA ARRA);

   —90 ShorepowerTM units off Interstate 10 in 
Arizona;

   —14 CabAire units in New Haven, Connecticut; 
and

  —CabAire units on the Pennsylvania Turnpike.7 
•	 Cascade	 Sierra	 Solutions	 has	 received	 a	 $22.2	 mil-

lion grant for a 3-year program known as Shorepower 
Truck Electrification Project (STEP) for the construc-
tion of approximately 1,200 electrified parking spaces 
at 50 truck stops across the United States. These DOE 
ARRA funds are matched with private-sector funds. In 
addition, approximately $10 million is being provided 
in purchase rebates of up to 20 percent of the cost of 
idle reduction equipment for users of the STEP net-
work of electrified parking spaces.8

•	 Grants	 from	 the	 Diesel	 Emissions	 Reduction	Act	
(DERA) of 2005 funds have been used at the DOE and 
EPA to fund a variety of idling reduction projects, such 
as the following:

 —$1.13 million each to Cascade Sierra Solutions, 
Community Development Transportation Lending 
Services, and Owner-Operator Independent Drivers 
Association for revolving loans and low-cost financ-
ing for emission- and idling-reduction equipment for 
trucks (EPA DERA).

The EPA, working with the DOT, states, and private lend-
ers, is developing innovative, market-based, and sustainable 
funding opportunities, such as low-interest loans through 
EPA’s SmartWay Program, to replace traditional grants to 
allow the truck and rail industries to purchase and use idle 
reduction technologies. Low-interest loans are expected to 
be a more sustainable incentive than grants, which typically 
expire after a period of time. Low-interest loans allow truck 
owners who are unable to make initial investments because 
of limited capital to pay over time with their fuel savings.

While all of these developments were under way, a major 
provider of EPSs, IdleAire, filed for bankruptcy in June 2008 
and shut down operations. However, by the summer of 2010, 
Convoy Solutions, LLC, dba IdleAire, began reopening EPS 
sites. The DOE indicated that all new efforts directed toward 
EPS are focused on locating the EPSs along major freight 
corridors.9

7 Glenn Keller, ANL, “Idle Reduction Accomplishments,” presentation 
to the committee, November 15, 2010, Washington, D.C.; and answers 
provided by Ken Howden, DOE Office of Vehicle Technologies, to com-
mittee question 20(b).

8 21CTP response to committee questions from its March 31-April 1, 
2011, meeting.

9 Glenn Keller, ANL, “Idle Reduction Accomplishments,” presentation 
to the committee, November 15, 2010, Washington, D.C.

The patchwork of anti-idling regulations nationally has 
been an impediment to broader use of anti-idling measures. 
The EPA has no legal authority to promulgate anti-idling 
laws, or any driving time or behavior limits on truck drivers. 
The EPA’s legal authority rests with promulgating emissions 
standards to vehicles and engines. (21CTP Response to NRC 
[2008] Recommendation 6-4; see Appendix C in this report.) 
However, the regulatory environment is currently changing. 
Specifically, as noted later in this chapter, the proposed EPA 
and NHTSA, “Greenhouse Gas Emissions Standards and 
Fuel Efficiency Standards for Medium- and Heavy-Duty 
Engines and Vehicles” (EPA/NHTSA, 2010a) contain a 
provision indicating that, if a manufacturer chooses to use 
idle reduction technology to meet the standard, then it would 
require an automatic main engine shutoff after 5 minutes to 
help ensure that the idle reductions are realized in-use.

Finding 6-1. The DOE, EPA, and DOT have funded a wide 
variety of idle reduction projects focused on implementa-
tion. A consolidated list of the funding provided for these 
projects was not provided to the committee, however, and the 
effectiveness of these projects could not be evaluated. The 
national patchwork of anti-idling regulations is an impedi-
ment to broader use of anti-idling measures.

Recommendation 6-1. The DOE, EPA, and DOT should 
develop a consolidated list of the funding provided for the 
idle reduction projects, review the effectiveness of these 
projects, and formulate a coordinated and consistent plan 
to encourage the adoption of idle reduction technologies to 
meet the goal of reducing fuel use and emissions produced by 
idling engines by at least two-thirds by 2017. The EPA and 
DOT should work to find incentives for states to promulgate 
uniform anti-idling regulations.

21CTP Engine Idle Reduction Goal 4. Facilitate the 
establishment of consistent electrical codes and standards 
that apply to both on-board and stationary electrification 
technologies.

The NRC Phase 1 report on review of the 21CTP described 
the status of the relevant electrical codes at that time (NRC, 
2008). The report focused on changes or additions that were 
needed in two areas: (1) onboard wiring for the truck and 
(2) Electrified Parking Spaces. The onboard wiring codes 
were established in Society of Automotive Engineers (SAE) 
Standard J2698, finalized and published in 2008 and titled 
“Primary Single Phase Nominal 120 VAC Wiring Distribu-
tion Assembly Design-Truck and Bus.” This SAE standard 
has addressed the known issues with onboard wiring for the 
truck identified in the NRC Phase 1 report (NRC, 2008).

The National Electric Code (NEC) Part 626, titled 
“Electrified Parking Spaces,” was approved in 2008 and 
addressed these topics: how to plug in, the voltages to sup-
ply, and a suggested common plug style. Part 626 clarifies 
that automobile parking areas are not subject to Part 626, so 
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that the SAE J1772 coupler to power a truck is allowed but 
not required. Part 626 states that the receptacle needs to be 
a three-wire grounded type and that each truck stop parking 
spot needs both 208 vac and 120 vac receptacles.10 This 
NEC standard has addressed the known issues with station-
ary electrification technologies identified in the NRC Phase 
1 report (NRC, 2008).

21CTP Engine Idle Reduction Goal 5. Promote the 
development and demonstration of cost-effective add-on 
idling-reduction equipment that meets driver cab com-
fort needs, has a payback of 2 years or less, and produces 
fewer emissions of NOx and PM than a truck meeting 
2010 emission standards.

The NRC Phase 1 report noted that Webasto Airtop 
2000 diesel-fueled cab heaters tested by Schneider National 
provided a 2.4 percent improvement in fuel economy and 
a payback of less than 2 years for a fuel price of $2.40/gal. 
The current list price of the Webasto cab heater is $1,745. 
Although the DOE has not worked with Schneider since 
the initial testing program, Schneider has indicated that 
all 6,000 trucks purchased since 2003 had been retrofitted 
or factory installed with cab heaters, and 80 percent of its 
fleet, or 8,000 trucks, were to be retrofitted by the winter 
of 2007/2008 (Maronde and Slezak, 2006). Webasto and 
Bergstrom battery-powered cooling systems based on phase-
change medium that is charged during normal operation of 
the truck’s air conditioning system were also evaluated by 
Schneider National. It was concluded at that time that these 
cooling systems needed further work, which was not speci-
fied, before they could be widely deployed. 

DOE’s earlier development of phase-change materials for 
stand-alone cab cooling had identified deficiencies with this 
concept. Subsequently, the resolution of these deficiencies 
has led to the commercial release of the Webasto Blue Cool 
product. The Blue Cool product was reported to be the first 
thermal storage APU with shore power connectivity. Cab 
comfort and electrification are provided without idling. Tests 
confirmed that Blue Cool provided sufficient cooling under 
most ambient conditions. The in-cab-mounted air handler 
delivers chilled air to the bunk for up to 10 hours without 
consuming any fuel. Blue Cool charges itself while the 
vehicle is in motion and does not require additional batteries. 
The electrical load of the circulation pump and fans during 
cooling is 3.5 to 10 A. Webasto claims that Blue Cool has the 
shortest return on investment among idle reduction products, 
although the DOE did not perform testing or analysis to con-
firm this claim, and sufficient information was not available 
to determine if this system met the 2-year payback objective 
(Webasto, 2010). The current price of the Webesto Blue Cool 

10 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 19(d), March 1, 2011.

system ranges from $5,295 to $6,595, depending on whether 
an Airtop 2000 heating unit is also provided.

A team consisting of Espar, Navistar, and Walmart 
evaluated 20 trucks with Espar (2010) Airtronic bunk heat-
ers, Espar engine preheaters, and Bergstrom Nite battery-
powered, electric A/C units, and 5 trucks with ThermoKing 
Tripac APU systems for heating, cooling, and accessory 
power. Both configurations provided acceptable perfor-
mance. Following this evaluation, Walmart retrofitted its 
entire fleet of 7,000 trucks with Thermo King TriPac units 
as a result of Walmart’s settlement in 2006 with the EPA for 
clean air violations related to idling trucks at stores in Con-
necticut and Massachusetts. The TriPac unit includes a Tier 
IV-compliant 2-cylinder diesel engine with a diesel particu-
late filter (DPF) for state of California operation, an alterna-
tor for truck battery charging, an A/C unit, and a fuel-fired 
heater (Thermo King, 2010). The TriPac unit is designed 
to meet anti-idling and emissions regulations nationwide, 
including CARB requirements and is claimed to be the sales 
leader of APU systems in the industry (Thermo King, 2010).

With the tightening of diesel emissions regulations in 
2010, some of the diesel APUs are no longer available; oth-
ers, like the truck diesel engines, have had to be equipped 
with particulate filters and NOx traps, thereby increasing their 
costs and making the achievement of the 2-year payback goal 
more difficult (DOE, 2011).

The military needs APUs to reduce in-field fuel consump-
tion and related logistical costs and to reduce thermal and 
audible identification signatures during silent watch. APUs 
are quieter than idling primary engines, and they have a 
reduced thermal signature, making them less detectable on 
the battlefield. The U.S. Army Communications-Electronics 
Research, Development, and Engineering Center (CERDEC) 
Laboratory is working to demonstrate the feasibility of a diesel 
engine APU on the M915A5 long-haul tractor. Diesel APUs 
are being considered since “silent watch” is not a requirement 
for these trucks. In FY 2008, contracts were awarded to Dewey 
Electronics and Cummins Power Generation to develop stand-
alone APU/environmental control unit (ECU) prototypes. A 
contract to Red Dot Corporation is expected to conclude in 
FY 2011 with the demonstration of two APU/ECU prototypes 
integrated onto two M915A5 tractor trucks. The resultant 
system design is projected to save up to 870 gal/yr and to 
achieve a simple payback period of less than 5 years (assuming 
fully burdened fuel cost of $15/gal). Reducing fuel use is key 
because approximately two-thirds of the ground fleet is used 
to deliver fuel to the other third in the battlefield. 

With $500,000 funding from the EPA, the North Carolina 
State University (NCSU) conducted a 34-month Truck OEM 
APU Prep Kit Design and Installation Project that was con-
cluded in August 2008 (Tazewell et al., 2008). In this project, 
Volvo was awarded a contract to develop a Prep Kit to facili-
tate idle reduction technology installations and demonstrate 
APUs in at least 20 trucks in the field study and to track idle 
reduction usage, truck idling, and driver acceptance. The 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

ENGINE IDLE REDUCTION 97

APUs consisted of three components, a Kubota Z482 2- 
cylinder water-cooled diesel engine, a generator, and a heat-
ing, ventilation, and air conditioning (HVAC) system.

The field study was divided into two fleets: the first, Fleet 
A, had a self-reported annual idling rate of 2,500 hours using 
Volvo’s largest cabs, with predominately single drivers; the 
second, Fleet B, had a self-reported annual idling rate of 800 
hours using Volvo’s midsize cab with predominately team 
drivers. The key results from this study were as follows:

•	 Annual	fuel	use	was	reduced	for	all	stops	by	22	percent	
and 5 percent for Fleets A and B, respectively.

•	 NOx emissions were reduced for all stops by 46 percent 
and 14 percent for Fleets A and B, respectively.

•	 Research	 concluded	 that	 100	 percent	 usage	 of	 the	
APU instead of the base engine could result in a 36 to 
47 percent reduction in fuel use, an 80 to 90 percent 
reduction in NOx emissions, and a 10 to 25 percent 
reduction in particulate matter (PM) emissions. 

The study concluded that driver behavior plays a sig-
nificant role in determining APU benefits. The data showed 
that APUs were used by single drivers for an average of 59 
percent of the idling time and by team drivers for an average 
of only 25 percent of the idling time.

The economics of APUs are sensitive to initial APU costs, 
idling time, actual APU usage, and fuel costs. The NCSU 
study found engine idle fuel flow rates of approximately 0.6 
gal/h instead of the 0.8 gal/h that has been quoted by the 
EPA and NHTSA, and APU fuel flow rates of approximately 
0.32 gal/h instead of the 0.2 gal/h that has been quoted by the 
EPA and NHTSA (EPA/NHTSA, 2010b, 2011b). Using an 
initial APU cost of $8,400 and an annual idle time of 2,130 
hours and $4.00/gal fuel cost, the simple payback period is 
3.5 years.

The Argonne National Laboratory (ANL) has studied pay-
back periods for several idle reduction systems and provided 
the graph in Figure 6-1 showing the payback time versus fuel 
price.11 For a $4.00/gal fuel price, the top-of-the-line APU 
that has an initial cost of $10,000 and is used 2,000 hours per 
year has a projected payback period of 2.2 years. Other APUs 
with lower initial costs have a projected payback period of 
less than 2 years (approximately 1.8 years). 

These projections by ANL show shorter payback peri-
ods than the projections made by NCSU, because NCSU 
found that measured base engine idle fuel flow rates were 
lower than generally assumed and that measured APU fuel 

11 See Gaines and Santini at http://www.transportation.anl.gov/pdfs/
TA/372.pdf. 2010.

6-1.eps
bitmap

FIGURE 6-1 Payback time versus fuel price, by device, used 2,000 hours per year. Acronyms are defined in Appendix I. SOURCE: L. 
Gaines and D. Santini, Economic Analysis of Commercial Idling Reduction Technologies, Argonne National Laboratory. Available at http://
www.transportation.anl.gov/pdfs/TA/372.pdf.
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flow rates were higher than generally assumed. The NCSU 
report (Tazewell et al., 2008) concluded that APUs generally 
used more fuel than the published amounts, whereas the 20 
newer trucks in this study used less fuel than the commonly 
published 1 gal/h at idle. The DOE cites ranges for the base 
engine fuel flow rates between 0.64 and 1.15 gal/h, depend-
ing on the idle speed and use of air conditioning. The 21CTP 
has not as yet determined the representative values for the 
payback-period calculation, because this would require more 
study with a wider range of truck models, ages, and fleets.12

The EPA and NHTSA, in the regulatory impact analysis 
for the “Greenhouse Gas Emissions Standards and Fuel Effi-
ciency Standards for Medium- and Heavy-Duty Engines and 
Vehicles,” have provided the following values for an APU 
that can be used to calculate payback period (EPA/NHTSA, 
2010b, 2011b):

•	 Annual	idling	hours:	1,800	hours;
•	 Base	engine	fuel	usage:	0.8	gal/h;	and
•	 APU	fuel	usage:	0.2	gal/h.

The annual fuel savings for an APU were calculated as 
follows:

Annual Fuel Savings = 1,800 h × (0.8 – 0.2 gal/h)  
× $4.00/gal = $4,320/yr.

Therefore, assuming an APU capital cost of $8,400, as 
before, a simple payback period of approximately 2 years 
results. At a lower fuel cost of $3.00/gal, the payback period 
is extended to 2.6 years.

An annual maintenance cost for an APU was not pro-
vided by the DOE, so net maintenance cost savings was not 
included in the calculation of the simple payback period. Net 
maintenance cost savings, consisting of maintenance cost 
savings for the main engine (1,800 h/yr × $0.15/h = $270) 
offset by maintenance cost for the APU, would affect the 
payback period by approximately 6 percent, depending on 
the APU maintenance cost and fuel cost.

The DOE informed the committee in March 2011 that it 
does not currently have plans to address production-level sys-
tems not meeting the 2-year payback period, because market 
forces will likely drive improvements in these systems. For 
new technology development, the DOE is working with the 
SuperTruck program participants on various idle reduction 
concepts and will encourage the participants to consider the 
potential costs and paybacks of these concepts wherever 
possible.13

Finding 6-2. A variety of add-on idle reduction systems are 
commercially available. In earlier studies, a diesel-fuel-fired 

12 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question (25).

13 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions, March 1, 2011.

heater met the 2-year payback goal, but full-function systems 
(with heating and cooling) had payback periods extending 
beyond 2 years, owing primarily to high initial cost and less 
than 100 percent usage during idling. Recent studies of the 
payback period by the EPA and NHTSA, ANL, and NCSU 
have provided a range of results related to different assump-
tions for initial costs, truck engine idle time and APU fuel 
flow rates, and actual usage times. These studies have pro-
jected simple payback periods ranging from 2 to 3.5 years.

Recommendation 6-2. The DOE should conduct a study 
that includes wide ranges of truck models, ages, and fleets 
to determine payback periods for the range of commercially 
available add-on idle reduction systems. The DOE should 
continue to encourage the deployment of add-on idle reduc-
tion systems through communications to manufacturers and 
end users. 

21CTP Engine Idle Reduction Goal (New). Reduce the 
thermal load of the truck heating, ventilating, and air 
conditioning (HVAC) system during driver rest periods 
through implementation of efficient cab insulation sys-
tems and low thermal transmission glazing. 

A reduction of cabin energy load, through the addition 
of insulation and window glazing, coupled with controls 
to reduce peak energy loads, could enable the downsizing 
of APUs and battery-powered systems to reduce cost and 
weight while enhancing their performance. To assess the 
HVAC load reduction potential in truck sleeper cabins, the 
DOE funded the development of CoolCalc, an analysis tool 
that allows users to create sleeper cabin models and predict 
cabin temperatures in different environmental conditions. 
The main objective of the project was to identify and evalu-
ate design opportunities to reduce the thermal load inside 
the truck tractor cabs and to enable advanced idle reduction 
technologies. The DOE has released the software to industry 
partners.

The DOE also funded the National Renewable Energy 
Laboratory (NREL) CoolCab project that investigated insu-
lation and reflective glazing to reduce the thermal load and 
improve the cab’s climate-control efficiency. This project 
included the thermal testing of Volvo 770 and Kenworth 
T660 cabs. The results of the Kenworth T660 cab thermal 
soak test were used to validate the CoolCalc model of the 
vehicle. Predicted peak soak average air temperature on 
sunny days was within 0.4°C of the measured value. Devel-
opment of a CoolCalc model of the Volvo 770 cab is under 
way. Thermal test results show the heating load in a cab 
sleeper could be reduced up to 20 percent with high R-value 
insulation. For FY 2011, the CoolCalc models will be used 
to quantify the impact of thermal load reduction technolo-
gies, such as insulation and reflective glazing, on cooling and 
heating thermal loads. These results will be used to determine 
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the reduction in sizing of the APU or other idling reduction 
technology.14

21CTP Engine Idle Reduction Goal 6. Produce a truck 
with a fully integrated electrically powered truck cab 
HVAC system to reduce idling-reduction system compo-
nent duplication, weight, and cost, by 2012.15

The DOE recognizes that costs could be reduced through 
the complete, nonduplicative integration of idle reduction 
equipment into the original truck design. Effectiveness in 
reducing workday idling could be improved by hybridization 
and by development of systems that reduce idling during 
creep modes. 

To address this goal initially, the DOE funding helped 
Navistar to complete engineering development to provide 
the option of ordering factory-installed APUs as original 
factory-installed equipment (Casey, 2008). Navistar’s idle 
reduction system had four elements:

•	 Auxiliary	power	unit:	2-cylinder	water-cooled	diesel	
generator-set generating 6 kW of power at 120 V A/C, 
purchased from Mechron;

•	 Electric	air	conditioner:	A	stand-alone	system	mounted	
in the sleeper compartment;

•	 Cab	 and	 engine	 heater:	 Fuel-fired	 coolant	 heater	
purchased from Espar and integrated into the truck’s 
existing coolant loop; and

•	 Improved	cab	insulation.

14 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 19(d), March 1, 2011. 

15 “Produce a truck” was interpreted by the committee to mean to design, 
engineer, and manufacture a truck for sale.

In addition, Navistar also developed an aftermarket APU 
wiring accommodation kit as an alternative to its factory-
installed APU system.

Navistar had a goal at the beginning of the program to sell 
2,000 factory-installed APU idle reduction systems under 
this program. The goal was not met with the factory-installed 
APU systems; only 65 units were sold. However, Navistar 
did sell 2,628 trucks with wiring accommodation kits for 
aftermarket APUs, indicating that the goal of 2,000 trucks 
with APUs installed by the end of 2007 was achieved. The 
goal of 2,000 factory-installed idle reduction systems was 
exceeded by the 4,325 factory-installed fuel-fired heater sys-
tems. However, these factory-installed idle reduction systems 
did not address the nonduplicative aspect of this goal.

The status of the Navistar APU system versus the goals 
for the program are shown in Table 6-2. Fuel savings were 
tracked on five fleet vehicles, and fuel economy increased 
from 6.38 mpg to 6.99 mpg, providing a 9.6 percent improve-
ment. The Navistar factory-installed APU system did not 
meet the 18-month payback goal. The cost advantage of 
aftermarket APU units was likely due to the addition of fed-
eral excise tax applied to factory-installed APUs as well as 
margin added by Navistar for purchasing and installing the 
unit. However, following this project, the Energy Improve-
ment and Extension Act of 2008, which is a part of the 
Emergency Economic Stabilization Act of 2008 (Public Law 
110-343), modified the Internal Revenue Service (IRS) code 
and allows for APU units to be exempt from paying the 12 
percent federal excise tax. At the conclusion of this project, 
Navistar announced in March 2008 that it was developing the 
MaxxPower APU, a 1-cylinder APU to provide a more cost 
competitive APU offering while meeting California’s 2008 
APU emissions requirements.

To address the goal of a fully integrated, electrically 
powered truck cab HVAC, the DOE, through the ANL, estab-
lished the Caterpillar More Electric Truck (MET) program 

TABLE 6-2  Status of Navistar Auxiliary Power Unit System Versus Program Goals

Parameter Unit Goal Status

Temperature TMC RP-432a Maintain temperature  
in range for 10 hours

Met

Truck idle time Hours per year <200 Met

Idle fuel consumption Gallons per hour <0.25 Met

Emissions Tier 4 Comply Met

Particulate matter Grams per hour <0.2 Met

NOx Grams per hour <25 Met

Price 18 month payback $5,000 Not met

Maintenance Service interval 500 hours Met

5-year life B10 10,000 hours Met

a Specifies minimum 68°F/maximum 78°F sleeper temperatures at 0°F/100°F ambient temperatures.
SOURCE: Data from Casey (2008).
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(Lane et al., 2004), which was initiated in 2000 and ended 
in 2007. The objective of the program was to reduce loads 
on the engine by using electrically powered accessories 
including the HVAC, water pump, brake air compressor, oil 
pump, and cooling fan with revised cooling system (Stone et 
al., 2004). The results showed a 1.3 percent reduction in fuel 
consumption on the road due primarily to the electric water 
pump and electric brake air compressor, and a 2.7 percent 
reduction in fuel consumption during steady state conditions 
due to the electric cooling fan with a revised cooling system.

The DOE concurred with Recommendation 6-7 from the 
NRC (2008) Phase 1 report (see Appendix C)—to continue 
R&D of the system components used in the More Electric 
Truck program in order to provide further improvements in 
idle reduction. In 2007, additional work was anticipated to 
reduce fuel consumption further in the following areas: 

•	 Mild	hybrid	energy	storage	using	nickel	metal	hybrid	
batteries (NiMH);

•	 Advanced	cooling	system	components	(electric	 ther-
mostat valve and cooling fan, high-efficiency after-
cooler); and

•	 Decoupling	the	air	compressor	from	the	engine.

The DOE was not able to apply any funding to this pro-
gram, so as a result, no significant activity toward achieving 
the 2012 goal of a fully integrated, electrically powered truck 
cab HVAC system to reduce idling reduction component 
duplication, weight, and cost has been conducted.16 However, 
the SuperTruck program is expected to pursue the concept of 
integrated systems similar to the More Electric Truck pro-
gram. All three of the SuperTruck program teams, Cummins-
Peterbilt, Detroit Diesel, and Navistar, will be addressing idle 
reduction, as discussed in Chapter 8 of this report.17,18,19

21CTP Engine Idle Reduction Goal 7. Develop and dem-
onstrate viable fuel cell APU systems for military and 
other users, in the 5-30 kW range, capable of operating 
on JP-8 fuel with 35 percent efficiency (based on the fuel’s 
heating value) by 2015.

Delphi’s solid oxide fuel cell (SOFC) APU converts 
chemical energy in conventional fuels directly into useful 
electrical power without combustion, resulting in mini-
mal criteria emissions. Delphi has been developing the 
SOFC since 2000, and is currently working on the fourth 

16 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions, March 1, 2011.

17 Donald Stanton, Cummins, “Cummins-Peterbilt SuperTruck Program,” 
presentation to the committee, November 9, 2010, Washington, D.C.

18 David Kayes, “Detroit Diesel’s Super Truck,” presentation to the com-
mittee, September 9, 2010, Washington, D.C..

19 Anthony Cook, Navistar, Inc., “Navistar’s Super Truck Program,” pre-
sentation to the committee, September 9, 2010, Washington, D.C.

generation.20 Cummins plans to use Delphi’s SOFC APU 
for hotel loads for idle reduction as part of its SuperTruck 
program. This fuel cell will use ultralow-sulfur diesel fuel. 
Similarly, Detroit Diesel has also shown a fuel cell APU as a 
component of its SuperTruck program. Navistar is not plan-
ning to use an APU for the SuperTruck program, because a 
hybrid drive system will be used to charge the large-capacity 
batteries to provide power for idle reduction functions.

Delphi Corporation and Peterbilt Motors recently 
announced the demonstration of a Delphi SOFC APU 
powering a Peterbilt Model 386 truck’s hotel loads.21 The 
Delphi SOFC APU provided power for the vehicle’s electri-
cal system and air conditioning and maintained the truck’s 
batteries while the diesel engine was turned off. Recently, 
Delphi demonstrated the SOFC APU to the public during 
the November 2010 Hybrid Truck Users Forum (HTUF) 
conference in Dearborn, Michigan.22

The key subsystems of the SOFC are the SOFC stacks, 
the fuel reformer, the system controller, and the output power 
conditioner (Shaffer, 2004). The SOFC stacks operate at a 
temperature of 750°C, which results in long warm-up times, 
currently ranging from 2 to 5 hours, with a goal of 1 hour. 
With the high operating temperature, the exhaust energy is 
expected to be sufficient to heat the sleeper compartment at 
close to no-load idle, and possibly the entire passenger cabin 
when it is used for a break. The electrolyte of the SOFC is 
yttria-stabilized zirconia, a zirconium-oxide based ceramic.23 
The SOFC contains no precious metals. Delphi is currently 
developing the fourth-generation SOFC stack. The A-Level 
design APU, currently operating, contains the Gen 3 stack, 
while the latest B-Level design APU, which contains the Gen 
4 stack, was being assembled as of May 2011. The reformer, 
which uses a proprietary, automotive formulation catalyst 
containing precious metals, was developed to produce car-
bon monoxide (CO) and hydrogen (H2) under non-carbon-
forming conditions. The output power conditioner converts 
stack voltage (22 volts for a 30-cell stack module) to the 
requested output voltage.24

The fuel flow rates and specific fuel consumption values 
for the SOFC APU in its typical operating mode are shown 
in Table 6-3 and compared to a two-cylinder diesel APU and 
to the truck’s diesel engine continuously idling. Previously, 
the NRC (2010, p. 122) reported that, for carbon-based fuels, 

20 Dan Hennessy, Delphi, “Solid Oxide Fuel Cell Development at Del-
phi,” presentation to the committee, January 31, 2011, Washington, D.C.

21 Delphi, Peterbilt Test Solid Oxide Fuel Cell APU. Available at http://
www.ccjdigital.com/Delphi-peterbilt-test-solid-oxide-fuel-cell. Accessed 
December 7, 2010.

22 Delphi Demonstrates Solid Oxide Fuel Cell, Showcases Capability 
to Save Fuel and Cut Emissions During Truck Stops. Available at http://
www.Delphi.com/news/pressRelesaes/pr_11_11_001/. Accessed December 
7, 2010.

23 Personal communication from Thomas Peffley, Delphi, to committee 
member W.R. Wade, July 7-8, 2011.

24 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions 8(a), 6(a), and 7(a).
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the fuel-cell-powered APU can achieve the same fuel con-
sumption improvement as that of conventional APUs. More 
importantly, because of the lower power output of the SOFC 
APU relative to the diesel APU, the specific fuel consump-
tion (gal/kW-h) of the SOFC APU is approximately twice 
that of the diesel APU.

Relative to diesel APUs, the SOFC APU provides the 
following advantages:

•	 Projected	 to	 meet	 2010	 EPA	 emissions	 regulations	
(even though the reformer produces emissions),

•	 Very	quiet	(<60	dBA),	and
•	 Projected	 longer	 maintenance	 intervals	 and	 better	

durability.

The SOFC APU also has a number of issues, including 
the following:

•	 Warm-up	 time	of	2	 to	5	hours	 to	reach	an	operating	
temperature 750°C. Delphi has a goal of 1.5 hours. 

•	 The	SOFC	APU	to	be	kept	operating	at	idle	throughout	
the workday to maintain temperature and requires an 
idle fuel flow of approximately 50 percent of the typi-
cal operating condition fuel flow. Delphi is evaluating 
the use of the SOFC APU to power part of the truck 
electrical loads when the truck is being driven.

•	 Output	of	1.5	kW	for	an	A-Level	build	design,	which	
is significantly below the DOE’s goal and competitive 
5 kW diesel APUs. Delphi is forecasting that a B-Level 
design will provide 3.0 kW output. Delphi has stated 
that its SOFC could provide up to 5 kW of power, but 
it believes that 3.0 kW output is sufficient, based on 
discussions with truck manufacturers.25

•	 A	25	percent	efficiency	(using	diesel	 fuel),	which	 is	
significantly below the DOE’s goal of 35 percent. 

•	 The	continuing	need	for	a	desulfurizer	bed	with	a	car-
tridge that requires maintenance every 6 months, even 

25 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 15.

when operated with ultralow-sulfur diesel (ULSD) 
fuel.

•	 Weight	 of	 500	 lb,	 which	 exceeds	 Delphi’s	 target	 of	
400 lb and equals that of a diesel APU. On a specific 
pounds per kilowatt/kW basis, the Delphi SOFC APU 
is 3.3 times heavier than a diesel APU. Delphi is work-
ing on weight reduction of all major subsystems of 
the SOFC APU and the truck interface and mounting 
structure. 

The 25 percent efficiency of the A-Level design of Del-
phi’s SOFC APU was obtained at a reported fuel flow rate of 
0.156 gal/h of ULSD fuel and 1.39 kW output.  The B-Level 
design APU is expected to improve efficiency to 30 percent, 
while further improvements are expected to achieve the 
DOE’s goal of 35 percent.26 Delphi indicated that changing 
from diesel fuel to JP-8 would lower efficiency because of 
changes in fuel processing and the fuel’s high sulfur content, 
although tests on JP-8 have not been conducted.27 Although 
JP-8 is the standard military fuel, diesel fuel is expected to 
be used by the APU in commercial truck applications. 

Delphi told the committee that it is trying to move the 
SOFC APU out of the laboratory, but it did not provide a 
production date. The first B-Level design APU is expected 
to be installed on a truck that will be used in fleet service in 
the fall of 2011. Delphi is now focused on the commercial 
viability of the SOFC APU and is emphasizing the follow-
ing areas:

•	 Manufacturability	and	cost	reduction	(with	the	objec-
tive of being competitive with a diesel APU; significant 
cost reductions of the SOFC stack are needed).

26 The status of the technology and efficiency for SOFCs was based not 
only on presentations to the committee and answers supplied by the 21CTP 
to the committee, but also through personal communications between 
Wallace Wade, committee member, and representatives of Delphi (Dan 
Hennessy on May 18 and June 23, 2011, and Thomas Peffley on July 7 
and 8, 2011).

27 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 17(c).

TABLE 6-3 Comparison of Fuel Consumption Rates for Various Types of Idle Operation 

Type of Operation at Idle

Power 
Output  
(kW)

Fuel Flow  
Rate
(gal/h)

Specific Fuel  
Consumption
(gal/kW-h) References

Engine idle 0.8 EPA/NHTSA (2010b)

Two cylinder diesel APU 5 kW 0.20 to 0.33 0.04 to 0.066 Table 6-4 in this 
chapter

SOFC APU typical 
A-Level design 1.5 kW 0.156 0.11 

NOTE: Acronyms are defined in Appendix I.
SOURCE: Personal communication, Thomas Peffley, Delphi, July 7-8, 2011.
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•	 System-level	durability	on	a	test	bench	for	the	Gen	4	
stack (currently 60 thermal cycles completed; issues 
are being addressed, particularly seal degradation, 
prior to continuing to the goal of 400 thermal cycles).28 

•	 System-level	durability	and	validation	(440	hours	and	
2,200 miles of operation on a truck have been obtained 
as of January 2011; extended durability operation on a 
truck is the next step). Accelerated tests will be run to 
simulate the durability goals of 28,800 and 1 million 
miles for heavy-duty truck applications. 

Delphi did not provide an estimated cost of the SOFC 
APU when it met with the committee. However, Delphi 
later indicated that the life–cycle cost of the SOFC APU 
(including initial cost, fuel cost, and maintenance costs) is 
expected to be competitive with “midrange” diesel APUs that 
are compliant with 2010 emissions standards (Delphi, 2010).

The DOE has provided funding for the development of 
the SOFC program at Delphi through the Solid State Energy 
Conversion Alliance (SECA) (Office of Fossil Energy) and 
through the Office of Energy Efficiency and Renewable 
Energy (EERE) Fuel Cell Technologies Program. The SOFC 
program began at Delphi in 2000. After initial studies, the 
DOE, through the National Energy Technology Laboratory 
(NETL), entered into a 10-year, $138 million cost-sharing 
program with Delphi and its partner Battelle to develop and 
test an SOFC APU that can be mass-produced at low cost for 
commercial and military applications.29  Early development 
focused on the use of gasoline, natural gas, and synthetic 
coal gas before switching to diesel fuel. In addition, Delphi 
has received government funding that has been used for 
general system development as well as component develop-
ment, including the SOFC stack. Most recently, Delphi has 
received the following SOFC APU-specific awards:30

•	 Tank-Automotive	 Research,	 Development	 and	 Engi-
neering Center (TARDEC) Fuel Cell Based Ground 
Vehicle Auxiliary Power Units ($2.9 million; project 
completed February 2009);

•	 DOE	Cummins/PACCAR	SuperTruck	program	($1.0	
million, current program); and

•	 DOE	R&D	Demonstration	of	Fuel	Cells	(Delphi	part-
nered with PACCAR) ($2.4 million, current program).

A battery-operated air-conditioning system is a lower-
priced competitor to the Delphi SOFC APU. However, since 
these systems typically produce 3,000 British thermal units 
(Btu) to a little over 6,000 Btu cooling, they can maintain 
comfort in a cabin or sleeper compartment only if it is already 

28 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions 8(a), 6(a), and 7(a).

29 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee questions, March 1, 2011.

30 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 5(a).

cooled by the vehicle’s engine-powered air conditioning. 
With only 20 to 40 percent of the performance of an APU, 
they generally are not capable of initial cool-down. If they 
are used in areas where winter heating is needed, a diesel-
fuel-fired heater is a necessary additional cost.

As discussed in the NRC Phase 1 report, the DOD was 
supporting a variety of companies with various (1) fuel 
reformers, (2) SOFC, and (3) polymer electrolyte membrane 
(PEM) fuel cells. At that time it was reported that the DOD 
had two fuel cell APU programs under way: 

•	 The	 U.S.	Army	 CERDEC	 fuel	 cell	APU	 program	
was focused on testing and evaluating prototypes. 
During FY 2007 through FY 2010, several JP-8, 
ULSD, and DF-2 compatible desulfurization/reforma-
tion subsystems were evaluated from the following 
contractors:31 

 —IdaTech: Stand-alone desulfurizer and steam 
reformer integrated with low-temperature PEM fuel 
cell;

 —Altex Technologies: Stand-alone organic sulfur 
trap with steam reformer and coupled with a high-
temperature PEM fuel cell;

 —Precision Combustion Inc.: Stand-alone autothermal 
reformer designed for use with an SOFC; and

 —Aspen Products Group: Second-generation desulfur-
izer integrated with an autothermal reformer for use 
with an SOFC.

Although feasibility and modest fuel efficiency benefits 
were demonstrated, the long-term reliability of components 
and catalyst durability remain challenges. A system develop-
ment contract with Altex Technologies will conclude in FY 
2011, resulting in the delivery of a 5 kWe/10 kWt co-gener-
ation system (e = electrical, t = thermal) that is compatible 
with field kitchen applications.

•	 The	U.S.	Army	TARDEC	fuel	cell	program	had	two	
contracts awarded under a Broad Agency Announce-
ment to Altex Technologies Corporation for a high-
temperature PEM fuel cell and United Technologies 
Research Center for a SOFC.32  The contracts are for 
a 3-year effort to deliver a fuel cell APU that operates 
with JP-8 that fits under armor on the Abrams tank in 
FY 2013. 

The U.S. Army TARDEC’s National Automotive Center 
(NAC) demonstrated a fuel cell APU system in a Peterbilt 
385 tractor. SunLine Services Group was the prime con-
tractor, and Southwest Research Institute was the technical 
integrating contractor (Montemayor, 2006; DOE, 2011). 

31 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 27(a).

32 Answers provided by Ken Howden, DOE Office of Vehicle Technolo-
gies, to committee question 27(b).
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Three different configurations of fuel cells were alternatively 
installed in the truck:

•	 A	5	kW	solid	oxide	fuel	cell	from	General	Dynamics/
Acumentrics (which failed after 40 hours),

•	 Two	1.2	kW	Ballard	Nexa	PEM	fuel	cells	to	provide	
power for the air-conditioning system and the coolant 
pump, and 

•	 A	20	kW	Hydrogenics	PEM	fuel	cell	to	provide	power	
for the air-conditioning system and radiator cooling 
fan.

The fuel cells used onboard compressed hydrogen, because 
liquid fuel reformer systems were not available when this 
program began in 2000. With the Hydrogenics system 
installed on the truck, a 13 percent improvement in diesel 
fuel economy was measured, but the amount of hydrogen 
used was not available. 

The final report for the Sun Transit Agency program stated 
that a diesel reformer fuel cell hybrid electric truck remains 
an elusive goal. However, SOFCo, a company specializing 
in the development of SOFC and fuel processor technology, 
and Delphi were identified as leading the effort to develop a 
diesel reformer/fuel cell unit.

Finding 6-3. The Delphi SOFC APU provides several 
advantages over diesel APUs, but it has significant issues in 
its current development status, including the following: low 
efficiency of 25 percent versus the DOE’s goal of 35 percent, 
a low demonstrated output power of 1.5 kW versus 3.0 kW 
believed to be sufficient by Delphi, although typical diesel 
APUs provide 5 kW output, limited demonstrated durability, 
2- to 5-hour warm-up time to the 750°C operating tempera-
ture, and the need to keep it operating at idle throughout the 
workday to maintain temperature. The 10-year funding for 
this program expires in 2011.

Recommendation 6-3. The DOE should reassess the viabil-
ity of the SOFC APU, particularly for application to the 
SuperTruck program, considering the following: (1) SOFC 
APU is still in the laboratory, (2) the low efficiency of 25 
percent versus the DOE goal of 35 percent, (3) the low 1.5 
kW output compared to the typical 5 kW diesel APUs, (4) 
the disadvantages associated with the requirement for con-
tinuous operation at 750°C, and (5) the expiration of funding 
from the DOE Office of Fossil Energy and EERE Fuel Cell 
Technologies Program of the DOE Office of Energy Effi-
ciency and Renewable Energy after 10 years of development. 
The DOE should coordinate more closely with the DOD in its 
fuel cell APU developments to ensure that the best technol-
ogy is being pursued for the 21CTP’s Goal 7 in the engine 
idle reduction focus area; that goal relates to the development 
and demonstration of viable fuel cell APU systems for mili-
tary and other users. (This recommendation is a follow-on to 
Recommendation 6-8 in the NRC Phase 1 report.)

Following the reassessment called for in Recommenda-
tion 6-3, the DOE will need to determine, if the viability 
of the SOFC APU is reconfirmed, whether the additional 
development work required to meet the SOFC APU goals 
can be contained within the Super Truck program, because 
the funding for the SOFC APU over the past 10 years of 
development expires in 2011. Delphi also expects funding 
from SECA and other contracts with the DOE, DOD, and 
state sponsors to continue.

SUMMARY OF IDLE REDUCTION TECHNOLOGIES

The EPA’s SmartWay program has evaluated the fuel-sav-
ing benefits of various devices through grants, cooperative 
agreements, emissions and fuel economy testing, demonstra-
tion projects, and technical literature review.  As a result, 
the EPA has determined that the following idle reduction 
technologies provide fuel-saving and/or emissions reducing 
benefits when used properly in their designed applications:

•	 Electrified	Parking	Spaces	(truck	stop	electrification),
•	 Auxiliary	power	units	and	generator	sets,
•	 Fuel	operated	heaters,
•	 Battery	air-conditioning	systems,
•	 Thermal	storage	systems,	and
•	 Automatic	shut-down/start-up	systems.

A listing of specific products that the EPA has verified for 
each of these categories can be found on the EPA website.33 
The listing is quite extensive and illustrates that the commer-
cialization of idle reduction technologies is well under way 
and has accelerated since the NRC Phase 1 report was pub-
lished in 2008. The 21CTP has not conducted any detailed 
analysis of the individual idle reduction products, and so it is 
not able to comment on the performance of these products.

The functionalities and costs of the idle reduction tech-
nologies discussed in this chapter that are under development 
or in production are summarized in Table 6-4.

EFFECT OF GREENHOUSE GAS EMISSIONS 
STANDARDS AND FUEL EFFICIENCY STANDARDS 

The EPA and NHTSA addressed idle reduction tech-
nologies in their final rules for “Greenhouse Gas Emissions 
Standards and Fuel Efficiency Standards for Medium- and 
Heavy-Duty Engines and Vehicles” issued on September 
15, 2011 (EPA/NHTSA, 2011a). The final rules recognize 
the following idle reduction technologies (with EPA and 
NHTSA considering that the baseline Class 8 vehicle con-
sumes 0.8 gal/h of diesel fuel) (EPA/NHTSA, 2010b):

33Available at http://www.epa.gov/smartway/transport/what-smartway/
verified-technologies.htm.
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•	 Auxiliary	power	unit,	which	powers	the	truck’s	heat-
ing, cooling, and electrical system and typically uses 
0.2 gal/h of diesel fuel; 

•	 Fuel	operated	heater,	which	provides	heating	services	
to the truck and typically uses 0.04 gal/h of diesel fuel;

•	 Battery	air-conditioning	systems,	which	provide	cool-
ing to the truck; and

•	 Thermal	storage	systems,	which	provide	cooling	to	the	
truck.

Another alternative involves Electrified Parking Spaces with 
or without modification to the truck. 

The final rules include extended idle reduction technology 
as an input to the Greenhouse Gas Emission Model (GEM) 
for Class 8 sleeper cabs. The manufacturer would input a 
value (see below) based on the idle reduction technology 
installed in the truck. If a manufacturer chooses to use idle 

reduction technology to meet the standard, then it would 
require an automatic main engine shutoff after 5 minutes 
to help ensure that the idle reductions are realized in-use. 
However, the agencies are not mandating the use of idle 
reductions or idle shutdown but rather are allowing their use 
as one part of a suite of technologies feasible for reducing 
fuel consumption and meeting the proposed standards. 

The EPA’s and NHTSA’s value (0.5 gal/1,000 ton-mile 
saved) for the idle reduction technologies was determined 
using an assumption of 1,800 idling hours per year; 125,000 
miles traveled; a baseline fuel consumption of 0.8 gal/h; and 
an APU fuel consumption of 0.2 gal/h ((0.8 – 0.2) gal/h × 
1,800 h/(19 tons × 125,000 miles × (1,000 tons)/1,000 tons) 
= 0.5 gal/1,000 ton-miles saved). Relative to the 2,500 idling 
hours for single drivers and 800 idling hours for team drivers 
found in the NCSU (Tazewell et al., 2008) study mentioned 
earlier, the EPA and NHTSA used 1,800 idling hours per year 

TABLE 6-4 Cab Comfort Technology Summary

System
Elements  
of System Cooling Heating

Charge 
Batteries

Fuel Consumption  
Rate

Installed  
Cost

Maintenance  
Cost/Yr

Nonea Vehicle engine idling 
(2001 truck)

Yes Yes Yes 0.77 gal/h cooling
0.98 gal/h heating

$0 $150/30,000 miles 
for oil changeb

Nonea Vehicle engine idling 
(2007 truck)

Yes Yes Yes 0.53 gal/h heating
0.72 gal/h cooling

$0 $150/30,000 miles 
for oil changeb

Automatic  
start/stop

Vehicle engine idling Yes Yes Yes 0.8 gal/h if on
0.0 gal/h if off

$1,200 $150/30,000 miles 
for oil changeb

Cab bunk heater Diesel fuel burner, heat 
exchanger, and fan

No Yes No 0.04 to 0.06 gal/h $1,300 $110

Evaporative cooler Thermal storage using 
graphite matrix

Yes No No 0.015 gal/h
(3.5 to 10 amps from 
vehicle batteries)

$1,800 $100

Battery- powered 
air-conditioning 
systems

Battery, motor, vapor 
compression air 
conditioning components

Yes No No 0.15 gal/h $4,000
without 
battery 
upgrade

$200

Diesel APUa Diesel engine, generator, 
particulate filter, NOx trap

Yes Yes Yes 0.20 to 0.33 gal/h $8,000
(add $1,000 
for DPF)

$400

Electrified parking 
space (single 
system)

Heating, cooling module 
on pedestal connected to 
window-mounted module 
(includes communications 
entertainment) 

Yes Yes Yes 0 $10
($9,000  to 
$16,700 infra-
structure cost)

$1.00/h -$2.45/h 
usage cost

Electrified parking 
space 
(dual system)

Onboard equipment (e.g., 
inverter/charger, electric 
heating/cooling device) 
powered by extension cord

Yes Yes Yes 0 ($2,500 to
$6,000 infra-
structure cost)

$1/h usage cost

SOFC APU Solid oxide fuel cell, 
reformer, output power 
conditioner

Yes Yes Yes 0.2 gal/h $8,000 to 
$9,000

N/A

NOTE: Acronyms are defined in Appendix I.
a May not be available due to local regulations and/or non-compliance with new 2010 emission regulations. b Possible reduction in overhaul time.
SOURCE: Based on L. Gaines and D. Santini, Economic Analysis of Commercial Idling Reduction Technologies. Available at http://www.transportation.

anl.gov/pdfs/TA/372.pdf, and L. Gaines, Which Idling Technologies Are the Best?  See references.
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for Class 8 trucks with sleeper cabs, which, the committee 
assumes, may have been a blending of idling hours for single 
and team drivers. As an example, for a Class 8 mid-roof, 
sleeper cab with a 2017 proposed standard of 7.2 gal/1,000 
ton-miles, idle reduction technology could provide nearly 
30 percent of the reduction required to achieve the standard 
(assuming a total reduction of 1.8 gal/1,000 ton-miles to 
meet the 7.2 gal/1,000 ton-miles standard, by assuming the 
standard is a 20 percent reduction [which is within the EPA/
NHTSA range of 9 to 23 percent] from the 2010 status, sub-
sequently calculated to be 9.0 gal/1,000 ton-mile). The 0.5 
gal/1,000 ton-mile reduction in fuel consumption amounts 
to a 6 percent reduction in overall fuel consumption (0.5 
gal/1,000 ton-mile/9.0 gal/1,000 ton-mile × 100 = 6 percent).

Finding 6-4. Idle reduction technologies could provide 
6 percent reduction in overall fuel consumption for Class 
8 long-haul trucks with sleeper cabs, which is nearly 30 
percent of the 20 percent reduction in the fuel consumption 
required to meet the EPA/NHTSA proposed 2017 fuel con-
sumption standards.
 
Recommendation 6-4. The 21CTP should review and 
potentially revise its idle reduction plans and goals in view 
of the fact that the proposed 2017 fuel efficiency standards 
provide an incentive for the adoption of idle reduction tech-
nologies as a means for achieving these standards for Class 
8 long-haul trucks with sleeper cabs. 

RESPONSE TO RECOMMENDATIONS FROM NRC 
PHASE 1 REPORT

Seven findings and recommendations were made regard-
ing idle reduction technologies in the NRC (2008) Phase 1 
report (Findings and Recommendations 6-1 to 6-4 and 6-6 
to 6-8) (Finding and Recommendation 6-5 was omitted in 
the Phase 1 report). The DOE concurred with all of the rec-
ommendations except Recommendation 6-4 (see Appendix 
C in this report), thereby reconfirming the 21CTP engine 
idle reduction goals that are directed toward substantially 
reducing energy consumption and exhaust emissions due to 
heavy-duty-vehicle idling. 

Recommendation 6-4 suggested that the EPA renew its 
efforts to promulgate national anti-idling regulations. The 
21CTP commented that the EPA has no legal authority to 
promulgate anti-idling laws, or any time or behavior limits 
on truck owners. However, as noted above with respect to 
Goal 3, the patchwork of anti-idling regulations nationally 
have been an impediment to the broader use of anti-idling 
measures and efforts. Finding 6-1 and Recommendation 6-1 
in this chapter address this issue by recommending that the 
EPA and the DOT should work to find incentives for states 
to promulgate uniform anti-idling regulations. 

GOALS FOR FY 2012

In the February 2011 “21CTP Draft White Paper on Idle 
Reduction” (DOE, 2011), the 21CTP no longer recognizes 
the previously reviewed goals that extended from the NRC 
Phase 1 review through 2010. Instead, the 21CTP is recom-
mending the following five goals for FY 2012.

•	 21CTP	Goal	1 Recommended	for	FY	2012: Work with 
OEM truck manufacturers to obtain data on the num-
ber of new trucks being ordered with idle reduction 
options.

•	 21CTP	Goal	2 Recommended	for	FY	2012: Conduct 
a fleet survey to gather data on the amount of in-use 
idling hours that are accumulated by type of heavy-
duty vehicle.

•	 21CTP	Goal	3 Recommended	 for	FY	2012: Acquire 
data from the EPA SmartWay Program to measure fuel 
savings and emissions reductions associated with the 
various types of idle reduction equipment available.

•	 21CTP	Goal	4 Recommended	for	FY	2012: Establish 
a nationwide multi-mode idle reduction education 
program.

•	 21CTP	Goal	5 Recommended	for	FY	2012: Promote 
the incorporation of idle reduction equipment on new 
trucks as fuel saving devices as they are identified 
through the DOE SuperTruck program.

The 21CTP stated in the February 2011 idle reduction 
white paper: “Without funding dedicated to this effort [i.e., 
the above goals], it is quite difficult, if not impossible, for 
the 21st Century Truck Partnership to accomplish these 
goals” (DOE, 2011). The white paper states: “Assuming 
there is funding, the action items [previously identified as 
goals through 2010] . . . lay out a path to accomplishing the 
stated objective.” In contrast, the committee finds that the 
new goals, which focus on measuring the usage and benefits 
of idle reduction and the incorporation of idle reduction 
technologies on new trucks, are generally not supported by 
the “action items,” which focus on cost-effective add-on idle 
reduction technologies; the development of some specific 
technologies such as electrically powered HVAC systems, 
cab insulation, and fuel cell APUs; and education programs 
and incentives to encourage the deployment of cost-effective 
technologies to reduce fuel use and emissions due to idling.

Finding 6-5. In February 2011, the 21CTP deleted the 
quantification of the overall goal to reduce fuel use and emis-
sions produced by idling engines. The 21CTP issued five 
new goals for idle reduction and designated the goals that 
had been in place through 2010 as “action items.” The new 
goals are generally not supported by the “action items.” A 
separate budget for idle reduction for FY 2012 has not been 
proposed, although idle reduction will be addressed by the 
SuperTruck program. The 21CTP has stated that, “without 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership, Second Report 

106 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, SECOND REPORT

funding dedicated to this effort [the idle reduction goals], 
it is quite difficult, if not impossible, to accomplish these 
goals” (DOE, 2011).

Recommendation 6-5. The 21CTP should revise its new 
idle reduction goals to include metrics, funding, and tim-
ing for the overall goal of reducing fuel use and emissions 
produced by idling engines. The associated “action items” 
should be supportive of these goals.
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Safety

INTRODUCTION

Safety is an important goal of the 21st Century Truck 
Partnership (21CTP), with an overall objective to “promote 
the development and early adoption of technologies and 
processes to improve truck safety, resulting in the reduc-
tion of fatalities and injuries in truck-involved crashes, thus 
enabling benefits related to congestion mitigation, emission 
reduction, reduced fuel consumption, and improved pro-
ductivity” (DOE, 2010). While working in concert with the 
U.S. Department of Energy (DOE) and truck manufactur-
ers, the U.S. Department of Transportation (DOT), which 
has primary responsibility for safety, provides leadership 
for truck safety. Participating agencies within the DOT 
include the National Highway Traffic Safety Administra-
tion (NHTSA), with responsibility for safety regulations 
for all motor vehicles; the Federal Highway Administration 
(FHWA), with responsibility for highways, freight manage-
ment, and operations; and the Federal Motor Carrier Safety 
Administration (FMCSA), with responsibility for developing 
federal regulations that promote commercial carrier safety 
and industry productivity. Presentations from all three agen-
cies were given to the committee (see Appendix B) and are 
discussed throughout this chapter.

OVERVIEW OF GOALS AND TIMETABLES

The 21CTP works collaboratively with the DOT to 
enhance vehicle safety. The overall goals of this collabora-
tion are as follows (DOE, 2010):

1. “To ensure that advancements in truck design and 
technology to improve fuel efficiency do not have any 
negative impacts on safety.”

2. “Conversely, to ensure that efforts to improve safety 
do not reduce efficiency and, where possible actually 
contribute to improvements in overall motor carrier 
industry system efficiency.”

As discussed in the following sections of this chapter, the 
committee was unable to find any convincing case that tech-
nologies applied to reduce fuel consumption would degrade 
heavy-duty-truck safety. However, the wording of Goals 1 
and 2 above could be interpreted by some that improving fuel 
consumption could be accomplished at the expense of sacri-
ficing safety. The committee does not believe that this would 
happen, because the DOT and NHTSA have a primary focus 
on improving vehicle safety. Nevertheless, the Partnership 
might consider rewording these goals to be less ambiguous.

The DOT agencies all contribute to safety through their 
various areas of responsibility. The role of the NHTSA is 
to monitor highway safety in total (not just for heavy-duty 
trucks) and to conduct analysis to determine the potential 
benefit of vehicle safety systems, and to issue Federal Motor 
Vehicle Safety Standards (FMVSS) when appropriate.1 
The Office of Freight Management and Operations of the 
FHWA strives to promote the efficient movement of freight 
and oversees the enforcement of federal regulations on the 
size and weight limits of trucks.2 The Federal Motor Carrier 
Safety Administration has as its mission to reduce crashes, 
injuries, and fatalities involving large trucks and commercial 
buses. The FMCSA is responsible for establishing safe oper-
ating requirements for commercial vehicle, drivers, carriers, 
vehicles, and equipment in interstate commerce.3

The FMCSA has set specific goals for truck and bus 
safety. These goals are set at fatality per 100 million vehicle 
miles traveled (VMT). In particular, the goals for 2007 
through 2011 are as follows:

1 R. Kreeb, DOT, NHTSA, “Safety,” presentation to the committee, 
November 15, 2010, Washington, D.C.

2 R. Schmitt, DOT, FHWA, “Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2010, 
Washington, D.C.

3 L. Loy, DOT, FMCSA, “Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2010, 
Washington, D.C.
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•	 2007:	0.175	per	100	million	VMT;
•	 2008:	0.171	per	100	million	VMT;
•	 2009:	0.167	per	100	million	VMT;
•	 2010:	0.164	per	100	million	VMT;	and
•	 2011:	0.160	per	100	million	VMT.

(For comparison, it is noted that the fatality rate for all vehi-
cle accidents in the United States in 2009 was 1.13 fatalities 
per 100 million VMT.4 The extent to which these and other 
goals have been met is discussed later in this chapter.

Finding 7-1. The wording of 21CTP Safety Goals 1 and 2 
as now written might be subject to misinterpretation by some 
as allowing the compromise of safety in the effort to improve 
fuel consumption.

Recommendation 7-1. The Partnership should review the 
wording of its safety goals and consider rewording them so as 
to unambiguously state that safety will not be compromised 
in reducing fuel consumption.

NATURE OF LARGE-TRUCK ACCIDENTS— 
A BRIEF OVERVIEW

Combination trucks (defined as tractor-trailer and single-
unit trucks towing trailers) are involved in about 75 percent 
of the fatalities resulting from medium- and heavy-duty 
truck and bus accidents.5 In 2009, a total of 3,380 fatalities 
were due to large-truck crashes—this was a reduction of 20 
percent from 4,245, the number of fatalities in 2008. Of the 
3,380 fatalities in 2009, 2,551 were occupants in the other 
vehicle, and 503 were occupants of the truck (DOT, 2010b). 
It is typically the case that in truck accidents involving two 
vehicles, 75 percent or more of the fatalities involve the 
occupants of the other, usually smaller, vehicle. In accidents 
involving both a light vehicle and a large truck, the driver of 
the light vehicle is cited as being at fault most of the time, 
with some studies showing the driver of the light vehicle at 
fault as much as 78 percent of the time (see NRC [2008] 
for more detail and additional references). Most of the fatal 
crashes involving trucks occurred in rural areas (64 percent), 
during the daytime (67 percent) and on weekdays (80 per-
cent) (DOE, 2010). 

Only about 300 fatalities occur each year in accidents 
involving truck Classes 5 and 6 combined, primarily because 
of their typically lower speed in urban daylight settings 
and many fewer miles traveled compared to Class 8 trucks 
(DOE, 2010).

4 See http://www.NHTSA.gov/PR/NHTSA-05-11. Accessed June 22, 
2011.

5 Unless otherwise noted, accident statistics cited in this chapter are for 
the United States.

Total fatalities for bus-related accidents in 2008 were 307, 
of which 41 were occupants in motor coaches.6 Commercial 
buses represent a very small percentage of fatal crashes, 
only 0.5 percent of the total. Very few fatalities occur due to 
school bus accidents. In 2009 occupants in a school bus had 
3 fatalities, although 91 pedestrian fatalities were associated 
with school bus accidents.7  

More details regarding the nature of heavy-duty-truck 
and bus accidents can be found in the NRC Phase 1 report 
(NRC, 2008, Chapter 7), on the NHTSA website, or in the 
University of Michigan Transportation Research Institute’s 
Trucks Involved in Fatal Accidents Database.8 Because the 
vast majority of fatalities and injuries associated with truck 
and bus accidents are due to combination-truck accidents, 
most of this chapter focuses on technologies that might 
reduce combination truck accidents.

CRASH-AVOIDANCE STRATEGIES

Vehicle design and performance characteristics play an 
important role in truck crashes. The 21CTP places emphasis 
on technology that can enhance truck roll stability, improve 
braking performance, and reduce jackknifing. Additional 
crash avoidance technologies include driver warning, driver 
assist, and driver monitoring as well as onboard safety sys-
tem monitoring (DOE, 2010). In addition, the DOT is explor-
ing technologies to improve the frequency and thoroughness 
of in-service truck inspections. Many crash-avoidance tech-
nologies such as electronic stability control (ESC) and roll 
stability control are commercially available.

For research on heavy-truck safety, most of it devoted to 
crash-avoidance study, the NHTSA has an annual budget of 
about $2.1 million. The FMCSA budget is approximately 
$17.4 million, including analysis and research.

Several crash-avoidance technologies are addressed in 
this chapter: (1) braking and stability control, (2) collision 
warning, (3) safety system diagnostics, (4) driver behavior 
and performance, (5) smart roadside, and (6) intelligent 
transportation systems.

Braking and Stability Control

Material prepared by the NHTSA suggests that improved 
braking performance could reduce heavy-duty-truck accidents, 
particularly those for which the truck would rear-end another 
vehicle.9 In 2009, the NHTSA published a final rule on amend-

6 L. Loy, DOT, FMCSA, “Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2010, 
Washington, D.C.

7 See the Fatality Analysis Reporting System (FARS) data tables, School 
Bus Related. Available at http://www-fars.nhtsa.dot.gov.

8 See http://www-fars.nhtsa.dot.gov, and www.umtri.umich.edu/expertis-
eSub.php?esID=29. Accessed June 22, 2011.

9 R. Kreeb, DOT, NHTSA, “Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2010, 
Washington, D.C.
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ing FMVSS No. 121 to improve the stopping distance of trucks. 
By 2011, most new trucks will be required to have the capabil-
ity to reduce their stopping distance 30 percent more than had 
previously been required. (This is an important improvement, 
but the stopping distance is still much longer than that of 
light-duty vehicles.) The improved braking performance can 
be accomplished by the use of larger drum brakes or air disc 
brakes. In time, the NHTSA would be expected to conduct 
field tests to assess the effects of this new braking requirement.

It should be noted that the field performance of antilock 
braking systems (ABSs) required by FMVSS No.121 on all 
air-braked vehicles of 10,000 lb or greater manufactured after 
March 1, 1997, has shown mixed results. In a comprehensive 
study published by the NHTSA in July 2010 (Kirk, 2010), it 
was found that there was a statistically significant 6 percent 
reduction in the number of crashes where ABS is assumed to 
be influential, and a large reduction in jackknives and off-road 
overturns; yet it was found that there was not a statistically 
significant reduction in fatal crash involvement. Although 
improved braking was influential in reducing the number of 
accidents as noted above, it is possible that accidents that are 
so severe as to cause a fatality cannot be avoided simply by 
improved braking. In addition, drivers need to be trained not 
to push the ABS technology to its limits. 

Over the past 5 years, truck manufacturers have been offer-
ing electronic stability control on several truck models, and 
ESC has become standard on some truck models. DOE (2010) 
provides a detailed explanation of how ESC works. Because 
the application of stability control systems is fairly recent, 
there are insufficient real-world data to assess its effective-
ness. However, studies have shown that the systems do offer 
potential for accident and fatality reduction. In Woodrooffe et 
al. (2009), crash scenarios were selected from national data-
bases and examined to assess the potential benefit of stabil-
ity systems on 5-axle tractor semitrailers. Assuming that all 
5-axle tractor semitrailers were equipped with ESC systems, 
the expected annual safety benefit related to combined roll-
over and directional (yaw) instability is a reduction of 4,659 
crashes, 126 fatalities, and 5,909 injuries.

Anticipatory automatic braking and speed control systems 
may also be used for accident prevention. However, these 
systems were not included in the materials prepared by or 
presented by the DOE or DOT, and therefore were not evalu-
ated by the committee.

Collision Warning

Advancements in collision warning systems for heavy-
duty trucks have continued over the past several years. The 
21CTP supports this area, because it may have potential for 
significant benefit in improving highway safety. Warning 
systems currently available include the following:

•	 Lane	departure	warning	(LDW),
•	 Forward	collision	warning	(FCW),

•	 Side	object	detection,	and
•	 Rear	object	detection.

These systems use radar, video detection, ultrasonic, and 
other sensor systems combined with sensor input analysis 
algorithms to determine if a crash situation is developing, 
and then they warn the driver (DOE, 2010). Some systems 
not only warn the driver but also take control of the vehicle 
by de-throttling or braking.

In the NRC Phase 1 report (NRC, 2008, Chapter 7), it was 
reported that, based on field operational tests (FOTs) that had 
been completed at that time, LDW systems could potentially 
provide a reduction in accidents for single-vehicle roadway 
departure of a little more than 20 percent. In a more recent 
study, estimates were made of the cost-benefit potential of 
LDW systems (Houser et al., 2009). General Estimates System 
(GES) data were used to estimate outcomes from different 
lane departure crashes.10 Then, using information from the 
aforementioned field operational test, efficacy rates were 
determined in order to estimate the types of crashes that could 
be prevented using LDW systems. Assuming that the systems 
had been in place from 2001 to 2005, and recognizing that 
certain types of accidents could not have been prevented by 
LDW (e.g., loss of steering control from brake lock-up), it was 
estimated that the mean average annual preventable fatalities 
could be 147 and preventable injuries could be 2,642.

 The DOT has taken an approach of integrating forward 
collision, rear-end impact, road departure, and lane changing 
warning systems into what it calls Integrated Vehicle-Based 
Safety Systems (IVBSS). This program also involves the 
University of Michigan Transportation Research Institute, 
Battelle, Eaton, PACCAR, Conway, Navistar, Takata, and the 
Michigan Department of Transportation. A field operational 
test was recently completed—it was a 10-month test involv-
ing 10 trucks and 20 drivers. Some key findings of the FOT 
were encouraging (DOT, 2010a):

•	 Drivers	stated	that	the	system	made	them	more	aware	
of the traffic environment;

•	 Most	of	the	drivers	would	recommend	the	purchase	of	
such a system, would prefer to drive a truck with such a 
system, and thought that such systems would increase 
driving safety; and 

•	 Seven	 drivers	 said	 that	 the	 system	 potentially	 pre-
vented them from having a crash.

In an independent evaluation of the FOT results, the John 
A. Volpe National Transportation Center estimated that the 
integrated system would be 11 percent effective in preventing 
accidents of the type targeted by IVBSS, and therefore could 
prevent, annually, 13,000 crashes involving trucks.11

10 See http://www.nhtsa.gov/people/ncsa/nass_ges.html.
11 See http://www.umtri.umich.edu/public/ivbss/IVBSS_Final_ Public_

Meeting_Presentations.pdf.
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Safety System Diagnostics

The DOT has two initiatives in the area of safety system 
diagnostics: tire pressure monitoring and brake systems 
diagnostics. Tire pressure monitoring systems have become 
common on light-duty vehicles and could be of particular 
importance for both safety and life–cycle costs if used on 
heavy line-haul trucks, particularly as the industry moves 
toward single wide-base tires. Properly inflated tires not only 
enhance safety and durability, but also reduce fuel consump-
tion. In a recent study it was found that 1 in 14 tires was as 
much as 20 psi underinflated (approximately 20 percent of 
recommended pressure). This can lead to higher tire procure-
ment costs, and it is estimated that underinflated tires on 
heavy-duty trucks results in fuel consumption increases of 
about 0.6 percent.12 Yet to date, only about 5 percent of the 
heavy-duty truck fleet has tire pressure monitoring systems.

The industry has been moving aggressively with more 
powerful braking systems. However, with 10 wheel ends on 
a typical tractor-trailer, brake maintenance is a challenge for 
most fleets and one of the highest-cost maintenance compo-
nents. In general, there is no feedback to the driver until an 
emergency stop is necessary. A road-check study conducted 
in 2002 found that of the 49,032 vehicles checked at random, 
22 percent were pulled out of service for noncompliance, and 
more than half of those pulled were because of brake-related 
issues (Lang, 2005). 

In a study of the effectiveness of brake monitoring sys-
tems, the FMCSA conducted a field trial to evaluate several 
systems to measure brake stroke, shoe lining wear, and tem-
perature on a fleet of buses: in-city buses were selected to 
provide a harsh braking protocol and because the fundamen-
tal brake design on transit buses is similar to that of heavy-
duty Class 8 trucks. In general, the systems tested performed 
well (see Order et al., 2009, for more detail). 

To date the market penetration of onboard brake monitor-
ing systems on trucks is near zero, although there is some 
application (10 to 15 percent) of the systems on transit 
buses. Trucking and bus companies that have rigorous pre-
ventive maintenance inspection programs would not benefit 
sufficiently to justify the added cost of onboard systems. 
Currently there is no plan to introduce regulations requiring 
onboard systems. Instead, the FMCSA has added the use of 
Performance Based Brake Testers (Performance Based Brake 
Tester [PBBT] Test and Procedure Guidelines, Commercial 
Vehicle Safety Alliance Training Course, Revised January 
2010) to the standard North America Vehicle inspection 
procedure (FMCSA, 2002).13 

12 L. Loy, DOT, FMCSA, “Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2011, 
Washington, D.C.

13 Personal communication regarding onboard brake testing from Bob 
Kreeb, NHTSA, and Luke Loy, FMCSA, to committee member Larry 
Howell, December 8, 2010.

Driver Behavior and Performance

The FMCSA, with the help of the NHTSA, conducted a 
study to determine the causes of truck crashes (Craft, 2007). 
In 963 crashes involving trucks, from April 2001 to Decem-
ber 2003, there were 249 fatalities. Of the crashes studied, 
it was concluded that 87 percent were caused by driver 
behavior, that of either the truck driver or the driver of the 
other vehicle; 10 percent were caused by vehicle failure; and 
3 percent were caused by the environment. (Of the vehicle 
failures, brake problems were most often cited.) Critical 
reasons for driver faulty behavior, in descending order of fre-
quency, included the following: interruption of traffic flow, 
unfamiliar roadway, inadequate surveillance, driving too fast, 
illegal maneuver, inattention, fatigue, illness, false assump-
tion about the other driver’s action, and distraction inside the 
vehicle. Impaired driver behavior due to alcohol and drugs 
also contributes to truck crashes, but in most cases involving 
a truck and a light vehicle, the driver of the light vehicle is 
the one who is impaired (DOT/NHTSA, 2006). However, in 
a study of driver distraction in commercial vehicles, it was 
found that drivers were engaged in non-driving-related tasks 
in 71 percent of crashes (Olsen et al., 2009). (The apparent 
difference between the two studies as to the frequency of 
“distraction” as a causal factor is due to the fact that in the 
Olsen et al. study, “distraction” included inattentiveness, 
drowsiness, and secondary driving tasks such as checking 
the rearview mirror.) 

Clearly, driver behavior and performance are important 
factors in highway safety, and the DOT has for this reason 
put significant emphasis on the subject. It is beyond the 
scope of this report to cover in detail all the studies and 
programs in place on driver behavior, but a few highlights 
are addressed. 

The NHTSA has engaged in a number of driver-distrac-
tion research studies, including an observational study of 
driver cellular telephone use; driver distraction with wireless 
communication systems and route guidance systems; and 
the impact of inattention on crash risk (DOE, 2010). The 
FMCSA has initiated a program to determine the effective-
ness of onboard monitoring in reducing accident risk, includ-
ing the observation of driver behavior, fatigue monitoring, 
lane departure warning, forward collision warning, and hours 
of service monitoring. Onboard monitoring systems will be 
installed in 270 trucks across three motor carrier fleets, to 
be deployed by 2011, with results from the field operational 
tests in 2013.14  In the meantime, President Obama, on Octo-
ber 1, 2009, issued an Executive Order, Federal Leadership 
on Reducing Text Messaging While Driving, stating that 
federal employees shall not engage in text messaging when 
driving government vehicles or in personal vehicles while 

14 L. Loy, DOT, FMCSA,,“Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2010, 
Washington, D.C.
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on government business.15 Moreover, in 2009, the FMCSA 
issued a rule, effective October 27, 2010, prohibiting texting 
by commercial drivers while operating in interstate com-
merce.16 Many states have banned texting and/or cell phone 
usage while a person is driving (GHSA, 2011).

Smart Roadside

The FMCSA is conducting research to improve the man-
ner in which state, local, and federal officials interact with 
commercial vehicle operators and drivers at the roadside. 
The objective is both to improve the efficiency and com-
prehensiveness of operations and at the same time to ensure 
that operators are adhering to applicable regulations. As an 
example, Level 1 inspections include the examination of the 
driver’s license, medical examiner’s certificate and waiver, 
hours of service, seat belt, brake system, fuel system, light-
ing, and many other vehicle systems. A Level 1 inspection 
usually takes about 40 minutes (DOE, 2010). With about 4 
million trucks in service, it is likely that many will go more 
than a year without being inspected because of the time 
required. Smart roadside will use wireless technology to 
transmit driver, vehicle, and carrier information, including an 
electronic hours-of-service log to an inspection station.17 

Smart roadside Phase 1, concept development, was 
completed in 2008, and Phase 2, prototype testing, in 2009. 
Phase 3, field operations testing, is in progress and expected 
to be completed in 2011. In Phase 3, real-time and automated 
safety checks are being demonstrated. The data include 
driver identification, license status, and log information, as 
well as vehicle lights, brakes, and tires.18 This technology 
looks promising for ensuring that more trucks and drivers 
are operating safely.

Intelligent Transportation Systems

The vision of intelligent transportation systems is that 
every vehicle operating on the nation’s highways will be 
a sensor probe with the capability to communicate with 
all other vehicles (vehicle-to-vehicle, V2V) and with the 
infrastructure (vehicle-to-infrastructure). The objectives are 
to enhance traffic management, reduce congestion, enable 
on-road vehicle inspection by means of wireless transfer of 
data, and prevent crashes. Realization of this capability will 
require the installation of dedicated short-range communi-
cation devices at intersections, on roadsides, and within the 

15 See http://www.whitehouse.gov/the-press-office/executive-order-
federal-leadership-reducing-text-messaging-while-driving.

16 See Docket No. FMCSA-2009-0370, Limiting the Use of Wireless 
Communication Devices, also, in the Federal Register, September 27, 2010 
(Vol. 75, No. 186, p. 59118).

17 See http://www.fmcsa.dot.gov/facts-research/presentations/6_ 
wireless_roadside_inspections_Loftus_vid_508.pdf. Dated March 4, 2008.

18  L. Loy, DOT, FMCSA, “Overview of DOT Truck Safety and Pro-
ductivity Activities,” presentation to the committee, September 8, 2010, 
Washington, D.C.

vehicles (DOE, 2010). Specific truck-related applications 
would include the following:

•	 Electronic	 No-Zone,	 a	V2V	 communication	 system	
that will allow the truck driver to be aware of nearby 
vehicles, including any that might be in blind-spot 
areas, and vehicles close to the truck will be made 
aware of the truck;

•	 Technology	that	will	alert	drivers	that	they	are	approach-
ing a slowed or stopped vehicle; and

•	 Curve	 speed	 information	 to	 warn	 the	 driver	 if	 the	
truck that he or she is driving needs to slow down as it 
approaches a curve. 

More information is available from the Intelligent Trans-
portation Systems Joint Program Office of the U.S. DOT 
Research and Innovation Technology Administration.19 

Finding 7-2. Vehicle crashworthiness and occupant protec-
tion systems have seen extensive deployment, have contrib-
uted greatly to improved highway safety, and have achieved 
extensive North American fleet penetration. The next impor-
tant step is to prevent crashes altogether.

Recommendation 7-2. The committee supports the 
emphasis that the DOT and the 21CTP are giving to 
crash-avoidance technologies and recommends that crash-
avoidance technologies continue to be given high priority 
and technical support.

COMMERCIAL VEHICLE WEIGHT AND SIZE

The DOT recognizes that it may be possible to increase 
motor carrier efficiencies by allowing increases in commer-
cial vehicle weight or trailer size. Consideration must be 
given to the potential of greater highway damage. Although 
heavy-duty trucks weighing more than 40,000 lb account 
for only 5 percent of total highway traffic, they account for 
more than 50 percent of highway damage.20  (Damage can 
be mitigated by distributing the load over more axles.) Safety 
could be an issue, too, although the use of heavier vehicles 
could be offset by a reduction in the total number of heavy 
vehicles on the road. The Transportation Research Board 
(TRB) has recommended additional study to assess the 
impact on highway safety of the use of heavier commercial 
vehicles and of longer or multiple trailers (TRB, 2010a). In 
any case, the National Research Council report Technolo-
gies and Approaches to Reducing the Fuel Consumption of 
Medium- and Heavy-Duty Vehicles found that when allowed 
over the entire fleet, increasing vehicle size and weight could 
yield fuel savings of 15 percent or more (NRC, 2010). Fur-

19 See http://www.its.dot.gov/index.htm, Accessed April 6, 2011.
20 J. Nicholas, DOT, FHWA, “Safety,” presentation to the committee, 

November 15, 2010, Washington, D.C.
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ther, in that report, it is recommended that Congress give 
serious consideration to liberalizing vehicle weight and size 
(NRC, 2010, Recommendation 7-2, p. 177). A similar sug-
gestion has been made by the TRB in the aforementioned 
study. To acquire real-world data, with the support of the 
FHWA, commercial truck weight pilot studies are being con-
ducted in Maine and Vermont to assess the benefits as well 
as potential safety issues with road and bridge infrastructure 
as combination-vehicle weights up to 99,000 lb travel on the 
interstate system (DOE, 2010).

PROGRESS TOWARD GOALS

In 2009, there were 33,808 highway fatalities in the 
United States, the lowest number of deaths since 1950 
(DOT, 2010b). Fatalities declined in 2009 from 2008 in all 
vehicle categories, including motorcycles, for which the 
number of fatalities had been increasing for the previous 
several years. For truck accidents in which there was a fatal-
ity, the total number of fatalities decreased from 4,250 in 
2008 to 3,380 in 2009, a decrease of 20 percent. The goals 
of the FMCSA for reducing truck and bus fatalities per 100 
million vehicle miles traveled were met in 2006 (target, 
0.179; actual, 0.176); 2007 (target, 0.175; actual, 0.169); 
2008 (target, 0.171; actual, 0.152); and 2009 (target, 0.167, 
actual, 0.121).

The significant decline in highway fatalities is certainly 
good news. There have been a number of studies aimed at 
identifying the contributions to the reduction. One potential 
contributing factor could be the recession that began in 2008. 
People typically travel less during a recession; in particular, 
nonessential travel is reduced. Data have confirmed a month-
to-month reduction in fatalities during every recession going 
back several decades (DOT, 2010c). However, there is evi-
dence that many other factors are contributing as well. In 
fact, there is a long-term trend of highway fatality reduction 
in spite of the up-and-down cycles associated with recessions 
(DOT, 2010c). During the past 10 years, there has been an 
increase in seat belt usage and continuing improvements 
in occupant protection systems in most vehicles, including 
the application of frontal and side air bags. Better occupant 
protection in light-duty vehicles could be contributing to the 
reduction of light-duty vehicle occupant fatalities in truck 
V2V accidents. Unfortunately, however, even with seat belt 
usage at about 85 percent, more than half of the passenger 
vehicle occupant fatalities in 2009 were unbelted (DOT, 
2010b). Thanks to advocacy groups and stricter laws, the 
number of alcohol-related highway fatalities had declined 
from the 1980s into the 1990s, but that number has leveled 
off for the past decade at approximately 37 percent of all 
fatalities.21 Certainly, more rapid response of emergency 
vehicles plays an important role. 

21 See http://www-fars.nhtsa.dot.gov/Trends/TrendsAlcohol.aspx. 

ADDITIONAL OPPORTUNITIES

Clearly, significant progress in highway safety has been 
made in the United States, but when it comes to highway 
safety, there should always be efforts to strive to do even bet-
ter. And there are additional opportunities. In a comprehensive 
study comparing U.S. progress in highway safety with that of 
other developed countries, the TRB found a number of areas 
that deserve further attention (TRB, 2010b). The TRB found 
that although the United States achieved a 19 percent reduction 
in fatalities from 1995 to 2009, other nations have done better. 
Annual traffic fatalities have declined in France by 52 percent 
and in the United Kingdom by 39 percent, for example. Traffic 
fatalities have declined by about 50 percent during that time 
span in 15 high-income countries. The reader is referred to the 
TRB (2010b) 188-page report for more detail, but a few high-
lights of the report’s conclusions are noted. First, at a general 
level, the TRB found that successful national safety programs 
are characterized by the overall management rather than by 
particular interventions. The elements of the management 
program include a systems perspective that integrates engi-
neering design, traffic control, regulatory control, and public 
health methods to identify and reduce risk; specific goals and 
milestones, and accountability to meet those goals; and regular 
monitoring to measure progress and to identify problems. The 
report notes that the U.S. programs are typically deficient with 
respect to this ideal management model. 

The Phase 1 NRC review of the 21CTP recommended 
(NRC, 2008, Recommendation 7-1) that the 21CTP and 
the DOT should develop a prioritized list of all heavy-truck 
safety projects. The 21 CTP’s response to this recommen-
dation (see Appendix C in this report) was that it could not 
be done because of the various independent federal agen-
cies that are involved. Yet, the TRB has recommended an 
approach that would require a higher level of management 
integration by the DOT and the states than currently exists 
(TRB, 2010b). Although it is beyond the scope of this com-
mittee’s charge to make recommendations covering highway 
safety overall, it is clear that a more integrated management 
approach to highway safety would also be beneficial to truck 
safety and should be given serious consideration.

The TRB (2010b) report also notes specific suggestions 
that are worthy of consideration. In the area of alcohol-
impaired driving, the TRB report notes that the legal blood 
alcohol content (BAC) limit is 0.08 BAC in the United States, 
whereas it is only 0.05 BAC or lower in Australia, Canada, 
Japan, and nearly every country in Europe. Fatalities in 
accidents in which alcohol was a factor have remained nearly 
constant, at about 37 percent of all fatalities during the past 
decade in the United States.22 The TRB report suggests that it 
may be possible to reduce alcohol-related fatalities by reduc-
ing the legal BAC limit and by enforcing it more strictly.

22 See http://www-fars.nhsta.dot.gov/trends/trendsalcohol.aspx. Ac-
cessed April 6, 2011.
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Successful speed management programs in other coun-
tries target major road systems and use intensive enforce-
ment. This has led to reduction in top speeds by from 3 to 
4 miles per hour and is credited with an estimated fatality 
reduction of from 15 percent to 20 percent. Seat belt usage 
is another area assessed by the TRB study. Although the 
average seat belt usage in the United States is near 85 per-
cent, it is more than 90 percent in most of the other nations 
studied in the TRB report. The TRB suggests that an increase 
in seat belt usage in the United States by 5 percent might 
save an additional 1,200 lives annually (TRB, 2010b). The 
TRB report offers suggestions for actions that state and 
federal agencies should consider in response to the report’s 
recommendations.

As noted earlier, the majority of accidents involving 
 tractor-trailer combinations occur as a result of a smaller 
vehicle striking the tractor or trailer. A significant number of 
such crashes occur because a light-duty vehicle runs into the 
back of the trailer. In some cases, the smaller vehicle under-
rides the trailer, causing intrusion into the passenger com-
partment. The NHTSA issued a rule requiring the installation 
of structural guards on the back of trailers for the purpose 
of preventing underride. These guards were to have been 
installed on all trailers with a gross vehicle weight (GVW) 
of 10,000 lb or more, manufactured on or after January 24, 
1998 (DOT, 2010d). The DOT (2010d) study found that the 
structural guards have had little success in reducing the num-
ber of fatalities that occur as a result of accidents in which 
a smaller vehicle rear-ends a trailer. More recent testing by 
the Insurance Institute for Highway Safety has shown that 
midsize cars impacting certain underride guards at closing 
speeds of 35 miles per hour can result in significant passen-
ger compartment intrusion and that certain guards failed at 
speeds as low as 25 miles per hour.23 In the spirit of looking 
for additional opportunities, the committee suggests that the 
DOT explore the potential benefit of modifying the require-
ments for the structural guards going forward.

Finding 7-3. The DOT has met its heavy-truck safety goals 
for the past 4 years.  However, the committee observes that 
the TRB’s 2010 study Achieving Traffic Saftey Goals in the 
United	States:	Lessons	from	Other	Nations has shown that 
other nations have established more aggressive initiatives 
and goals with impressive results, and those results suggest 
that even greater improvement in highway safety is possible 
in the United States. The committee also notes that overall 
improvements in highway safety also yield improvements in 
heavy-duty truck safety, because most heavy-duty truck fatal 
accidents involve a light-duty vehicle.

Recommendation 7-3. The DOT should evaluate the con-
clusions and recommendations of the TRB study Achieving 

23  See http://iihs.org/externaldata/srdata/docs/sr4602.pdf. Accessed June 
15, 2011.

Traffic	Saftey	Goals	in	the	United	States:	Lessons	from	Other	
Nations of highway safety in other nations, and consider the 
possibility of establishing more aggressive initiatives and 
goals for highway safety in general. The DOT should also 
consider establishing more aggressive goals for heavy-duty 
truck safety.

HEAVY-DUTY TRUCK SAFETY AND FUEL 
CONSUMPTION 

As noted in the section above titled “Overview of Goasl 
and Timetables,” an overarching goal of the 21CTP is to 
ensure that new systems and technologies to reduce truck fuel 
consumption do not degrade safety and that improvements in 
heavy-duty truck safety do not increase fuel consumption. As 
shown in Technologies and Approaches to Reducing the Fuel 
Consumption of Medium- and Heavy-Duty Vehicles, (NRC, 
2010, p. 29), the primary energy losses of a heavy-truck-
and-trailer combination are due (in decreasing order) to the 
power plant, vehicle aerodynamics, tire rolling resistance, 
auxiliary loads, and drivetrain. Modifications to the engine 
for reduced fuel consumption generally have no direct impact 
on vehicle safety. 

Modifications for reduced aerodynamics drag typically 
include efforts to reduce the drag coefficient. The committee 
is aware of no negative impact on safety due to improved 
aerodynamic performance of heavy-duty trucks except for 
the potential of side panels on trailers or other devices fall-
ing off. 

The primary goals for reducing rolling resistance are to 
ensure proper inflation pressures on existing truck tires and to 
eventually replace dual tires with single wide tires. Although 
it is worthwhile to further explore the potential changes in 
stopping distance in going to single wide tires, any changes 
most likely would be offset by new stopping distance require-
ments for heavy-duty trucks.

Highway accidents are often caused by excessive speed, 
which also increases aerodynamic drag and therefore fuel 
consumption. Thus, in this example, adhering to posted 
speed limits should both improve highway safety and reduce 
fuel consumption.

A reduction in highway accidents in general will reduce 
congestion due to the slowdown at the crash site. As noted 
in NRC (2008, Chapter 7), congestion is an important 
cause of increased and unnecessary fuel consumption; thus, 
reducing congestion-causing accidents will also reduce fuel 
consumption.

There is some possibility for interaction between fuel 
consumption and safety. For example, side panels on trail-
ers and other devices for improving aerodynamics should 
be adequately secured to ensure that they do not fall off 
and present a road hazard. And the rear structural guards on 
trailers add weight to the trailer, albeit a very small percent-
age relative to the weight of the tractor-trailer combination. 
Should a next-generation wide-base single tire fail, it is 
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possible that wheel damage could occur as the vehicle pulls 
off the roadway. These interactive effects are expected to be 
negligibly small. However, as vehicle manufacturers adopt 
new components and systems to reduce fuel consumption, 
it will be important for the DOT to monitor these and other 
vehicle modifications to ensure that safety issues do not 
emerge. 

Finding 7-4. Some of the potential safety improvements 
considered by the committee may have negligible impact 
on fuel consumption and, in some cases, appear to have 
positive implications. However, further study of the poten-
tial highway safety impact of high productivity vehicles is 
warranted.
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SuperTruck Program 

INTRODUCTION AND BACKGROUND

This chapter provides an overview and the committee’s 
evaluation of the SuperTruck projects that began in 2010. 
The SuperTruck projects were designed to provide com-
plete long-haul Class 8 trucks that incorporate a wide range 
of technologies that have been developed under the 21st 
Century Truck Partnership (21CTP) over the past decade. 
This program offers the opportunity to demonstrate which 
technologies can actually be implemented in a truck, as well 
as the opportunity to perform vehicle-level testing of the 
technologies. The chapter introduction describes the basic 
design and intent of the SuperTruck projects. The second sec-
tion describes the goals, timetables, tasks, and deliverables 
of the SuperTruck projects. The third section examines in 
detail the budgets available for these projects, and the fourth 
section looks at the SuperTruck project teams and the tech-
nologies that they plan to evaluate. The chapter concludes 
with the committee’s evaluation of the SuperTruck project 
plans, goals, and overall approach.

Nature of the SuperTruck Projects

On January 11, 2010, the Department of Energy (DOE) 
announced the selection of nine projects, totaling more than 
$187 million, to improve the fuel efficiency of heavy-duty 
trucks and passenger vehicles. The funding includes more 
than $100 million from the American Recovery and Rein-
vestment Act of 2009 (ARRA).1 The projects require that 
private industry contribute at least 50 percent of the project 
cost, and so a total of more than $375 million will be pro-
vided for research, development, and demonstration projects 
(DOE, 2010a).

Of the funding recipients announced by DOE, three proj-
ects will focus on measures to improve the overall efficiency 
of long-haul Class 8 trucks. These projects will receive $115 

1 Funding Opportunity Announcement (DOE, 2010b, pp. 6-8).

million in DOE funding to develop and demonstrate full-
vehicle system-level technologies by 2015. The total cost 
of the full-vehicle projects will be more than $230 million, 
including contractor contributions to the funding. Three 
projects have been selected for awards under the SuperTruck 
program:2

1. Cummins, Inc., Columbus, Indiana—Develop and 
demonstrate a highly efficient and clean diesel engine, 
an advanced Waste Heat Recovery (WHR) system, an 
aerodynamic Peterbilt tractor-trailer combination, and 
a solid oxide fuel cell auxiliary power unit (APU) to 
reduce engine idling.

2. Daimler Trucks North America, LLC, Portland, Or-
egon—Develop and demonstrate technologies includ-
ing optimized combustion, engine downsizing, elec-
trification of auxiliary systems such as oil and water 
pumps, waste heat recovery, improved aerodynamics, 
hybridization, and possibly a fuel cell auxiliary power 
unit to reduce engine idling.

3. Navistar, Inc., Melrose Park, Illinois—Develop and 
demonstrate technologies to improve truck and trailer 
aerodynamics, combustion efficiency, waste heat 
recovery, hybridization, idle reduction, and reduced 
rolling resistance tires.

The objective of the three SuperTruck projects is to 
develop and apply technologies leading to a system-level 
demonstration of highly efficient and clean diesel-powered 
Class 8 trucks that (DOE, 2010b):

•	 Achieve	 a	 50	 percent	 increase	 in	 vehicle	 freight	
efficiency measured in ton-miles per gallon, which 

2 Volvo Technology of America was awarded a fourth SuperTruck project 
in August 2011. Details of the technology development plan were not avail-
able to the committee during the preparation of this report.

115
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translates to a 33 percent reduction in load-specific 
fuel consumption (gallons per 1,000 ton-miles);

•	 Achieve	 at	 least	 a	 20	 percent	 improvement	 through	
engine efficiency development, and achieve 50 percent 
brake thermal efficiency (BTE) under highway cruise 
conditions, which translates to a 16.7 percent reduc-
tion in fuel consumption due to engine improvements; 
and

•	 Evaluate	 potential	 approaches	 to	 55	 percent	 BTE	 in	
an engine via modeling, analysis, and potentially also 
laboratory tests.

Deliverables include computer simulation and hardware 
testing, as well as full-vehicle demonstrations using realistic 
drive cycles. An additional deliverable called for in the Fund-
ing Opportunity Announcement (FOA) is that “the systems 
developed shall be validated as cost effective via a business 
case analysis and will be reviewed for commercialization 
potential in later project phases as part of the phase gate 
review process” (DOE, 2010b, p. 7).

Each of the three teams is composed of a number of 
partners, including engine and truck original equipment 
manufacturers (OEMs), suppliers, fleet owners, universities, 
and DOE laboratories. Although each team has the same 
objectives, different technologies have been selected by 
the different teams to meet these objectives. For example, 
Navistar and Daimler plan to use hybridization in their 
approach to meeting the 50 percent vehicle freight efficiency 
target, whereas Cummins does not. In addition, the Navistar 
and Daimler teams plan to use different types of hybrid 
systems. Later in this section, the teams and the technical 
approach used by each team are identified. In general, each 
team will seek to improve vehicle freight efficiency through 
improved powertrain efficiency, idle reduction, reduced 
aerodynamic drag, and reduced tire rolling resistance, among 
other technologies.

Background and Relationship to Previous 21st Century 
Truck Projects

The SuperTruck projects can be considered a logical 
extension of prior research and development (R&D) activi-
ties of the 21CTP, in the sense that many of the technologies 
that will be applied in a system-level demonstration began 
as R&D initiatives and component-level demonstrations. 
Indeed, the National Research Council’s (NRC’s) Phase 
1 report on the 21CTP had several recommendations for 
system-level demonstrations and a recommendation that 
industry partners assess cost objectives required to achieve 
commercial viability (NRC, 2008). The SuperTruck projects 
should result in more accurate estimates of the commercial 
viability of the various technologies. In Table 3-9 of the 
NRC (2008) Phase 1 report, it is noted that a shortcoming 
of component testing is that such hardware demonstrations 
are not subject to the realistic packaging constraints typical 

of commercialization. Prototype vehicle demonstrations 
should address this concern. Cummins intends to demon-
strate 50 percent BTE under highway cruise conditions,3 as 
requested in the program objectives and as recommended 
by the NRC Phase 1 report. The other teams are expected 
to provide similar demonstrations. Recommendation 4-6 in 
the NRC Phase 1 report suggests continued development 
and demonstration of heavy-duty hybrid truck technology, 
as will be addressed by the Navistar and possibly also by 
the Daimler SuperTruck teams. The SuperTruck projects 
plan to address Recommendation 5-1 of the NRC Phase 1 
report, which suggests continued evaluation of systems that 
can improve idle reduction, along with the study of the cost-
effectiveness of such systems. The Cummins and Daimler 
teams plan to evaluate fuel cell APUs, and the Navistar 
team plans to use the hybrid system battery to provide idle 
reduction. With regard to lightweight materials research, 
the NRC Phase 1 report’s Recommendation 5-3 notes that it 
should be the responsibility of truck manufacturers to take 
the next steps of system integration, product validation, and 
production of a lightweight truck—an opportunity afforded 
by the SuperTruck program. Many of the fuel-saving tech-
nologies that will be implemented by the SuperTruck teams 
add significant weight to the vehicle, so all the teams have 
plans to implement offsetting weight reductions. In short, 
the SuperTruck program appears to address several of the 
shortcomings noted in the NRC (2008) Phase 1 report. 

GOALS, TIMETABLES, TASKS (ACTIVITIES), AND 
DELIVERABLES

Project Goals

The project goals were listed by DOE (2010b) in the 
Funding Opportunity Announcement (FOA). The overall 
goal for Class 8 tractor-trailers is to develop and demon-
strate a 50 percent total increase in vehicle freight efficiency 
measured in ton-miles per gallon (equivalent to a 33 percent 
load-specific fuel consumption reduction [gal/1,000 ton-
mile]). This will be achieved through efficiency improvement 
in advanced vehicle systems technologies and advanced 
engine technologies. The project duration will be up to 5 
years. At least 20 percent of this 50 percent improvement will 
be through the development of a heavy-duty diesel engine 
capable of achieving 50 percent BTE on a dynamometer 
under a load representative of a level road at 65 mph (see 
Chapter 3 in this report). Specific technology developments 
mentioned in the FOA include ancillary systems, waste 
heat recovery, materials, and electrification in addition to 
advanced combustion techniques. 

The project efficiency goals must be met while adhering 
to prevailing (Environmental Protection Agency [EPA]) 2010 

3 Donald Stanton, Cummins, “Cummins-Peterbilt SuperTruck Program,” 
presentation to the committee, September 8, 2010, Washington, D.C.
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emissions standards as well as the vehicle safety and regula-
tory requirements that apply to Class 8 tractor-trailers. The 
FOA stipulates that the vehicle efficiency improvement will 
require an integrated team that includes an engine manufac-
turer, a truck OEM, and a trailer manufacturer, along with 
suppliers, national laboratories, universities, fleet operators, 
and other stakeholders, to ensure maximum benefit. 

Additional fuel-saving technologies listed in the FOA 
include electrical or mechanical drivetrain hybridization 
with energy storage and regeneration, along with reductions 
in aerodynamic drag, rolling resistance, weight, and main 
engine idle. The FOA specifies that any demonstration of 
achievement must utilize a test cycle proposed by the team 
that is representative of a typical long-haul Class 8 truck, and 
including a minimum of 75 percent of the distance traveled 
under highway conditions, with a vehicle weight of 65,000 
lb. The level of improvement is based on a comparison to 
a similarly configured “best-in-class” 2009 commercially 
available Class 8 vehicle. Comparable vehicle performance, 
such as acceleration times and grade capability, is to be 
maintained by the SuperTruck vehicle.

A second project goal is to identify key pathways to 
achieving a 55 percent BTE heavy-duty diesel engine, 
through modeling and analysis conducted in parallel with 
work toward the overall goal of a 50 percent improvement 
in vehicle freight efficiency. Critical components and/or sys-
tems needing specific additional development to achieve this 
55 percent BTE goal should also be identified. This engine 
must be capable of meeting 2010 emissions standards, and 
it must be commercially viable, which implies a requirement 
for cost-effectiveness.

Relationship Between SuperTruck Goals and Previous 
(2006) 21CTP Goals

The most outstanding difference between the SuperTruck 
goals given above and the 21CTP goals established in 2006 
is that the 2006 goals included no requirement for a vehicle 
measurement of efficiency improvement. This omission 
in the 2006 goals was noted in the NRC Phase 1 report in 
Overall Report Recommendation 1-1, stating in part: “more 
(major truck) manufacturers should be participants” and 
goals should be “strategic to reducing fuel consumption 
of heavy-duty vehicles” (NRC, 2008, p. 2). These omis-
sions have been corrected in the current project goals, 
which require a vehicle demonstration of fuel-consumption 
reduction. It is particularly refreshing that the SuperTruck 
demonstration is required to be conducted under real-world 
operation and gross vehicle weight (GVW) conditions.

Although the 2006 21CTP goal provided for achieving a 
20 percent increase in (peak) BTE to 50 percent, the 2008 
NRC Phase 1 report, in Recommendation 3-1, clarified 
that “objective and consistent criteria (were not) used to 
assess the success or failure of achieving that key goal” 

(NRC, 2008, p. 3). This shortcoming has been corrected in 
the current project goals, in which an engine dynamometer 
demonstration is required over a simulated real-world duty 
cycle, and the 50 percent BTE goal is to be achieved at the 
“highway cruise” condition.

It is worth noting that the target for 50 percent BTE under 
“highway cruise” conditions is significantly more stringent 
than the original 21CTP goal of 50 percent peak BTE. The 
original goal was for the engine’s best operating point, which 
is typically at or near full load at relatively low engine speed. 
Cruise speed is typically somewhat higher than the best BTE 
speed, and cruise load is lower than the typical best BTE 
load point. In addition, the vehicle aerodynamic and rolling 
resistance goals of SuperTruck will lead to lower vehicle 
power demand on the engine at cruise, which makes the tar-
get of 50 percent BTE at cruise even more challenging. The 
SuperTruck contractors may find that this change in goals 
introduces a significant technical challenge.

The 2006 21CTP goals provided for an effort to develop 
component technologies for reaching a 55 percent (peak) 
BTE, with a particular focus on low-temperature combustion 
(LTC) (NRC, 2008). The current project reduces the 55 per-
cent BTE focus to one providing for modeling and analysis, 
including a requirement to comply with 2010 criteria emis-
sions. The FOA calls for identifying critical components and/
or systems needing specific development, and finally evaluat-
ing the overall system for commercial viability. No test dem-
onstration appears to be required, although two SuperTruck 
teams (Cummins and Navistar) showed the committee plans 
for a test cell demonstration of the 55 percent target.

In summary, comparing the goals for these SuperTruck 
projects to the previous (2006) 21CTP goals, it appears that 
the DOE has implemented more robust requirements for 
demonstrations under near-real-world conditions and has 
required the contracting teams to include a wide range of 
technical specialties. Now that a number of technologies 
have been demonstrated on a laboratory scale under previ-
ous 21CTP projects, this new approach should serve the 
trucking industry and the public more favorably over the 
next several years.

BUDGETS

The $115 million in DOE funding awarded to the 
SuperTruck program was divided as follows among the three 
project teams:4,5

4 Patrick Davis, DOE, “U.S. Department of Energy Vehicle Technologies 
Program Overview,” presentation to the committee, September 8, 2010, 
Washington, D.C.

5 Volvo Technology of America was awarded $19 million in SuperTruck 
funding in August 2011. Volvo Technology of Sweden was awarded a simi-
lar amount by the Swedish government under a separate contract. The two 
contracts will combine to provide a SuperTruck program similar in scope 
to the other three contracts.
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•	 Cummins	team:	$38,831,115;
•	 Daimler	team:	$39,559,868;	and
•	 Navistar	team:	$37,328,933.

According to the aforementioned FOA (DOE, 2010b), a 
50 percent or greater cost sharing is required of the project 
teams, but in many cases the requirement for a 50 percent 
cost sharing will be exceeded. For example, Navistar noted 
that it was providing $34 million of “in kind funding,” and 
its partners will provide $16.6 million. When combined with 
the $37.3 from the DOE, the total Navistar project funding 
is about $88 million over a 5-year span. It should also be 
noted that while the Cummins and Daimler teams are directly 
supported by ARRA funds, the Navistar team is funded from 
internal DOE resources. This resulted in a delayed start for 
the Navistar team and will also necessitate annual funding 
of the contract as DOE funds permit.

In addition to the funding provided for the SuperTruck 
program directly, there are also projects in the 21CTP 
budget request that provide support at the component 
and subsystem level for many of the technologies that 
will be applied in the SuperTruck projects. Table 1-2 in 
Chapter 1 shows details of funding for non-SuperTruck-
related 21CTP projects. However, that table also includes 
funding for one of the three SuperTruck projects, namely 
Navistar, which was $4.35 million in FY 2010 and $7.3 
million in FY 2011, and so these amounts would have 
to be subtracted to arrive at the non-SuperTruck funding 
level. There is no clear definition in Table 1-2 of which 
line items are SuperTruck-related and which are not. These 
non-SuperTruck projects are in areas of technology that 
are also being explored by the SuperTruck teams, so the 
effort in the non-SuperTruck projects should complement 
the SuperTruck project efforts and help fill the technology 
pipeline for the SuperTruck projects. The SuperTruck proj-
ects funding of $115 million is over 5 years, or an average 
of $23 million per year. 

In summary, the DOE has made a significant investment 
in this effort to improve the overall fuel efficiency of heavy-
duty trucks. The SuperTruck projects will form the backbone 
of the 21CTP work over the next several years, and they will 
consume most of the budget. 

TECHNOLOGIES AND TEAMS

Summarizing the Three SuperTruck Team Plans

In addition to describing the two high-level goals, the 
DOE in its FOA document (DOE, 2010b) also suggested 
numerous subtopics that the teams might evaluate for con-
tribution to those goals. The committee finds the topic list 
substantially inclusive. Each of the three SuperTruck teams 
made a presentation to the committee providing an overview 
of its development plans and identifying its team partners, to 
the extent they were firmed up. Further, both Cummins and 

Daimler have made presentations at the DEER 2010 (Direc-
tions in Energy-Efficiency and Emissions Research) confer-
ence, where some additional details of their SuperTruck 
plans were revealed.

A summary of the three SuperTruck Team plans is shown 
in Table 8-1. The first column lists technologies that the 
teams plan to evaluate. This list includes technologies sug-
gested by the DOE, as well as suggestions from the contract-
ing companies. For example, all three companies added opti-
mization opportunities for catalytic exhaust systems that may 
provide measurable fuel-consumption reductions. Entries 
described as “(Implied)” indicate that the companies had 
listed the topic but without any elaboration to describe the 
approach that they intend to take. It is not clear whether the 
“implied” technologies will be included in the final project, 
or what form the technologies might take. Two of the teams 
made confidential presentations to the committee regarding 
their plans, including details that were not publicly disclosed. 
Technologies and approaches that were described only in 
these confidential presentations are not shown in Table 8-1.

A review of Table 8-1 shows that the three studies will take 
different approaches to the program goals, although there is 
overlap. Many of the technology topics are sufficiently broad 
so as to provide considerable leeway for unique paths and 
multiple solutions within a specific technology field.

The program targets specify a 50 percent increase in vehi-
cle freight efficiency (ton-miles per gallon) and specify that 
20 percent of the improvement must come from improved 
engine efficiency in terms of BTE. Because fuel economy 
works in a multiplicative rather than an additive fashion, a 
20 percent improvement in engine efficiency combines with 
a 20 percent reduction in vehicle power demand to produce 
the required 50 percent overall fuel economy target.6 Items 
1 through 6, as well as 8 and 9 in Table 8-1 would directly 
contribute to reduced load on the engine. The SuperTruck 
teams have not predicted efficiency performance values for 
any of these technologies in their public materials.

In vehicle aerodynamics, with the exception of Navis-
tar, it is not clear which technologies are being developed 
beyond those found in the 2010 NRC report on medium- 
and heavy-duty vehicle fuel consumption reduction (NRC, 
2010). Navistar has identified both an “active fifth wheel” 

6 A 20 percent increase in BTE leads to a 20 percent increase in fuel 
economy, and a 16.7 percent decrease in fuel consumption. A 20 percent 
reduction in vehicle power demand yields a 20 percent reduction in fuel 
consumption (assuming constant BTE), and a 25 percent increase in fuel 
economy. These two improvements combine as follows to meet the 50 
percent FE (or 33 percent FC) target:

New Fuel Economy = Old FE × ((1 + % increase in FE from BTE) × (1 
+ % increase in FE from Reduction in Load)).

New FE = Old FE × ((1 + 20%) × (1 + 25%)) = Old FE × (1.2 × 1.25) 
= 1.5 × Old FE.

Thus, New Fuel Economy is 50 percent improved, as a result of improving 
BTE by 20 percent and reducing vehicle power demand by 20 percent.
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TABLE 8-1 Comparison of SuperTruck Projects and Technologies to Be Explored by Each of Three Teams

Item  
No.

Technologies That the 
Teams Plan to Evaluatea

Industry/Government Lab/Academic/Trucking Fleet Teams

Engine mfg.: Cummins Engine mfg.: Detroit Dieselc Engine mfg.: Navistar 

Truck OEM: Peterbilt Truck OEM: Freightliner  
(Daimler Trucks)

Truck OEM: Navistar

Trailer mfg.: Utility Others TBD Trailer mfg.: Wabash Suppliers: 
ATDynamics, Alcoa, Behr, 
Bosch, Federal Mogul, Michelin, 
ArvinMeritor. National labs and 
universities: TPI /LLNL, ANL

Suppliers: Eaton, Delphi, Modine, 
Dana, Bridgestone, Van Dyne

Truck operators: Safeway, Swiftd

National labs and universities: 
ORNL, Purdue

Truck operator: U.S. Expressb

1 Vehicle aerodynamics SmartWay tractor, trailer gap 
closure, full trailer skirts, aft  
body plates, optimized cooling  
to reduce aerodynamic impact, 
other features TBDe

Smartway tractor and trailer,  
other technologies implied

SmartWay+ tractor, trailer gap 
device, full trailer skirts, aft body 
plates, active fifth wheel, height 
lowered at highway speed

2 Transmission Advanced (Implied) See Hybrid powertrain

3 Hybrid powertrain Infrequent start/stop favors waste 
heat recovery—no hybrid planned

Hybrid system type not specifiedf Diesel-electric dual mode  
(series/parallel)

4 Road load management GPS, adaptive cruise, driver 
feedback

Predictive cruise control using 3D 
digital map database (shown as an 
example in presentation)

5 Rolling resistance Reduced rolling resistance (Implied) Super single tires/wheels

6 Axles Smart axle (2-wheel/4-wheel drive) Long-haul tandem (possibly 6 × 2) Smart 6 × 2 tandem

7 Idle management Solid oxide fuel cell APU Fuel cell APU Hotel-loads from hybrid

8 Weight reduction Features TBD Cross-membersf other features TBD Cab and  trailer composites, plastic 
fuel tanks, aluminum wheels/brake 
rotors, aluminum cross-members  
and driveshafts, carbon composite 
brake drums

9 Solar panels (Implied)

Engine

10 Base engine  
(PCP, friction/parasitics)

Increased PCP, changes to 
combustion modes implied

In-cylinder pressure sensor Combustion feedback

11 Fuel system (Implied) Bosch APCRS Increased injection pressure,  
parallel gasoline injection option

12 Advanced LTC Increased PCCI regime, lifted flame 
diffusion burn

PCCI studies Diesel and gasoline injection  
(dual fuel)

13 Controls Powertrain router as network 
coordinatorg

Features TBD Features TBD 

14 Electrically driven 
components

(Implied) Some accessories Some accessories

15 Waste heat recovery Rankine cycle, mechanical  
drive to engine 

Rankine cycle, drives electric  
generator and/or turbocompoundh

Rankine cycle, drives electric  
generator

continues
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and “ride height lowered at highway speed” as potential new 
contributions. 

Navistar and Daimler will investigate the optimization of 
an electric hybrid system, noting that even a modest (circa 
6 to 9 percent) contribution may justify the complexity and 
expense of such systems, given the high fuel consumption of 
highway-duty-cycle tractor-trailer combinations. It appears 
that the two teams exploring electric hybrids plan to use 
substantially different systems.

All three companies have specific plans for managing 
hotel loads during extended idle periods. Idle reduction 
regulations have been imposed by 46 states and jurisdictions 
on the heavy-truck industry (see Chapter 6 for details). The 
states’ permitted idle time has an average limit of 5 minutes 
and a range of 0 to 15 minutes (usually per 6 to 8 hours, 
sometimes per hour) (ATRI, 2011). Cummins and Daimler 
plan to evaluate fuel cells to support hotel loads and reduce 
idle. As an alternative, Daimler is also pursuing a hybrid-
electric solution that could manage the hotel loads. Thus, 
Daimler will evidently have two optional solutions to the 
idle-fuel-consumption problem. Navistar indicated that its 
hybrid-electric-system battery was expected to be able to 
handle the hotel load and idle reduction requirements.

Waste heat recovery utilizing a Rankine cycle was 
described by all three companies. Two different methods of 
energy utilization are being explored. Energy from the WHR 
system can be fed directly back to the crankshaft as mechani-

cal energy, as shown in Figure 8-1. Another approach is to 
use the WHR energy to generate electricity for use by a 
hybrid system or to power electrical accessories. The WHR 
system as shown in Figure 8-1 is relatively complex and 
bulky, making packaging, reliability, and cost all significant 
issues to be overcome before this technology can be imple-
mented in production.

Project Schedules

A project phase-timing chart is a typical management 
tool for assessing and tracking the resources needed and 
expended for even moderately complex projects. It is not 
known if detailed charts were submitted to the DOE during 
the competitive bidding on the FOA, but such charts should 
have been part of the application deliverables. Two of the 
companies included extremely brief planning charts in their 
public presentations at the committee’s September 8-9, 
2010, meeting. The chart from the Cummins presentation 
is nominally useful to perceive the project complexity and 
time frame but not adequately detailed to assess needed 
resources. For example, the Cummins schedule calls for a 
test cell demonstration of a 50 percent BTE engine by the 
end of 2011, a demonstration of the vehicle-level target at 
the end of 2012, a demonstration of more than 50 percent 
vehicle freight efficiency improvement over a 24-hour 
duty cycle by October 2013, and a demonstration of the 55 

Item  
No.

Technologies That the 
Teams Plan to Evaluatea

Industry/Government Lab/Academic/Trucking Fleet Teams

16 Aftertreatment (Implied) SCR and engine-out NOx 
optimization

Minimize DPF regeneration; 
optimize PM-NOx

17 Turbo technology Turbocharger with its own CVT 
transmissioni

Turbo compound Turbo compound, dual turbos

18 EGR loop (Implied) (Implied) Hybrid EGR (low/high pressure)

19 Variable valve technology (Implied) (Implied)
Compression ratio control, cylinder 
deactivation

20 Engine downsizing  Evaluation  

NOTE: A summary of the three SuperTruck Team plans is shown. These projects are in response to the DOE’s FOA (DOE, 2010b).  Entries described as 
“(Implied)” indicate that the companies had listed the topic, but without any elaboration to describe the approach they intend to take. It is not clear whether 
the “implied” technologies will be included in the final project, or what form the technologies might take.

Acronyms are listed in appendix I. TBD, to be determined.  
a Includes technologies suggested by the DOE, as well as suggestions from the contracting companies.
b Donald Stanton, “Cummins-Peterbilt SuperTruck Program,” presentation to the committee, September 9, 2010, Washington, D.C.
c Derek Rotz, “Daimler: DTNA/DDC R&D with DOE: PCC, NZ-50, Super Truck,” presentation to the committee, September 9, 2010, Washington, D.C.
d Anthony Cook, “Navistar’s SuperTruck Program,” presentation to the committee, September 9, 2010, Washington, D.C.
e CRADA: “Integrated Thermal and External Aerodynamics—Cummins,” Argonne National Laboratory, Jules Routbort, Merit Review, June 2010.
f Elmar Bockenhoff, “Daimler: Heavy Duty Diesels: The Road Ahead,” September 27, 2010, DEER Conference, Detroit, Mich.
g Donald Stanton, “High Efficiency Clean Combustion for SuperTruck,” September 29, 2010, DEER Conference, Detroit, Mich.
h Kevin Sisken, Detroit Diesel Corporation, “Increased Engine Efficiency via Advancements in Engine Combustion Systems,” September 29, 2010, DEER 

Conference, Detroit, Mich.
i Cummins Partners with VanDyne SuperTurbo on Super Truck Program, August 17, 2010. Available at TruckingInfo.com.

TABLE 8-1 Continued
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percent BTE engine objective by June 2014. The Cummins 
schedule did not provide any additional detail regarding 
the company’s project plans. The chart from the Daimler 
presentation to the committee indicates only the overall 
project time frame but otherwise provides no additional 
details. Navistar did not include a project schedule in its 
presentation. 

COMMITTEE EVALUATION OF SUPERTRUCK 
PROJECT PLANS

Evaluation of SuperTruck Program Goals

Although the SuperTruck program has well-defined goals, 
it leaves many very important details to the individual teams. 
The overall freight efficiency improvement needs to be mea-
sured on a specific duty cycle or combination of duty cycles. 
The selection of these duty cycles is left up to the contractors. 
Two of the contractors showed the committee plans to use a 
range of duty cycles rather than a single duty cycle in order to 
better evaluate the technologies. The SuperTruck FOA does 

specify that at least 75 percent of the duty cycle’s distance 
traveled must be representative of highway operation and 
that the vehicle shall operate at a weight of 65,000 lb. It is 
the committee’s understanding that the baseline truck will be 
tested at a gross combined weight (GCW) of 65,000 lb and 
that the same freight load will be carried by the SuperTruck 
prototype. This means that the test weight of the SuperTruck 
prototypes may be more or less than 65,000 lb, depending on 
changes in the weight of the empty vehicle. This means that 
the vehicle will be representative of a “cubed-out” operation, 
where the trailer is filled with low-density freight before the 
vehicle reaches the maximum legal weight, which is typically 
80,000 lb. For long-haul trucks, about 60 percent cube-out, but 
there is a significant population (tankers, bulk haulers, haulers 
of high-density freight such as steel, etc.) that routinely “gross 
out.”  Given the fact that the majority of trucks cube out, the 
committee is satisfied with the DOE’s selection of 65,000 lb 
total vehicle weight for the SuperTruck project.

The selection of duty cycle is very important, for several 
reasons. First, the selection of duty cycle can have a signifi-
cant impact on the performance of specific fuel-saving tech-

8-1.eps
bitmap

FIGURE 8-1 Cummins organic Rankine cycle waste heat recovery with energy returned mechanically to crankshaft. Acronyms are defined 
in Appendix I. SOURCE: Donald Stanton, Cummins, “Cummins-Peterbilt SuperTruck Program,” presentation to the committee, September 
9, 2010, Washington, D.C.
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nologies. For example, a constant 65 mph cruise cycle, with 
no grade, would highly favor aerodynamic improvements, 
but energy storage systems such as hybrid powertrains would 
have little or no benefit. A duty cycle that includes grades 
and lower-speed operation will give less emphasis to the ben-
efits of aerodynamic improvements, but hybrid systems will 
offer a greater benefit. A duty cycle with no grades would 
also not capture the benefit of a feature such as predictive 
cruise control, which adjusts speed in anticipation of grade 
changes. One result of the requirement that the vehicle be 
tested at 65,000 lb is that there will be little fuel-consumption 
advantage in weight reduction, as well as little penalty for 
a weight increase. The committee’s understanding is that 
since a cubed-out situation is being represented, the freight 
load will be held constant, regardless of any change in empty 
vehicle mass. As a result, a 1,000 lb change in vehicle weight 
can be expected to cause only a 0.4 to 1.0 percent change in 
fuel consumption (NRC, 2010).

A second possible effect of duty-cycle selection is to make 
it easier or more difficult to reach the 50 percent vehicle fuel 
economy (33 percent fuel consumption) improvement target. 
This issue follows from the issues regarding the performance 
of specific technologies on a given duty cycle.

The third, and perhaps most important, issue surround-
ing the choice of duty cycle is the question of how well the 
selected duty cycle will represent “real-world” operating 
performance. This issue is not easy to resolve, because no 
one duty cycle can possibly represent all real-world truck 
operations, even within a fairly narrow segment such as 
heavy-duty long haul. Some operators often run with light 
loads, and others often operate at (or above) the maximum 
legal load. Some operators work in areas with little traffic 
where sustained constant-speed operation is possible. Some 
operators spend most of their time in or near large cities 
where congestion often restricts operating speed and where 
speed fluctuation is substantial. Some operators stay in areas 
with little grade, and others spend a lot of time in the moun-
tains. All of these variations will have a substantial effect on 
fuel consumption and on the relative benefits of various fuel-
saving technologies. There is no “one size fits all” solution.

The NRC report on medium- and heavy-duty vehicles 
showed that a fuel-consumption reduction of 50 percent is 
possible for a Class 8 tractor-trailer truck (NRC, 2010). This 
figure makes the 33 percent fuel-consumption target of the 
SuperTruck program appear relatively modest. However, 
several factors need to be taken into account. First, the NRC 
report used an “average” 2008 model truck as its baseline, 
whereas the SuperTruck program uses a “best-in-class” 2009 
model as the baseline. The “average 2008” tractor would 
have a higher drag coefficient and higher rolling resistance 
tires than the best-in-class 2009 tractor, and the average 2008 
trailer is without aerodynamic devices. In the NRC (2010) 
report, the “average 2008” vehicle was defined as having a 
drag coefficient Cd = 0.635, and a rolling resistance Crr = 
0.0068. The SuperTruck contractors declined to reveal the Cd 

or Crr values for their 2009 best-in-class vehicles, but these 
should be significantly better. Second, the 50 percent fuel 
savings value in the NRC (2010) report included benefits 
from fleet management technology and driver training and 
coaching. These factors are not included explicitly in the 
SuperTruck program. Once these differences in baseline and 
scope are taken into account, the SuperTruck program targets 
match well with the NRC (2010) report’s projection of fuel 
savings available in the 2016 to 2020 time frame.

A number of 21CTP projects over the past several years 
have had as a goal the achievement of either 50 or 55 per-
cent BTE from the engine. The engine section titled “Brake 
Thermal Efficiency Improvements” of Chapter 3 describes 
these projects and their results in detail. The 50 percent 
BTE target has proven to be a substantial challenge, which 
requires the use of expensive and complex technologies such 
as bottoming cycles. In 21CTP projects to date, technologies 
have been demonstrated individually which, if combined on 
a single engine, should provide a BTE of 50 percent (DOE, 
2010a). However, there has not yet been a demonstration of a 
50 percent BTE engine in a vehicle. In addition, the require-
ment for 50 percent BTE at cruise load poses an additional 
challenge, because the best point for BTE is typically at a 
higher load. This issue will be exacerbated by the fact that 
SuperTruck vehicle improvements will significantly reduce 
power demand at cruise, which will push the engine to a less 
efficient, lighter-load operating point at cruise. Given these 
considerations, the 50 percent BTE target appears to be a 
relatively risky, but not impossible, goal. The consensus of 
the committee is that the technical paths to achieving 55 per-
cent BTE that the contractors will provide are indeed likely 
to include some “stretch” goals and some technologies that 
may prove impractical or extremely expensive. As technol-
ogy progresses over time, the 55 percent target may become 
more feasible, but there are fundamental thermodynamics 
issues that will be difficult to overcome. The DOE Office 
of Vehicle Technologies Multi-Year Program Plan (DOE, 
2010c, p. 2.3-2) states that “this activity will also conduct 
R&D on advanced thermodynamic strategies that may enable 
engines to approach 60 percent thermal efficiency.” Any 
consideration of BTE targets beyond 55 percent should be 
carefully examined in light of the laws of thermodynamics.

Evaluation of SuperTruck Team Plans

In addition to public presentations made to the committee 
by the Cummins/Peterbilt and Navistar teams, the committee 
visited the Cummins/Peterbilt team on November 8, 2010, 
and the Navistar team on January 13, 2011. These visits were 
made on a confidential basis, and so details of the plans that 
were discussed during these visits cannot be included in this 
report. The Daimler team presented its preliminary plans to 
the committee on a public basis on September 8-9, 2010.

The Daimler presentation used predictive cruise control 
as an example of how it intends to create predictive controls 
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for the engine, transmission, and vehicle.7 No details were 
offered on what these controls might do. The presentation 
lists the technologies that are planned for the SuperTruck 
program and offers a preliminary risk/benefit evaluation for 
many of these technologies. Many of the features that are 
planned fit the list suggested by the DOE. Some additional 
items added by the Daimler team include predictive engine 
controls, predictive vehicle controls, route-management and 
driver-feedback features, and the use of solar panels.

The Cummins/Peterbilt team presented a comprehensive 
plan that addresses a number of technology areas, including 
engine, transmission, bottoming cycle, tractor and trailer 
aerodynamics, weight reduction (or at least compensation 
for the weight of new components and systems), and rolling 
resistance.8 Additions to the DOE list of suggested technolo-
gies include a solid oxide fuel cell APU for idle elimination 
and a “smart axle,” which evidently shifts to 6X2 operation 
when high traction is not required. Adaptive cruise control 
and unspecified driver-feedback features are also part of 
the Cummins/Peterbilt plan. The team will not use a hybrid 
system, because its simulation work indicates that waste heat 
recovery has more potential in long-haul applications. 

The Navistar team’s plan generally follows the list of tech-
nologies provided by the DOE. Notable additions include 
speed-adjusted ride height and an active 5th wheel for addi-
tional aerodynamic improvement.9  Navistar also plans to use 
a series/parallel hybrid system, by which the vehicle operates 
in series mode (diesel-electric) at low vehicle speeds and 
operates in parallel mode (with direct drive from the engine 
to the axle) at high speeds. The dual-mode hybrid system 
also allows for electric-only operation for short distances. 
Navistar will evaluate a dual fuel system (gasoline and diesel 
fuels) as part of its program to demonstrate an engine capable 
of 55 percent BTE. The Navistar plan also includes a very 
extensive range of weight-reduction features.

All three contractors have plans for evaluating the cost-
effectiveness and potential payback of the technologies in 
their plans. A business case analysis for commercialization is 
one of the deliverables for the SuperTruck programs (DOE, 
2010b). The committee believes that this cost-effectiveness 
evaluation is a critical part of the project and hopes that 
comparable methods and approaches will be used so that the 
results from the three contractors can be compared.

In general, the committee believes that all three SuperTruck 
projects have plans that offer the potential for meeting 
program goals. The plans also cover a wide range of tech-
nologies and allow for the evaluation of technologies over 
a range of operating conditions. One concern is that current 

7 Derek Rotz, Kevin Sisken, and David Kayes, Daimler and Detroit Die-
sel, “DTNA/DDC R&D with DOE; PCC, NZ-50, Super Truck,” presentation 
to the committee, September 9, 2010, Washington, D.C.

8 Donald Stanton, Cummins, “Cummins-Peterbilt SuperTruck Program,” 
presentation to the committee, November 15, 2010, Washington, D.C.

9 Anthony Cook, Navistar, “Navistar’s SuperTruck Program,” presenta-
tion to the committee, September 9, 2010, Washington, D.C.

plans do not call for all three SuperTrucks to be evaluated 
on a common duty cycle, since each team will develop its 
own duty cycle or cycles. This lack of a common duty cycle 
will make it more difficult to compare the performance of 
the three vehicles and the benefits of individual features and 
technologies at the end of the program.

The SuperTruck projects include a high level of effort 
and a high level of technical risk. Areas of risk include the 
following:

•	 Many	 of	 the	 fuel-saving	 technical	 features,	 such	 as	
hybrid systems, aerodynamic features, and bottoming 
cycles, add significant amounts of weight. A sub-
stantial amount of weight-reduction effort (and cost) 
will be required just to maintain the baseline vehicle 
weight.

•	 Some	technologies,	particularly	bottoming	cycles,	are	
likely to pose significant reliability issues.

•	 Some	technologies	may	not	prove	cost-effective,	such	
as extensive weight reduction.

•	 Because	 each	 contractor	 will	 develop	 its	 own	 duty	
cycles and test protocols, it will not be possible to 
compare the results of the three programs directly.

To deal with the last area of risk, the committee believes 
that the contractors should calculate the fuel consumption for 
the baseline vehicle and engine and for the fully developed 
SuperTruck vehicle and engine, using the EPA and NHTSA 
fuel-consumption regulations. This will allow comparison 
of the improvements achieved by the three contractors. In 
addition, the committee believes that the three contractors 
and the DOE should agree on a single, “real-world” vehicle 
fuel-consumption test protocol (duty cycle) that will be used 
by all three contractors, in addition to the tests developed 
independently by each contractor. This common test would 
provide another data point that could be used to compare the 
accomplishments of the three SuperTruck projects.

FINDINGS AND RECOMMENDATIONS

Finding 8-1. The three SuperTruck projects will be the 
flagship projects under the 21CTP for FY 2011 through FY 
2014; the goals are in concert with recommendations made 
in the 2008 NRC Phase 1 report. A large portion of the DOE 
21CTP budget will be devoted to these three projects. Each 
SuperTruck project integrates a wide range of technologies 
into a single demonstration vehicle (engine, waste heat 
recovery, driveline, rolling resistance, tractor and trailer 
aerodynamics, idle reduction, weight reduction technologies, 
etc.), and the contractors are pursuing sufficiently different 
technical paths to avoid excessive duplication of effort. The 
results will help determine which fuel-saving technologies 
are ready and cost-effective for OEM-level product develop-
ment programs.
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Finding 8-2. Rather than have a number of targets for each 
subsystem, the SuperTruck projects have only two types of 
goals: one for the engine and one for overall vehicle fuel 
efficiency. This approach reflects the EPA and NHTSA 
approach to heavy-duty fuel efficiency regulations. Each 
project team is allowed to select a set of technologies that 
meet the project goals. The engine goal of 50 percent BTE 
for the demonstration vehicle appears to be feasible, although 
there is risk in being able to achieve it at a cruise condition. 
The engine goal of 55 percent BTE demonstrated in a test 
cell is very high risk but might be achievable. The overall 
vehicle goal of a 33 percent reduction in load-specific fuel 
consumption appears to be feasible.

Finding 8-3. Unfortunately, the SuperTruck program 
expresses vehicle efficiency targets in terms of fuel economy 
rather than fuel consumption. The vehicle target is stated as 
a 50 percent improvement in fuel economy rather than as a 
33 percent reduction in fuel consumption. This can lead to 
confusion regarding the actual benefits of the program.

Recommendation 8-1. The DOE should state the SuperTruck 
program vehicle efficiency goals in terms of load-specific 
fuel consumption and track progress on this basis—that is 
gallons per 1,000 ton-miles, which is the metric used in the 
EPA/NHTSA fuel consumption regulations.

Finding 8-4. The committee believes that the SuperTruck 
project teams have developed plans that address the needs of 
the SuperTruck program and that have a reasonable chance 
for success. The keys to success include proper implementa-
tion of the plans along with the flexibility to adapt to new 
information and intermediate results during the course of 
the project.

Finding 8-5. The SuperTruck projects allow each team to 
design its own test duty cycle(s) within certain constraints. 
One negative consequence of this approach is that the 
three trucks may never be tested using a common cycle for 
comparison.

Recommendation 8-2. The DOE and the SuperTruck con-
tractors should agree on at least one common vehicle duty 
cycle that will be used to compare the performance of all 
three SuperTruck vehicles. In addition, fuel consumption 
improvements should be calculated on the basis of the EPA 
and NHTSA fuel consumption regulations.

Finding 8-6. The SuperTruck projects go beyond the scope 
of previous 21CTP projects. Instead of relying entirely on 
simulations and laboratory testing, each of these projects 
will result in a drivable truck. The committee believes that it 
is important to take technologies that have been developed 
to date and implement them in a real vehicle. Often, the 
implementation of new technologies in real-world applica-
tions yields unexpected results, and these results must be 
explored before any new technology can be considered ready 
for production implementation. 
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Efficient Operations

INTRODUCTION AND BACKGROUND

There are many available technologies that can be applied 
to reduce the fuel consumption of trucks, but there are other 
ways of saving fuel that do not require any changes to vehicle 
or engine technologies. The overall fuel consumption of a 
truck fleet can be influenced significantly by the ways in 
which the vehicles are operated and maintained. Factors such 
as how close to full payload the trucks operate, whether they 
run on the most efficient routes, and even driver training can 
play a role in determining overall fleet fuel consumption. In 
addition, regulations can directly affect fuel consumption 
by constraining or promoting technology implementation 
and efficient operations. The infrastructure in which trucks 
operate also affects fuel consumption, through factors such 
as speed fluctuation and congestion. Electronic features can 
be added to the truck to modify the performance of the engine 
or vehicle in ways that can save fuel. All of these possibilities 
fall under the category of “efficient operations.”

The U.S. Department of Energy (DOE) and U.S. Depart-
ment of Transportation (DOT) have recently proposed “effi-
cient operations” as a new area for work under the 21st Century 
Truck Partnership (21CTP). Although no programs or work as 
yet have been initiated in the 21CTP in this new area of efficient 
operations, the committee’s statement of task charges the com-
mittee with examining and commenting on issues related to 
the 21CTP strategy. The 21CTP’s proposal for this new area is 
laid out in a February 2011 draft white paper, “Reducing Fuel 
Consumption in U.S. Trucking—A DOE-DOT Joint Study and 
Whitepaper” (DOE-DOT, 2011). In this draft, the two agencies 
explore opportunities to improve the efficiency of trucking 
operations. The paper focuses on two areas:

•	 Opportunities	 for	 joint	 research	 and	 development	
(R&D) effort between the DOE and the DOT, and

•	 Opportunities	 for	 modifying	 regulations	 (primarily	
DOT regulations) in ways that could permit more 
efficient operations.

This chapter provides the committee’s review of the iden-
tified opportunities for joint R&D. Because efficient opera-
tions is a new area for the 21CTP, the committee first offers 
its own review of the opportunities for reducing trucking 
fuel consumption by increasing the efficiency of operations, 
based on available literature and its own expertise. This 
information is provided as input to the DOE and DOT for 
their consideration as they revise the white paper and decide 
how to move forward in this area. 

The committee notes that addressing freight fuel con-
sumption requires a systems approach. Changes made to 
improve vehicle efficiency can have a negative impact on 
other aspects of trucking operations. For example, aerody-
namic features may impede access to some loading docks. 
Also, changes made to vehicle specifications may have an 
effect on road wear or safety. The complete set of outcomes 
from a given proposed change must be evaluated in order to 
make good decisions about whether the change should be 
implemented.

Although it is beyond the purview of this committee to 
suggest changes to regulations, the committee offers its per-
spectives on R&D that would be needed in order to determine 
whether some of the commonly discussed changes to regula-
tions would permit more efficient operations. 

EFFICIENT-OPERATION OPPORTUNITIES

The objective of the draft white paper is as follows: 
“A key objective of this white paper is to identify specific 
opportunities and challenges with respect to advancing the 
state-of-the-art of truck fuel consumption and to highlight 
particular research needs that are seen as critical to maximiz-
ing the overall efficiency of freight movement and of trucks 
in general. It is proposed to develop a set of specific topics on 
which DOE, DOT and EPA (U.S. Environmental Protection 
Agency) can—and should—work together to further the goal 
of improved truck efficiency” (DOE-DOT, 2011, p.4).
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Below, the committee has assembled a list of opportuni-
ties for more efficient truck operations. This list is by no 
means exhaustive, but it is intended to provide a survey of 
the opportunities available. As noted above, this information 
may be useful to the DOE and DOT as they revise the white 
paper and identify the highest-priority areas for joint R&D. 
It is indicated whether each item is covered in the current 
draft of the white paper.

1. Vehicle maintenance. Tire pressure has been shown to 
have a measurable effect on fuel consumption (NRC, 
2010). This factor can be addressed by frequent, 
scheduled maintenance checks or by automated tire-
pressure-maintenance systems that are mounted on 
the vehicle. In addition, factors such as axle alignment 
have an effect on rolling resistance and thus on fuel 
consumption (NRC, 2010). Axle alignment can be 
checked and adjusted as needed as a part of routine 
maintenance. As the diesel particulate filter (DPF) 
fills with ash, regenerations become more frequent, 
costing additional fuel consumption. Proper mainte-
nance of DPFs can limit fuel consumption. Several 
other maintenance factors can affect fuel consumption. 
Maintenance practices vary widely, so some operators 
may have little to gain from improved maintenance 
practices, whereas others might see a significant ben-
efit. The DOT-DOE white paper addresses the topic of 
trailer maintenance, noting that research into parasitic 
losses could help determine whether some type of 
maintenance regulations aimed at reducing fuel con-
sumption would be useful (DOE-DOT, 2011, p. 7).

2. Packaging optimization. Some goods are shipped in 
bulk or with minimal packaging, but many products 
have extensive packaging. In the case of many con-
sumer products, the size of the package can be several 
times the size of the actual product. Because trucks 
carrying these types of loads are typically filled by vol-
ume before reaching their maximum weight, a change 
in packaging can allow a given truck to carry substan-
tially more product. This means that fewer loads are re-
quired to deliver the same amount of product, directly 
reducing both the number of trucks in operation and 
fuel consumption. Some companies, such as Walmart 
and a range of consumer-product manufacturers, have 
put considerable effort into packaging optimization, 
but there is still scope for improvement. This topic is 
addressed briefly in the DOT-DOE white paper (DOE-
DOT, 2011, p. 1).

3. Load management optimization. This term describes 
efforts by trucking companies to ensure that trucks run 
as close to full payload as possible over the shortest 
distance needed to make deliveries. “Deadheading” 
(running empty on the way to pick up a load) needs to 
be minimized. Sophisticated software is used by many 
fleets to optimize pickup and delivery routes, both in 

terms of distance and in terms of maximizing vehicle 
capacity utilization. Because trucking is a low-margin 
business, competition places intense pressure on truck-
ing companies to improve their load management. The 
difference between profitable operation and bank-
ruptcy can be a few percent difference in average load 
factor. Over time, more companies are implementing 
ever-more sophisticated load-management systems. 
However, it must be recognized that there are instances 
in which a truck needs to run empty or with a very 
small load, or else a given customer cannot be served 
at all. This topic is addressed in the draft white paper 
(DOE-DOT, 2011, p. 14).

4. Routing optimization. Routing determination is nor-
mally done using the same system used for load 
management. The goal here is to select the most time- 
and fuel-efficient route, which may not always be the 
shortest distance. Factors that are considered include 
congestion (which varies by time of day), speed lim-
its, the number of traffic signals or other situations 
requiring stops, and hills. Planned routing can also be 
adapted in real time during operation to take into ac-
count special conditions such as weather or accidents. 
As with load management, this is an area in which the 
industry is investing a significant amount of effort, so 
there is little if any productive role for agencies to play. 
One exception may be in the area of providing real-
time information on road conditions in order to allow 
continuous optimization of routes, perhaps by the use 
of vehicle-to-infrastructure (V2I) communications. 
Such communications for fuel economy purposes are 
mentioned in the white paper (DOE-DOT, 2011, pp. 
7-8). Another area of opportunity for the agencies is to 
develop and maintain a database that includes informa-
tion on road restrictions, road construction, hazardous 
materials routes, preferred truck routes, and so on, 
so that the route-planning software used by trucking 
companies has up-to-date data to work with. This idea 
is not mentioned in the DOE-DOT white paper.

5. Supply-chain optimization. It is not unusual for a 
product to contain many individual components that 
are shipped from all over the world to a final assem-
bly point before the final product is shipped to the 
customer. For example, raw materials or specialized 
components may be shipped from the United States 
to China, combined with other parts from many 
countries, and then shipped back to the United States 
for sale. Manufacturers consider the cost of shipping 
when they set up a supply chain, but shipping is only 
one of many costs that are considered. If the cost of 
shipping increases significantly (for example, during 
a spike in fuel prices), then companies may reconsider 
their supply chains, especially if the increase in ship-
ping cost appears to be permanent. When companies 
choose supply chains that involve extensive shipping, 
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this results in higher fuel consumption, and more just-
in-time shipping can lead to dramatically higher fuel 
consumption (for example, by favoring shipping by air 
or truck instead of by ship or train). The white paper 
addresses this topic (DOE-DOT, 2011, pp. 1-2).

6. Infrastructure improvements. Changes to increase road 
capacity and reduce congestion have a direct effect 
on truck fuel consumption. Congestion leads to more 
frequent speed changes and additional idling, both of 
which cost fuel. 

7. Intelligent	 transportation	 systems	 (ITSs). A wide 
range of features and technologies falls under the term 
“ITS.” These include driver information systems that 
can provide warning of accidents or congestion and 
suggest alternative routes. They can involve demand-
management features that restrict access to highways 
prone to congestion. ITSs also include optimization 
of traffic-signal operation that can increase capacity, 
reduce congestion, and reduce speed fluctuation, all of 
which reduce fuel consumption. “On demand” traffic-
signal switching using vehicle presence detection for 
control is increasingly used to reduce wait times (and 
fuel consumption due to idling) at stops. Changes such 
as traffic-signal optimization are particularly attractive, 
because no road construction or change to the vehicle 
fleet is needed for all vehicles on the route to benefit. 
Other ITS applications include ramp metering to re-
duce congestion, electronic on-road toll collection, 
automated electronic screening such NORPASS and 
PrePass for weight and safety inspections, credential 
checking and border clearance, among others (NRC, 
2010, pp. 168-171). These applications can save fuel 
by reducing congestion and eliminating the need for 
starting and stopping. ITSs can include vehicle-to-
vehicle (V2V) communication as well as V2I com-
munication. ITS features that require V2V or V2I 
communication will take time to implement, because 
not all vehicles will have the required systems onboard. 
However, in many cases the overall traffic flow will 
benefit even if only a portion of the vehicles involved 
are actively using ITS. The white paper addresses ITS 
issues (DOE-DOT, 2011, pp. 7-9).

8. Driver training. In order to obtain a commercial 
driver’s license (CDL), drivers of commercial vehicles 
go through more rigorous training than is required for 
drivers of light-duty vehicles. The primary focus of 
this training is safety, which misses an opportunity to 
train drivers in how to operate their trucks in the most 
fuel-efficient manner. Some truck fleets do have their 
own driver-training programs. These programs usually 
go beyond CDL requirements, and often fuel efficiency 
is part of this training. In some cases, engine and truck 
manufacturers work directly with fleet operators to 
help them provide the best possible information to 
drivers. However, at this time, there is no standardized 

curriculum for this kind of training, and many drivers 
do not receive any fuel efficiency training at all. Also, it 
is unclear how far such training could be standardized, 
in view of the many manufacturer-specific features and 
characteristics that drivers need to understand. Driver 
training is mentioned in the introduction of the white 
paper, but is not discussed in any detail. However, the 
white paper does suggest that research into aspects of 
driver behavior that might affect the fuel-saving per-
formance of specific driver management features (see 
item 9 below) would be useful (DOE-DOT, 2011, pp. 
12-13).

9. Driver-management features. Engine and vehicle 
manufacturers have developed a wide range of control 
features aimed at encouraging (or forcing) drivers to 
operate in a way that reduces fuel consumption. Driver-
management features are not discussed in the white 
paper in any detail, but they offer significant potential 
for fuel savings. Examples of these features include 
the following:

 a.  Progressive shift. This feature reduces the maxi-
mum engine speed available in the lower gears, 
which forces the driver to shift to a higher gear 
earlier than he or she might otherwise choose. 
Cummins offers a more sophisticated version of 
progressive shift called load-based speed control. 
The control algorithm estimates the vehicle mass 
and the grade and adjusts the engine-speed governor 
to be appropriate for the vehicle load.

 b.  Gear-down protection. At cruising speed, it is typi-
cally possible to operate in more than one gear. For 
example, it may be possible to run at 65 mph in both 
9th and 10th gears with a 10-speed transmission. 
The gear-down protection algorithm reduces the 
maximum vehicle speed that can be attained in 9th 
gear, forcing the driver to shift to the more economi-
cal 10th gear if he or she wants to run at 65 mph. 
With gear-down protection, the lower gears are 
reserved for conditions that require their use, such 
as climbing hills or coming up to cruising speed.

 c.  Road-speed governors. Virtually every truck sold 
today includes a road-speed governor, but the use of 
the governor and the governor setting are left up to 
the owner. The road-speed governor limits cruising 
speed. Because fuel consumption increases with 
cruising speed, the use of a governor saves fuel. 
Note that there are tradeoffs: to the extent that speed 
is reduced, trip times will increase. This will lead to 
a need for more trucks to deliver the same quantity 
of freight per day. Speed governors also have no 
effect on fuel consumption when other constraints 
such as congestion or road conditions limit vehicle 
speed so that it is at or below the speed-governor 
setting (NRC, 2010). Many owners of large fleets 
set their road speed governors in the range of 62 to 
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67 mph. Most owners of smaller fleets and most 
owner-operators do not use road-speed governors. 
The Owner-Operator Independent Drivers Associa-
tion has registered strong objection to the regula-
tion of road-speed governor settings, citing safety 
concerns caused by differential car-truck speeds.

 d.  Smart cruise control. Cruise control helps the vehi-
cle maintain a constant speed when road conditions 
permit, and reduces driver effort. Cruise controls 
can be developed with features that help save fuel. 
For example, cruise control can allow small speed 
fluctuations that permit the engine to operate at its 
most efficient load point a higher percentage of the 
time than would be the case if precise speed control 
were the goal. There are also cruise-control systems 
that automatically adjust truck speed to maintain a 
safe distance from the vehicle ahead. A more recent 
example is the introduction by Daimler Trucks of 
predictive cruise control. This feature works with 
a Global Positioning System (GPS) unit to adjust 
cruise speed based on speed limits and terrain. The 
truck may speed up before climbing a hill, for ex-
ample. Tuning of these algorithms has to balance 
driver acceptance and fuel-savings potential. For 
example, drivers might object if large speed fluctua-
tions around the set point selected by the driver are 
used by the cruise-control algorithm.

 e.  Driver reward systems. Features are available to 
track aspects of driver performance that can affect 
safety and fuel consumption. Some of these systems 
can be programmed to provide the driver with a 
direct financial interest in reducing fuel consump-
tion by awarding bonuses for fuel-sensitive driving 
styles. Some of the rewards are determined in real 
time by algorithms in the engine-control module, 
such as access to higher engine power and torque 
(and possibly even a change in the speed-governor 
setting) when the vehicle is being operated in a 
fuel-efficient manner. The goal of these systems is 
to provide drivers with an incentive to operate in a 
fuel-efficient way, by sharing some of the fuel cost 
savings with the driver.

10. Barriers to the application of fuel-saving technology. 
As the white paper notes, several technologies that 
could save fuel run into regulatory constraints. Ex-
amples in this category include the following:

 a.  DOT mirror regulations specify the size, number, and 
locations of mirrors. Mirrors are a significant source 
of vehicle aerodynamic drag, and the replacement 
of mirrors with a system of cameras and in-cab dis-
plays has been proposed. These vision systems could 
not only save fuel but also could improve safety by 
reducing or eliminating blind spots. However, regula-
tions would need to change to allow use of camera-

based systems. This issue is addressed by the white 
paper (DOE-DOT, 2011, p. 6).

 b.  The aerodynamic skirts used on trucks today do 
not extend to cover the drive axles of tractors or 
the trailer axles. The reason for this is that if skirts 
are built around existing axles, the truck may vio-
late regulations governing maximum width. Other 
aerodynamic improvement features, such as boat-
tails, can run into issues with length regulations at 
the local level, even when operators are granted a 
federal exemption. This issue is addressed by the 
white paper (DOE-DOT, 2011, p. 5).

 c.  Weight limits discourage the use of heavy fuel-
saving features such as auxiliary power units 
(APUs) or aerodynamic devices, especially on ve-
hicles that frequently run at or near the maximum 
weight limit. In these cases, the fuel-saving feature 
directly reduces the load-carrying capacity of the 
truck, which defeats the purpose of the fuel-saving 
feature. This issue could be addressed by providing 
a weight allowance (i.e., an increase in legal weight) 
for vehicles with specific fuel-saving features. This 
issue is not mentioned in the white paper.

 d.  Federal vehicle-size and -weight regulations have 
not changed since 1983. These regulations prevent 
the use of high-productivity vehicles, including 
long combination vehicles (often called, respective-
ly, HPVs and LCVs). HPVs involve greater freight 
volume or weight than is allowed under existing 
regulations. Current regulations forbid the use of 
HPVs in many areas, regardless of whether safety 
and road damage considerations are adequately 
addressed in the vehicle design. Some very large 
fuel savings are possible if regulatory barriers to the 
appropriate use of HPVs are removed (see the sec-
tion “Fuel-Saving Opportunities from Efficient Op-
erations” in this chapter, as well as Table 9-2). For 
example, a bill has been introduced in Congress that 
would allow weights of up to 97,000 lb, compared 
to the current limit of 80,000 lb, for trucks using a 

6th axle.1 In addition to saving fuel, the use of HPVs 
could reduce truck vehicle miles traveled (VMT), 
congestion, accident rates, shipping costs, driver 
shortages, and road damage by combining longer 
and heavier vehicles with appropriate operational 
restrictions and performance requirements. Cer-
tain trailer and dolly configurations are inherently 
more stable than others, providing opportunities to 
upgrade braking and stability-control requirements. 
The white paper has a discussion of some options 
for heavier vehicles (DOE-DOT, 2011, pp. 13-15), 

1 The Safe and Efficient Transportation Act., S. 747, was introduced on 
April 6, 2011. The proposed legislation is available at http://www.gpo.gov/
fdsys/pkg/BILLS-109s747is/pdf/BILLS-109s747is.pdf.
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but the range of options considered is limited, and 
options to increase the allowable volumetric capac-
ity of trucks are discussed in a very limited way 
(DOE-DOT, 2011, p. 15).

 e.  As noted in previous chapters, the EPA and the 
National Highway Traffic Safety Administration 
(NHTSA) have implemented fuel-consumption 
and greenhouse gas (GHG) regulations for trucks. 
So far, these regulations are aimed only at engines 
and at vehicles (tractors in the case of tractor-trailer 
vehicles). Trailers were left out of the regulations 
because some trailer manufacturers are small busi-
nesses. However, the trailer can have a significant 
effect on both the aerodynamic drag and the rolling 
resistance of a tractor-trailer vehicle. The idea of 
expanding the EPA/NHTSA regulations to include 
trailers is not discussed in the white paper. 

11. Vehicle specification. Purchasers of new trucks have 
the opportunity to select a vehicle specification that 
is optimized to achieve a good combination of pro-
ductivity and low fuel consumption. There are many 
features that buyers can select from, including engine 
type, power rating, transmission type, wheelbase, 
axle ratio and number of drive axles, tire type, aero-
dynamic improvement features, lightweight features 
such as aluminum wheels, and so on. Because profit 
margins in trucking are normally very small, there 
is intense interest from larger trucking companies in 
choosing the best possible vehicle specification for 
their application. Vehicle specification tools are a key 
technology for controlling operating costs, including 
fuel consumption.

 a.  Truck-specification tools have been developed by 
both vehicle and engine manufacturers. These tools 
can be quite sophisticated, allowing comparison of 
various vehicle specifications on a huge variety of 
routes, with any load specified by the customer. A 
wealth of detail is available, such as data to answer 
a question like this: “How many times would the 
driver need to shift gears on a run from Chicago to 
Los Angeles?” The primary use of the specification 
tools, however, is fuel-consumption optimization. 
These tools are widely used by larger trucking 
companies but are often not used or not fully 
taken advantage of by smaller fleets and by owner-
operators. In many cases, this may be a result of a 
lack of awareness of how the tools can help, but 
in other cases the buyer lacks the information on 
loads and routes that is required to feed the tool. 
There are some limitations to these tools: many 
trucks are used to carry widely varying loads over 
their lifetime, so it may not be practical to specify 
a truck with a narrow focus on the first use. Truck-
ing companies generally specify trucks with resale 
value as one of the parameters that they consider. 

There may be an opportunity for the agencies to 
encourage the more widespread use of existing 
vehicle-specification tools. These tools are not dis-
cussed in the white paper.

As the list above makes clear, a wide variety of tech-
nologies, training practices, and regulatory changes falls 
under the umbrella term “efficient operations.” All of the 
items listed above have some potential for saving fuel, and 
some of them have potential to save a substantial amount of 
fuel—as much as vehicle technologies that may cost tens of 
thousands of dollars per truck. The cost of efficient opera-
tions technologies can range from several thousand dollars 
per vehicle to actual cost reductions. For example, HPVs are 
more expensive on a per truck basis but less expensive on a 
unit freight capacity basis. 

FUEL-SAVING OPPORTUNITIES FROM EFFICIENT 
OPERATIONS

As noted in the draft white paper as well as in an earlier 
NRC (2010) report, the data that would be needed to quan-
tify the possible fuel savings in some of the areas above are 
sparse or do not exist. This is especially an issue when the 
potential savings depend strongly on the details of drive 
cycles. The white paper proposes R&D and testing to develop 
some of the needed data. In this section, the committee uses 
data available in the literature to quantify some of the fuel-
saving opportunities available for features discussed above. 
This assessment should be useful to the DOE and DOT as 
they set R&D priorities for efficient operations.

Much of the data listed below references the NRC (2010) 
report titled Technologies and Approaches to Reducing the 
Fuel Consumption of Medium- and Heavy-Duty Vehicles, 
which in turn references a wide variety of sources. In this 
section, the term “fuel savings” means fuel consumption in 
units of gallons per 1,000 ton-miles or per cube-mile. Note 
that the fuel savings quoted below are typically determined 
for a specific operating condition and are not likely to be 
representative of the savings potential possible for trucks 
operating under a wide range of conditions. It is common 
practice to evaluate a fuel-saving technology under the 
operating condition for which it provides the largest benefit.

Tire Underinflation and Axle Misalignment

The NRC (2010) report referred to above estimates that 
the effect of running with all tires underinflated by 20 percent 
is a 2 to 3 percent increase in fuel consumption. Typical infla-
tion pressures for tractor-trailer tires are 100 to 120 psi. Thus 
a tire that is 20 percent underinflated would be 20 to 25 psi 
below the recommended inflation pressure. Inflation pres-
sures for medium-duty trucks vary but typically fall between 
those for light-duty and heavy-duty vehicles. 
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Axle misalignment caused by suspension maladjustment 
produces a slip angle, which increases rolling resistance. 
This effect increases with the square of the slip angle. NRC 
(2010) estimates the effect as an approximately 0.1 percent 
increase in fuel consumption for an average slip angle of 
0.1 degree, and 0.4 percent increase for a slip angle of 0.2 
degrees. Other studies have assessed the extent of tire under-
inflation in the field, such as a Federal Motor Carrier Safety 
Administration (FMCSA, 2005) report, but the committee 
is not aware of studies on the extent of axle misalignment 
to be found in the field. The FMCSA (2005) report says 
that only 44 percent of all tires checked had inflation pres-
sures on all tires within 5 psi of the target value, and about 
7 percent of tires were off by 20 psi or more. There is also 
a lack of data about other areas, such as the extent to which 
fuel consumption needed for DPF regeneration increases as 
miles accumulate.

Packaging

As noted in item 2 above in the committee’s list in the 
section “Efficient-Operation Opportunities,” packaging can 
significantly affect the cost of shipping a product, as well as the 
fuel consumed in shipping. Some products have packages that 
are several times larger than the product itself, which results 
in trucks running with the trailer full (capping the number of 
products that can be shipped in a single load), but well below 
the legal weight limit. Walmart has been working for more 
than 10 years now to use sustainable packaging materials by 
reducing the size and the energy and natural resources needed 
to produce packaging. Its target, as stated in its 2010 Sustain-
ability Report, is to reduce total packaging by 5 percent from 
2008 to 2013 (Walmart, 2010). The report does not specify 
whether this reduction is in the amount of packaging material 
or in the volume of packages, or whether some other metric is 
being used. Although the fuel savings from modified packag-
ing of certain products can be substantial, the committee is not 
aware of any published research that quantifies the potential 
overall fuel-consumption opportunity in this area.

Load Management, Routing Optimization, and  
Supply-Chain Optimization

The benefits of load management and routing optimization 
can be substantial. However, this is an area of intense compe-
tition among trucking companies as well as among suppliers 
of logistics software and systems. As far as the committee is 
aware, there is no published research that quantifies the overall 
fuel-saving opportunity. The same comments apply to supply-
chain optimization, except that in this case, manufacturers and 
distributors are also part of the overall picture.

Infrastructure Improvements

Infrastructure improvements (road expansion and con-
struction) are the subject of intense debate. For a given 
volume of traffic, congestion causes increased fuel consump-
tion, and the increase can be dramatic. A truck may consume 
twice the fuel in urban traffic that it consumes traveling the 
same distance on an uncongested road. However, congestion 
also affects demand. As congestion becomes intolerable, 
road users find other ways of moving freight (alternative 
routes, night operations, etc.), or they may simply give up 
(which has the effect of limiting economic growth). There-
fore, there is debate over whether new or expanded roads 
save fuel, or whether they lead to increased traffic and thus 
higher fuel consumption. 

Intelligent Transportation Systems

As the draft white paper (DOE-DOT, 2011) notes, ITS 
programs have historically been driven largely by safety 
concerns. There has been limited research to quantify the 
fuel-saving opportunities available through ITSs, or even to 
explore all the ways in which ITSs could be used to save fuel. 
The white paper discusses the potential fuel savings from 
ITSs primarily in relation to the avoidance and mitigation of 
congestion, because concepts such as route management are 
dealt with elsewhere. The NRC (2010) report estimates the 
fuel-saving potential of ITSs in the 2015-2020 time frame as 
8 to 15 percent. This figure includes some technologies that 
are described elsewhere in this chapter, such as predictive 
and adaptive cruise control, as well as other ITS technologies 
such as predictive control of hybrid systems, use of electronic 
tow bars, and real-time route optimization.

The white paper asserts that research on V2V and V2I 
communications is the most critical aspect of the ITS pro-
gram, and that this work is crucial for obtaining significant 
improvements in fuel consumption, not just safety. The paper 
states, “With the magnitude of potential energy savings, it is 
important that DOE and DOT work very closely in this domain 
so that the magnitude of energy savings is not overlooked and 
research and applications development is sufficiently funded 
for assuring the maximum benefits in fuel savings, in addition 
to safety” (DOE-DOT, 2011, p. 8). Given the 8 to 15 percent 
potential energy savings estimated for ITSs (NRC, 2010), the 
committee concurs with the high importance of determining 
fuel savings as part of any project that involves ITS-related 
technologies. Further, the potential for ITS technologies to 
reduce fuel consumption would seem to argue for the develop-
ment of one or more goals by the 21CTP. 

Driver Training and Management

Driver training and driver management features have sig-
nificant potential for saving fuel. According to the NRC (2010, 
p. 175) report, several case studies report fuel savings from 1.9 
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to 17 percent for driver-training programs. Generally, there is 
more opportunity for savings in urban and congested environ-
ments than there is for savings on the open road. Large fleets 
often develop their own driver-training programs, many of 
which include fuel-efficient driving techniques. Smaller fleets 
and owner-operators typically do not have driver-training pro-
grams. Driver-management features also vary in their effects 
based on operating conditions. Progressive shift algorithms are 
useful in urban driving but make little difference in long-haul 
operation. Conversely, cruise control is not used in urban driv-
ing but can contribute to fuel savings on the open road. Studies 
reviewed in the NRC (2010, p. 126) report show benefits of 
1 to 5 percent for predictive cruise control, depending on the 
vehicle and duty cycle. 

Road-speed governors are discussed in the NRC (2010, 
pp. 166 ff.) report. Vehicles that currently run at 70 mph 
would see fuel savings of 7 to 10 percent by running at 
60 mph, and vehicles slowing from 65 to 60 mph would 
save 3.5 to 5 percent. However, there are disadvantages to 
lower speeds that must be carefully considered before any 
mandatory road-speed governor setting is implemented. 
Road-speed governors could include the use of GPS devices 
or wireless systems that would change the governor setting 
based on local speed limits and road conditions.

Aerodynamic Features That Exceed Width or  
Length Limits

A report by the Truck Manufacturers Association (NETL, 
2007) shows that replacing mirrors with cameras has the 
potential to reduce fuel consumption at high-speed cruise 
by up to 3 percent, depending on the type of mirrors being 
replaced. The committee is not aware of any studies estimat-
ing the potential benefit from tractor and trailer skirts that 
extend over the drive axles and trailer bogies, but the value 
is likely to be a few percent. 

Size and Weight Limits

The NRC (2010, p. 163) report discusses the effects of 
size and weight limits. Fuel savings of up to 13 percent and 
truck VMT reductions of up to 23 percent are projected, 
depending on the nature of regulatory changes. The Ameri-
can Transportation Research Institute (ATRI) estimated 
potential fuel savings of up to 25 percent for weight-limited 
trucks (grossed-out) and 28 percent for volume-limited 
trucks (cubed-out) (ATRI, 2008). In Figure 9-1, reproduced 
from the ATRI report, the metric used is ton-miles per gal-
lon, which is a fuel economy metric. The changes in fuel 
consumption are smaller, but still significant. 

9-1.eps
bitmaps w some vector elements added
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FIGURE 9-1 High-productivity vehicle descriptions and operational efficiency potentials compared to 5-axle tractor-semitrailer or double base-
lines. Values given are for fuel economy (FE) in ton-miles per gallon. These values can be converted to fuel consumption (FC; gallons per ton-
mile) using the following equation: Percentage change in FC = 100 × [percentage change in FE/(100 + percentage change in FE)]. For example, 
a 33 percent increase in FE equals a 25 percent decrease in FC. TM, ton-miles; GVW, gross vehicle weight. SOURCE: Courtesy of ATRI (2008).
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The topic of longer and heavier vehicles (called high-pro-
ductivity vehicles or long combination vehicles by different 
authors) raises public concern about safety, so it is essential 
that discussion and research are based on high-quality data 
rather than on emotional arguments. The authors of a study 
of Canadian experience with LCVs (Regehr et al., 2009) con-
cluded: “An analysis of the safety performance of LCVs rela-
tive to other types of articulated trucks operating on Alberta’s 
rural LCV network revealed that, from a collision rate 
perspective, LCVs as a group had better safety performance 
than other articulated trucks….” The conclusion is intensified 
considering that, for a fixed quantity and density of freight 
transported by articulated trucks, each LCV replaces 1.5 to 
2 standard 5-axle semitrailers, which, over the same period, 
had higher collision rates than those of LCVs. In this sense, 
LCVs operating in Alberta in this period provided increased 
freight productivity and reduced the number of collisions 
that would have occurred if standard configurations had been 
used to haul the same freight. The longest and heaviest LCV 
in the CSC (2003) study, the turnpike double, had the best 
safety record of any articulated vehicle.

A recent report from the Organization for Economic 
Cooperation and Development (OECD), Moving Freight 
with Better Trucks (OECD, 2010), provides an insight into 
the good safety performance of LCVs. According to the 
report, many LCV configurations are more dynamically 
stable than typical truck configurations used on the road 
today. This makes it easier for a driver to control an LCV 
in difficult high-speed maneuvers and in strong crosswinds. 
In addition, regulations limiting LCV operation to specific 
roads and conditions, along with rules requiring additional 
driver qualifications, appear to improve LCV safety. The 
OECD report is the most comprehensive review of the oppor-
tunities and challenges of LCV implementation of which the 
committee is aware. Results from Europe, Australia, Canada, 
and the United States are all considered in this report.

Longer, heavier trucks require an increase in power in 
order to maintain existing levels of vehicle performance 
(acceleration rates and speed on grades). This increase in 
power can be accommodated to some extent with existing 
truck technology, but large changes in weight, such as with 
turnpike doubles, would result in lower vehicle perfor-
mance. The impact of lower speeds on other traffic could be 
minimized by restricting or preventing the operation of these 
vehicles on routes where traffic flow becomes an issue. There 
may also be value in setting minimum power-to-weight 
ratio requirements for longer and heavier trucks, to limit the 
potential for impeding traffic flow.

Road wear and damage are known to be controlled by 
contact (Hertz) stress. Relative fatigue damage of pave-
ment is approximately a fourth-power function of axle load, 
which is related to contact stress (FHWA, 2000).  As a result, 
vehicle weight and the distribution of that weight over the 
tire contact patches are critical factors in determining the 
durability of road surfaces.  LCVs typically have lower 

weight per axle than do current trucks, which allows these 
vehicles to provide reduced road surface wear, compared to 
conventional trucks.

The fuel-saving potential of high-productivity vehicles 
makes the removal of barriers to their use one of the most 
powerful fuel-saving tools available. In addition, the eco-
nomic benefits obtained by higher-productivity vehicles 
could be used to support the addition of safety technologies 
that would improve the acceptability of these larger vehicles. 
Currently, the major barriers to HPVs are (1) regulatory lim-
its on vehicle size and weight, and (2) lack of adequate data 
and experience on which to base analyses of benefits and 
drawbacks. Before 1983, states had almost complete freedom 
to regulate truck length and weight. In 1983, Congress passed 
legislation that standardized the trailer length limit at 53 ft 
and the maximum weight at 80,000 lb. The 1983 legislation 
“grandfathered” in state regulations that had previously 
allowed vehicles longer or heavier than provided for in the 
1983 national standard, but no additional states are allowed 
to set standards above the federal limits.  Also, states with 
grandfathered length or weight limits (see Table 9-1) cannot 
increase these limits.  This prevents neighboring states from 
standardizing their regulations on anything beyond the fed-
eral limits or the limits that applied in the states in question 
before 1983. Twenty U.S. states have pre-1983 regulations 
that allow a wide range of vehicle lengths and weights, while 
the remaining 30 states are denied the option of longer or 
heavier vehicles by the 1983 law. Table 9-1 shows the regula-
tions for the states. The diversity of these regulations means 
that trucks complying with different state standards can only 
be used for intrastate commerce, which greatly reduces the 
fuel-saving potential of HPVs in the United States. 

Canada, Australia, and Scandinavian countries have 
extensive experience in the operation of trucks that are lon-
ger and heavier than traditional American trucks, and their 
experience, in addition to that of some U.S. states, can be 
drawn upon by the DOT and DOE in analyzing the effects 
of using these vehicles in the United States (see Appendix H 
in this report). The European Union (EU) is now consider-
ing an increase in maximum truck weight and length from 
40 to 60 metric tons (88,000 lb to 132,000 lb) and from 16.5 
to 25 meters (54 ft to 82 ft) as a measure to reduce both 
greenhouse gas emissions and fuel consumption (Die Zeit, 
2010). If this change is implemented, it would effectively 
extend the current Scandinavian regulations across Europe. 
There may be opportunities for joint research with European 
regulators, and perhaps even standardization of some regula-
tory requirements. This would allow manufacturers that sell 
trucks in both the United States and the EU to use a single 
design for both markets. Current designs of trucks for use in 
the United States and those for use in the EU diverge widely, 
driven primarily by different regulatory requirements.

Given President Obama’s emphasis on energy security, the 
DOE and DOT, working with the Congress, should consider 
the recommendations of the NRC’s Transportation Research 
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Board (TRB) in TRB Special Report 267 (TRB, 2002). The 
TRB proposed a way forward for high-productivity vehicles 
in the United States that would deal responsibly with the 
issues raised by different stakeholders. Fundamental to the 
TRB’s proposed process is the creation of a Commercial 
Traffic Effects Institute (CTEI) by Congress that would man-
age all issues related to high-productivity vehicles. Extensive 
pilot studies would be used to evaluate the consequences of 
increased truck size and weight, following accepted practices 
for test design and for analysis. In addition, all states would 
be authorized to begin permitting for heavier, 6-axle com-
bination trucks and various other HPVs. Because having a 
range of permitted vehicle sizes and weights that varies from 
state to state effectively restricts the use of HPVs across state 
lines, the DOE and DOT should consider assigning high 
priority to further research and analysis on the potential 
for fuel savings from uniform, nation-wide size and weight 
regulations.

Trailers

The benefit of trailer aerodynamics is estimated NRC 
(2010, p. 100) as 9 percent today, growing to 12 percent by 
2020. These savings were based on a baseline tractor-trailer 
coefficient of drag (Cd) of 0.625, which is lower than the 
baseline of 0.69 used in the EPA and NHTSA GHG and fuel-
consumption regulations. As the earlier NRC (2010) report 

notes, there are also rolling resistance benefits that could be 
obtained if regulations were extended to cover trailer tires. 
For tractor-trailer combination vehicles, a significant poten-
tial fuel-savings has been neglected by leaving trailers out 
of the EPA and NHTSA regulations.

Summary of Fuel-Saving Opportunities

The values of the fuel saving opportunities discussed 
above are summarized in Table 9-2. Note that these fuel 
savings are often estimated for a specific operating condi-
tion of a specific vehicle type, not for the average operation 
of all trucks. Thus the fuel savings opportunities in the table 
are not valid for the entire truck population. There are many 
other fuel-saving opportunities not shown in Table 9-2, 
such as improved engine and driveline efficiency, reduced 
aerodynamic drag of the tractor, and others. This list only 
includes items related to efficient operations or to removal 
of regulatory barriers. The trucking industry normally oper-
ates on very narrow profit margins, so efficient operation is 
an area of intense interest and competition among trucking 
firms. Larger fleets invest significantly in finding ways to 
improve their operational efficiency. As a result, the industry 
can supply a wealth of ideas and data to help improve its 
own efficiency. The industry is also in a position to point out 
potential drawbacks and unintended consequences of regula-
tory changes that are intended to save fuel by improving the 
efficiency of trucking. The DOE, DOT, and other government 

TABLE 9-1 Maximum Truck Size and Weight Limits for 13 of 20 States Subject to the ISTEA Freeze

Truck Tractor and Two Trailing Units Truck Tractor and Three Trailing Units Othera

State Length (ft) Weight (lb) Length (ft) Weight (lb) Length

Colorado 111 110,000 115.5 110,000 78

Idaho 95 105,500 95 105,500 78-98

Kansas 109 120,000 109 120,000 No

Montana 93 137,800 100 131,060 88-103

Nebraska 95 95,000 95 See noteb 68

Nevada 95 129,000 95 129,000 98

North Dakota 103 105,500 100 105,500 103

Oklahoma 110 90,000 95 90,000 No

Oregon 68 105,500 96 105,500 70 ft 5 in

South Dakota 100 129,000 100 129,000 73-78

Utah 95 129,000 95 129,000 88-105

Washington 68 105,500 No -- 68

Wyoming 81 117,000 No -- 78-85

a A commercial motor vehicle combination with two or more cargo-carrying units not included in descriptions “truck tractor and two trailer units” or 
“truck tractor and three trailer units.” 

b No maximum weight is established because this vehicle combination is not considered an “LCV” per the ISTEA definition because it is only allowed 
up to 80,000 lb.

SOURCE: FHWA (2010). 
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agencies interested in reducing fuel consumption by improv-
ing the efficiency of trucking will also need to work closely 
with members of the industry to gain the advantage of the 
ideas, data, and practical experience that are available. There 
may also be advantages in working with large customers of 
the trucking industry (shippers), to see if there is potential 
for shippers to make changes in their operations that would 
improve the overall freight system efficiency. The existing 
white paper (DOE-DOT, 2011) does not discuss industry 
involvement, and the committee would like to see this over-
sight remedied.

OPPORTUNITIES FOR COLLABORATION 
BY DEPARTMENTS OF ENERGY AND OF 
TRANSPORTATION

The DOE and DOT have opportunities to collaborate in 
facilitating the development and use of efficient operations 
for trucking. There are also some areas in which other agen-
cies, such as the EPA and NHTSA (a part of DOT), need to 

be involved. This section considers some of the opportunities 
that are available.

Research and Development

One large set of opportunities for collaboration involves 
research, development, and information dissemination. In 
many cases, the potential benefits of fuel-saving technologies 
are not well understood across a wide range of operations. As 
noted at the beginning of the section above on “Fuel-Saving 
Opportunities from Efficient Operations,” for most of the 
technologies and approaches discussed above, the range of 
potential fuel savings possible in actual field use is very wide. 
It is very difficult to estimate even an approximate fuel sav-
ings for the implementation of a given technology across a 
wide range of truck applications, even in a relatively narrow 
segment such as long haul. There is considerable scope for 
further research to evaluate options under real-world operat-
ing conditions, to provide both regulators and the industry 
with data of better quality. In particular, research and devel-
opment efforts are needed to identify, develop, and quantify 
the performance of items such as ITS features that can save 
fuel, and to assess the effects of removing regulatory barriers 
that prevent the application of some fuel-saving technology. 
Before new regulations are implemented, however, research 
is needed to help define potential benefits and avoid possible 
negative side effects, including effects on trucking company 
operations and on other concerns such as safety and road 
damage.

Based on the discussion above in the sections “Efficient-
Operation Opportunities” and “Fuel-Saving Opportunities 
from Efficient Operations,” the committee believes that the 
DOE and DOT could usefully work together on research in 
the following areas:

1. Assessing the effects of vehicle maintenance practices 
on fuel consumption and the effects of potential main-
tenance standards aimed at reducing fuel consumption.

2. Evaluating the effects of infrastructure improvements 
(increased road capacity) on fuel consumption, traffic 
growth, and economic growth.

3. Analyzing the potential for ITSs to reduce fuel con-
sumption and for the development of new ITS features 
specifically intended to save fuel.

4. Identifying what constitutes “best practice” driving 
techniques from the point of view of fuel consumption, 
as limited by other issues such as the possibility of 
delaying traffic. Developing driver-training curricula, 
allowing for flexibility to adapt to various technologies 
and the differing characteristics of vehicles in the field.

5. Determining the magnitude of fuel savings available 
from modifications to regulations, such as mirror 
requirements, size limitations that inhibit the use of 
aerodynamic features, and weight limits that prevent 
or constrain the use of features such as APUs or aero-
dynamic improvements that add weight to the vehicle. 

TABLE 9-2 Summary of Fuel Saving Opportunities

Source  
of Savings

Fuel Savings  
Opportunity 
(%) Notes

Prevent tire 
underinflation

2-3 For a truck with 20% 
underinflation of all tires.

Prevention of axle 
misalignment

0.1 to 0.4 For 0.1 to 0.2 degree 
misalignment.

Packaging reduction Unknown Research needed.

Load management, 
routing optimization, 
and supply chain 
management

Unknown Areas of competition 
among trucking  
companies.

Infrastructure 
improvements

Varies with 
severity of 
congestion

Intelligent transportation 
systems

8 to 15 Primarily in urban 
conditions.

Driver training 1.9 to 17 Higher potential in urban 
driving.

Predictive cruise control 1 to 5 Useful only in rural driving.

Road-speed governors 3.5 to 5 For trucks slowed from 65 
to 60 mph. Only effective 
where other factors do not 
limit speed.

Replacement mirrors 
with cameras

1.5 to 3 Only a factor at higher 
speeds.

Remove regulatory 
barriers to increased size 
and weight  

0 to 28 Depends on what new 
configurations are allowed 
and where they can operate.

Trailer aerodynamic 
improvements

Up to 12 Only effective at highway 
speeds.
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Investigating potential concerns that could be raised 
by changes in regulations and ways of attaining the 
benefits of the modified regulations while minimizing 
negative effects.

6. Evaluating alternatives for modifying size and weight 
restrictions in ways that would allow for the use of 
high-productivity vehicles while improving safety and 
avoiding road-damage issues. For example, certain 
trailer and dolly configurations are inherently more 
stable than others, providing opportunities to upgrade 
braking and stability-control requirements. In addition, 
training requirements for drivers of high-productivity 
vehicles need to be addressed. This research could be 
done by the DOE and DOT or by the Commercial Traf-
fic Effects Institute proposed by the TRB. The commit-
tee suggests that this research consider the Canadian 
experience with management of LCVs, where certain 
equipment requirements and restrictions in use result 
in major improvements in safety compared with more 
traditional tractor-trailer operations (NRC, 2010).2 

Regulatory Matters

Another area for possible cooperation among the DOT 
and DOE is regulatory matters, as they are informed by the 
R&D described above. The committee believes that if the 
DOT and DOE decide to work on such regulatory matters, 
they should consider cooperating in the following areas:

•	 Vehicle	 maintenance	 practices	 that	 affect	 fuel	 con-
sump tion;

•	 Road	design	specifications	 that	affect	 fuel	con	sump-
tion;

•	 Implementation	of	ITS	features	designed	specifically	
to reduce fuel consumption (some features are likely 
to require changes in regulation);

•	 Driver-training	requirements	related	to	fuel	con	sump-
tion;

•	 Modification	 and	 standardization	 of	 regulations	 that	
constrain the use of fuel-saving features, such as regu-
lations related to mirrors and limitations on maximum 
vehicle width and weight that inhibit the use of APUs 
and certain aerodynamic improvement features;

•	 Implementation	of	aerodynamic	and	rolling	resistance	
requirements for trailers (requires the involvement of 
the NHTSA and EPA); and

•	 Modification	of	vehicle	size	and	weight	restrictions	on	
a national basis, to allow for the use of high-produc-
tivity vehicle configurations on a national scale.

2 Government of British Columbia requirements for LCV operation are 
listed at http://www.th.gov.bc.ca/cvse/LCV/faqs.htm; Ontario requirements 
for operating 53-ft doubles are listed at http://www.mto.gov.on.ca/english/
trucks/lcv/program-conditions/index.shtml.

The draft white paper emphasizes the importance of 
implementing the systematic validation of technologies 
stating: “Developing drive cycles that are relevant for the 
many different types of trucks in use will allow much more 
accurate estimates of the fuel savings that are possible with 
specific technologies, and understanding the variations in 
drive cycles will allow an accurate assessment of how robust 
a technology will be in actual use” (DOE-DOT, 2011, p. 12). 
The paper also notes: “Component testing of heavy duty 
truck technologies is currently being performed in Canada 
under the EnergoTest campaign (McCormick, 2009), and 
experience from this testing could be used as guidance for 
similar testing in the U.S.” (DOE-DOT, 2011, p. 12). The 
committee notes that it agrees with these principles and 
believes that it would be helpful for all involved agencies 
to collaborate among themselves as well as with industry. 
Should the work in the draft (and later, modified) white 
paper go forward, an appropriate set of improvement targets 
(goals) should be set. 

The committee believes that regulatory intervention in 
the following two areas could prove counterproductive:  
(1) Packaging—It is difficult to imagine how packaging 
regulations might work, or how they could properly cover 
the vast range of products that are shipped every day; and  
(2) Load management, routing optimization, and supply-
chain management. These are areas of fierce competition 
among manufacturers, trucking companies, and their logis-
tics solutions suppliers. Although there is a useful role for 
the DOT and DOE in doing research and development on 
driver-management features, the committee believes that 
the proposed regulation for road-speed governing will save 
fuel. There is substantial competition among engine and 
truck manufacturers on other driver-management features 
such as progressive shift, gear-down protection, and bonuses 
or power increases for fuel-sensitive driving. The situation 
today is that truck owners are free to select the features 
that work best for their operation and to adjust the param-
eters that these features use.  Large fleets tend to be fairly 
sophisticated in terms of figuring out what features work 
in their operations and how to set the parameters. For any 
given driver-management feature there will be situations in 
which its use is not appropriate or in which a given set of 
parameters will lead to inefficient, or even unsafe, operation.  
There is an opportunity to provide training to small fleets 
and owner-operators so that they can see how using these 
features can make their operations more fuel-efficient and 
thus more profitable.

FINDINGS AND RECOMMENDATIONS

The following findings and recommendations are the 
result of the committee’s review of the draft DOE-DOT 
(2011) white paper on efficient operations. They describe 
what the committee believes should be added to or changed 
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in the white paper to help the 21CTP promote and enable 
more efficient trucking operations.

Finding 9-1. The DOE-DOT draft white paper proposes 
“efficient operations” as a new direction for the 21CTP. The 
committee agrees that this is an important area for R&D 
under the umbrella of the 21CTP. It also agrees that coop-
eration among the DOE and DOT and other agencies would 
be beneficial, particularly for assessing the possible effects 
of removing regulatory barriers to the use of fuel-saving 
measures.

Recommendation 9-1. As suggested in the draft white 
paper on efficient operations, the DOE and DOT, in coop-
eration with the EPA and other agencies, should conduct 
joint research on efficient operations and should cooperate 
as appropriate on any regulations that affect fuel use and 
safety.

Finding 9-2. Extensive information is available regarding 
the importance of trailer aerodynamics and rolling resistance. 
The data show that trailer aerodynamic-improvement fea-
tures and rolling resistance contribute significantly to overall 
vehicle fuel consumption.

Recommendation 9-2. The available data show that trailer 
aerodynamic-improvement features and rolling resistance 
contribute significantly to overall vehicle fuel consumption. 
Therefore, the DOE and DOT should look in detail at options 
for trailer improvement. 

Finding 9-3. The application of intelligent transportation 
systems has the potential to reduce fuel consumption sub-
stantially, particularly in urban areas. Certain elements of 
ITSs, such as adaptive traffic signals, do not require new 
vehicle technology, so they can be rolled out much faster 
than other elements.

Recommendation 9-3. Traditionally, ITSs have been 
viewed as a way of improving safety. As suggested in the 
draft white paper on efficient operations, the DOT and DOE 
should conduct additional research and development devoted 
to exploiting the potential for reduced fuel consumption.

Finding 9-4. Driver-management features must be care-
fully researched and developed in cooperation with vehicle 
manufacturers and operators. There are important concerns 
with driver-management features that need to be addressed, 
regarding unintended consequences stemming from allowing 
the vehicle (or its controller) to ignore or modify driver input. 
Consideration must also be given to identifying the types of 
intervention that drivers would accept.

Finding 9-5. Trucking companies already have very strong 
economic incentives to improve operational efficiency and 

average load factors. As a result, they are making significant 
investment in logistics technology. In addition, shippers 
have an economic incentive to reduce the size and weight 
of packaging materials. The trucking industry is a valuable 
source of ideas, data, and experience regarding efficiency, 
and the industry can help agencies avoid unintended negative 
consequences of efforts to improve efficiency.
Recommendation 9-4. The DOE and DOT should work 
with the trucking industry to take advantage of the ideas, 
data, and experience that the industry can provide to acceler-
ate efficiency improvements and to avoid unintended nega-
tive outcomes of efforts to improve trucking efficiency.

Finding 9-6. High-productivity vehicles, known as HPVs or 
LCVs, as currently configured and using current technology, 
can reduce fuel consumption by up to 28 percent. In addition, 
HPVs can reduce greenhouse gas emissions, truck vehicle 
miles traveled, congestion, shipper costs, truck highway 
accidents, road damage, and truck driver shortages.

Finding 9-7. High-productivity vehicles have proven to 
be a highly controversial and emotional topic. Some U.S. 
states, as well as countries including Canada, Australia, and 
the Scandinavian countries, have extensive experience with 
HPV operations and safety performance. Operational limita-
tions and equipment policy used for decades in Canada have 
significantly increased safety for HPVs compared with that 
of more conventional tractor-trailers. In 2002, the NRC’s 
Transportation Research Board proposed a process, to be led 
by a congressionally chartered Commercial Traffic Effects 
Institute, to make decisions regarding a number of critical 
and historically controversial issues that effectively have 
prevented the growth of HPV use for nearly three decades. 
As far as the committee can determine, no action on the CTEI 
recommendation has been considered by Congress.

Finding 9-8. The draft white paper on efficient operations 
brings up the topic of high-productivity vehicles and the 
possibility of raising weight and size limits to accommodate 
them. However, the white paper focuses narrowly on 6-axle 
tractor-trailer combinations with weights up to 100,000 lb 
(45.5 metric tons) and does not address other options that 
increase volumetric freight capacity or that allow weights 
beyond 100,000 lb . 

Finding 9-9. The committee finds the case for fuel savings 
of HPVs compelling, and the case for improved safety of 
HPVs compared to that of standard 5-axle semitractor trucks 
is also strong.

Recommendation 9-5. The DOT and DOE should look at 
the full range of high productivity vehicles in use in some 
U.S. states and around the world and review the literature 
available on the safety and fuel-saving performance of 
these vehicles. The assessment should take into consider-
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ation that the higher productivity of these vehicles can also 
be used to justify the implementation of additional safety 
technologies.

Recommendation 9-6. The DOT and DOE, in discussion 
with the Congress, should consider the recommendations of 
the Transportation Research Board regarding the establish-
ment of a Commercial Traffic Effects Institute or a similar 
approach. 

Finding 9-10. The DOE-DOT draft white paper on efficient 
operations in its current form does not include any goals that 
could be used to prioritize and drive R&D efforts on efficient 
operations. 

Recommendation 9-7. Specific goals for efficient opera-
tions should be developed, with strong consideration given to 
exploiting the potential for intelligent transportation systems 
to reduce fuel consumption. In addition, priorities should 
be set for the R&D, testing, and data collection needed to 
analyze the benefits, drawbacks, and potential unintended 
consequences of removing barriers, including regulatory 
barriers, to the application of fuel-saving features. The draft 
white paper on efficient operations should be rewritten to 
take the findings and recommendations of the committee 
into account. The 21CTP partners, trucking fleets, and major 
suppliers should be involved in setting goals and research 
priorities.

Finding 9-11. There is a need for a more detailed evaluation 
of the large potential for fuel savings from efficient opera-
tions than is provided in the existing DOE-DOT draft white 
paper of February 25, 2011. This more detailed study can 
be used to set goals, targets, and timetables for fuel savings 
from efficient operations. 

Recommendation 9-8. The DOE and DOT should study 
the potential fuel savings from efficient operations in more 
detail, including a review of cost-effectiveness and ease of 
implementation. Once this information is available, goals, 
targets, and timetables for fuel savings from efficient opera-

tions should be established. Programs should then be devel-
oped and implemented to realize the available fuel savings.
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Biographical Sketches of Committee Members

ter. His previous positions include serving as head, assistant 
head, research engineer, and senior research engineer, Fuel 
and Lubricants Department, General Motors Research and 
Development Laboratories. His research interest focuses on 
vehicle emissions and fuel economy and on the interactions 
among the engine, fuel system, fuel, and emissions-control 
system. Conventional engines (spark-ignition and diesel) 
and fuels (gasoline and diesel fuel), alternative fuels, and 
new vehicle propulsion systems (hybrids and fuel cells) 
are also among his current interests. These research topics 
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of Vehicles. He is a registered professional engineer in the 
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International Harvester Company before joining the MTU 
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the MTU mechanical engineering and engineering mechan-
ics department from 1986 to 1993. He has served on many 
committees related to engine technology, engine emissions, 
and health effects—for example, committees of the SAE, the 
NRC, the Combustion Institute, the Health Effects Institute, 
and the Environmental Protection Agency—and consults to 
a number of government and private sector institutions. In 
particular, he served on many NRC committees, including 
the Committee on Fuel Economy of Automobiles and Light 
Trucks, the Committee on Advanced Automotive Technolo-
gies Plan, the Committee on the Impact and Effectiveness 
of Corporate Average Fuel Economy (CAFE) Standards, 
and the Committee to Assess Fuel Economy for Medium 
and Heavy-Duty Vehicles. He chaired the NRC Committee 
on Review of DOE’s Office of Heavy Vehicle Technologies 
and the NRC Committee on Review of the 21st Century 
Truck partnership, Phase 1. Dr. Johnson received from SAE 
the Horning Memorial Award, Colwell Merit Award (two), 
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Paper, the Franz Pischinger Powertrain Innovation Award, 
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Electrical and Controls Integration; Manufacturing Systems; 
Materials and Processes; Chemical and Environmental Sci-
ences; and Vehicle Analysis and Dynamics). Dr. Howell had 
global responsibility for joint research with universities, gov-
ernment agencies, and GM’s alliance partners. He also served 
as secretary to GM’s Science Advisory Committee, which 
reports to GM’s Board of Directors on technology matters.
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as department head of the Engineering Mechanics Depart-
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research in vehicle structures and materials, vehicle noise 
and vibration, vehicle aerodynamics, and vehicle safety 
including vehicle crashworthiness and occupant protection. 
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mittee. Later, as executive director, he had responsibility for 
all of GM’s safety research including stability and control 
technology (e.g. GM’s StabiliTrak system for reducing the 
potential for spin-out and roll-over) and accident avoid-
ance systems such as adaptive cruise control. He was also 
a member of GM’s manufacturing manager council. He 
received GM’s john M. Campbell Award in 2000 for out-
standing contributions to: “Advancements in the Engineering 
Capability of General Motors and Leadership Excellence 
in all Phases of GM R&D Activities.” Prior to joining GM, 
Dr. Howell worked for General Dynamics Corporation as 
senior dynamics engineer and was a principal investigator on 
NASA contracts focused on the structural dynamics of the 
Space Shuttle. He has served on the College on Engineer-
ing advisory board of the University of Illinois and Western 
Michigan University. He represented GM as a member of the 
Industrial Research Institute (IRI), has served on the Board of 
Directors, and is an emeritus member of the IRI. Dr. Howell 
has served on several National Research Council panels, 
including: Use of Lightweight Materials in 21st Century 
Army Trucks; Benefits of DOE’s Light-Duty Hybrid Vehicle 
R&D Program; and Review of the 21st Century Truck Part-
nership. He has also served as a reviewer of several NRC 
reports. Dr. Howell received a B.S., M.S., and Ph.D. in aero-
nautical and astronautical engineering from the University of 
Illinois, Urbana, Illinois. He also completed the Executive 
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Within the Auto Industry” and “Adapting GM Research to a 
New Corporate Strategy,” both published in IRI’s Research 
Technology Management.

John G. Kassakian (NAE) is professor of electrical engi-
neering and former director of the Massachusetts Institute of 
Technology’s (MIT’s) Laboratory for Electromagnetic and 
Electronic Systems. His expertise is in the use of electronics 
for the control and conversion of electrical energy, industrial 
and utility applications of power electronics, electronic 
manufacturing technologies, and automotive electrical and 
electronic systems. Before joining the MIT faculty, he served 
in the U.S. Navy. Dr. Kassakian is on the boards of directors 
of a number of companies and has held numerous positions 
with the IEEE, including founding president of the IEEE 
Power Electronics Society. He is a member of the NAE, a 
fellow of the IEEE, and a recipient of the IEEE’s William 
E. Newell Award for Outstanding Achievements in Power 
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the IEEE Power Electronics Society’s Distinguished Service 
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mittees, including the Committee on Review of the Research 
Program of the Partnership for a New Generation of Vehicles 
and the Review of the FreedomCAR and Fuel Research Pro-
gram. He has an Sc.D. in electrical engineering from MIT.

David F. Merrion is chairman of David F. Merrion LLC; 
and chairman of Truck Emission Control Technologies, 
Inc. He is the retired executive vice president of engineer-
ing for Detroit Diesel Corporation (DDC). His positions at 
DDC included staff engineer, Emissions and Combustion; 
staff engineer, Research and Development; chief engineer, 
Applications; director, diesel engineering; general director, 
Engineering (Engines and Transmissions); and senior vice 
president, Engineering. Mr. Merrion has extensive expertise 
in the research, development, and manufacturing of advanced 
diesel engines, including alternative-fueled engines. He is 
a Society of Automotive Engineers fellow and a member 
of American Society of Mechanical Engineers. He served 
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member of the Environmental Protection Agency’s (EPA’s) 
Mobile Sources Technical Advisory Committee, a member 
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in mechanical engineering from General Motors Institute 
(Kettering University) and an M.S. degree in mechanical 
engineering from the Massachusetts Institute of Technology.
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Thomas E. Reinhart is program manager, Engine Design 
& Development, Engine, Emissions and Vehicle Research 
Division, Southwest Research Institute. His previous 
positions include: Cummins, Inc., Columbus, Indiana, 
1980-2000 (NVH Engineer, 1980-1984, Senior Engineer, 
Midrange Engine NVH, 1984-1987, Manager, Noise & 
Vibration Technology, 1987-1994, Director, Noise & 
Vibration Technology, 1994-2000); Roush Industries, Inc., 
Livonia, Michigan (Program Manager–Powertrain NVH, 
2001-2004), Visteon Corporation, Van Buren Township, 
Michigan (Senior Manager–Chassis Systems NVH, 2004-
2005). He is leading projects in engine design, performance 
and emissions development, as well as in gasoline and 
diesel engine NVH improvement. He has led a number of 
programs, including several emissions reduction projects, 
as well as the clean sheet design and development of a new 
off-highway diesel engine. Mr. Reinhart has more than 25 
years of experience in diesel engine and powertrain design, 
analysis, and development, with particular expertise in noise 
and vibration testing and analysis. He has published 14 
technical papers on a range of diesel NVH topics. He has a 
wide range of experience in the NVH issues of applications 
ranging from trucks through agricultural equipment, con-
struction, forestry, marine, rail, and military vehicles. Mr. 
Reinhart has worked with customers on a range of issues, 
including NVH, drivability, fuel consumption, and adapta-
tion of engines to a wide range of applications. Mr. Reinhart 
holds four patents for ideas related to diesel engine NVH 
control. For several years, he was a member of Cummins’ 
patent review committee. His work experience also covers a 
wide range of development projects on gasoline and diesel 
engines, as well as on transmissions and on fuel cell vehicle 
powertrains. He is a member of the Institute of Noise Con-
trol Engineering (INCE), International Institute of Acoustics 
and Vibration (IIAV), SAE, and has been a member of the 
Board of Directors of INCE since April 2008. He has also 
been a member of the organizing committee for the SAE 
Noise & Vibration Conference since 2002, and chairman of 
the Diesel Noise session at this conference since 2003. He 
has an M.S. in mechanical engineering, Purdue University, 
and a B.S. in mechanical engineering, Purdue University.

Bernard Robertson (NAE) is the president of BIR1, LLC, 
an engineering consultancy specializing in transportation 
and energy matters that he founded in January 2004, upon 
his retirement from DaimlerChrysler Corporation. Dur-
ing the latter part of his 38-year career in the automotive 
industry, Mr. Robertson was elected an officer of Chrysler 
Corporation in February 1992. He was appointed senior vice 
president coincident with the merger of Chrysler Corporation 
and Daimler-Benz AG in November 1998, and was named 
senior vice president of engineering technologies and regula-
tory affairs in January 2001. In his last position, he led the 
Liberty and Technical Affairs Research Group, Advanced 
Technology Management and FreedomCAR activities, and 

hybrid electric, battery electric, fuel cell, and military vehicle 
development. In addition, he was responsible for regula-
tory analysis and compliance for safety and emissions. Mr. 
Robertson holds an M.B.A. degree from Michigan State 
University, a master’s degree in automotive engineering from 
the Chrysler Institute, and a master’s degree in mechani-
cal sciences from Cambridge University, England. He is a 
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of the Institute of Mechanical Engineers (U.K.), a chartered 
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Engineers.

Charles K. Salter is retired after working 39 years with 
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was as executive director of engine development, where 
he was responsible for all engine/system functions (design 
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tion of the world’s first fully electronically controlled diesel 
unit pumps for 12-liter, six-cylinder engines in 1990. He 
jointly initiated (with Detroit Diesel) and developed, with 
the Environmental Protection Agency (EPA) and various 
industry participants, a urea infrastructure for targeted 2007 
calendar year engine production (then delayed to 2010). He 
participated in industry collaborative research through the 
U.S. Department of Energy Diesel Crosscut Committee, 
which was part of the 21st Century Truck Partnership. He 
was a consultant to Volvo PowerTrain NA from 2005 to 2007 
on an advanced large truck diesel exhaust gas recirculation 
cooler vibration study/amelioration and on heavy-duty truck 
hybrid powertrain duty cycle test procedure development for 
comparative fuel consumption (EPA/industry/Hybrid Truck 
Users Forum). He has been a member of the Society of Auto-
motive Engineers for 43 years; an organizer for World Con-
gress technical sessions on heavy-duty diesel fuel injection 
systems for several years; and company representative to the 
Engine Manufacturers Association for 25 years, including 13 
years on its board of directors, where he has been treasurer, 
vice president, and president. He holds a B.S. in mechani-
cal engineering from Pennsylvania State University and an 
M.S. in engineering, solid mechanics, from the University 
of Maryland.

Kathleen C. Taylor (NAE) is retired director of the Materi-
als and Processes Laboratory at General Motors Research 
and Development and Planning Center in Warren, Michigan. 
Dr. Taylor was simultaneously chief scientist for General 
Motors of Canada, Ltd. in Oshawa, Ontario. Earlier Dr. 
Taylor was department head for physics and physical chem-
istry and department head for environmental sciences. Cur-
rently, Dr. Taylor serves on the DOE Hydrogen Technology 
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Advisory Committee, the Transportation Research Board 
Committee for a Study of Potential Energy Savings and 
Greenhouse Gas Reduction from Transportation, the board 
of the National Inventors Hall of Fame, and the Advisory 
Committee for Columbia University Center for Electron 
Transport in Molecular Nanostructures. Dr. Taylor was 
awarded the Garvan Medal from the American Chemical 
Society. She is a member of the National Academy of Engi-
neering, the American Academy of Arts and Sciences, and 
the Indian National Academy of Engineering and a fellow 
of SAE International and the American Association for the 
Advancement of Science. She was the president of the Mate-
rials Research Society and chair of the board of directors of 
the Gordon Research Conferences. She has expertise in R&D 
management, fuel cells, batteries, catalysis, exhaust emission 
control, and automotive materials. She received an A.B. in 
chemistry from Douglass College and a Ph.D. in physical 
chemistry from Northwestern University.

Wallace R. Wade (NAE) was chief engineer and technical 
fellow, Powertrain Systems Technology and Processes, Ford 
Motor Company, Dearborn, Michigan, where he served for 
32 years prior to his retirement. He was responsible for the 
development, application, and certification of emission and 
powertrain control system technologies for all Ford Motor 

Company’s North American vehicles. His technical responsi-
bilities have included low emission technologies for internal 
combustion engines; analytical and laboratory based pow-
ertrain calibration with objective measures of driveability, 
the first domestic production OBD II (On-Board Diagnostic) 
system; technology for diesel particulate filters (DPF) with 
active regeneration; electronic control systems for gasoline 
and diesel engines; low heat rejection and low friction, direct 
injection diesel engines; and an ultra low emission, gas tur-
bine combustion system. Today he is a consultant to indus-
try and government. Mr. Wade was elected to the National 
Academy of Engineering in 2011 for implementation of 
low-emission technologies in the automotive industry. He is 
a fellow member of the Society of Automotive Engineers and 
the American Society of Mechanical Engineers. He received 
the Henry Ford Technology Award and has been recognized 
as a Distinguished Corporate Inventor by the National Inven-
tors Hall of Fame. He has received five SAE Arch T. Colwell 
Awards and the SAE Vincent Bendix Automotive Electronics 
Engineering Award. He has received 26 patents related to 
improvements in powertains and has written 25 published 
technical papers on powertrain research and development. 
He has an M.S.M.E. degree from the University of Michigan, 
and a B.M.E. degree from Rensselaer Polytechnic Institute, 
both in mechanical engineering.
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Presentations and Committee Meetings

SEPTEMBER 8-9, 2010, WASHINGTON, D.C.

Overview of 21st Century Truck Partnership
Patrick Davis, DOE Office of Vehicle Technologies

Overview of DOE’s Vehicle Technologies Program R&D
Patrick Davis, DOE Office of Vehicle Technologies

Overview of U.S. Army (National Automotive Center 
[NAC]/Tank Automotive Research and Development 
Engineering Center [TARDEC]) Activities
Paul Skalny, U.S. Army

Overview of EPA SmartWay Transport and Clean 
Automotive Technology Activities
Cheryl Bynum and John Kargul, U.S. EPA

Overview of DOT Truck Safety and Productivity Activities
Rolf	Schmitt,	Federal	Highway	Administration	(FHWA)
Luke Loy, Federal Motor Carrier Safety Administration 
(FMCSA)
Bob Kreeb, National Highway Traffic Safety 
Administration	(NHTSA)

Review of Previous NAS Review Recommendations, with 
Responses
Ken Howden, DOE Office of Vehicle Technologies

Heavy Duty Vehicle Industry Perspective
Susan Alt, VP, Customer and Industry Relations, Volvo 
Trucks N. America

SuperTruck Project Team Presentations
Donald Stanton, Cummins
Anthony	(Tony)	J.	Cook,	Navistar,	Inc.
Derek Rotz, Kevin Sisken, and David Kayes, Daimler

NOVEMBER 15-16, 2010, WASHINGTON, D.C.

Engines Area 
Gurpreet Singh and James Eberhardt, DOE

Fuels Area 
Kevin Stork, DOE

Safety 
Bob Kreeb, NHTSA; Luke Loy, FMCSA; and John 
Nicholas, FHWA

Idle Reduction 
Glenn	Keller,	Argonne	National	Laboratory	(ANL)

Department of Defense Related Activities: Overview of 
U.S. Army Medium/Heavy Vehicle Efforts
Bill Haris, U.S. Army

Power Demands 
Mark Smith, PNNL; Carol Schutte, DOE; Dean Paxton, 
PNNL; David Warren, ORNL; Jerry Gibbs, DOE; and 
Kambiz Salari, LLNL

Heavy Duty Hybrids Area
Kevin Walkowicz, NREL, and Bill Batten, Eaton Corporation

Previous NAS Findings and Recommendations (2008)
and 21CTP Responses Discussion
Ken Howden, DOE

Summary of Committee Site Visit to EPA Ann Arbor 
Laboratory
Wally Wade, Committee Member
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Greenhouse Gas Emissions/Fuel Economy Update
Byron Bunker, Environmental Protection Agency 
(EPA),	and	Jim	Tamm,	National	Highway	Traffic	Safety	
Administration	(NHTSA)

JANUARY 31, 2011, WASHINGTON, D.C.

DOE EERE Biomass Program—Outlook and Costs for 
Biofuels
Zia Haq, DOE Biomass Program

Status and Prospects for Energy Storage Technologies for 
Medium- and Heavy-Duty Hybrids
Jim Miller, Argonne National Laboratory

DOE Aftertreatment Activities, and Combustion 
Memorandum of Understanding
Ron Graves, ORNL; Dennis Siebers, SNL; George 
Muntean	(by	phone),	PNNL

Summary of Visit to TARDEC
Dave Merrion and Wally Wade, Committee Members

Solid Oxide Fuel Cell Technology Status
Dan Hennessy, Delphi Corporation

Cutting Edge Developments for Heavy-Duty 
Aftertreatment Technologies and Research Needs
Tim Johnson, Corning

Current Status of Electric Medium-Duty Truck Technology
Jan Friesner, Navista, and Scott Carson, Smith Electric

Questions and Answers on Program Activities with 21CTP
Ken Howden, DOE

ADDITIONAL INFORMATION GATHERING MEETINGS

Subgroups of the committee also made site visits to the 
Environmental Protection Agency, Ann Arbor, Michigan, 
October 26, 2010; the U.S. Army Tank Automotive Research, 
Development and Engineering Center, Warren, Michigan, 
January 10, 2011; and the Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, February 17, 2011. 

Proprietary-information-gathering site visits were also 
made to Cummins Technical Center, Columbus, Indiana, 
November 8, 2010; Navistar, Inc., Truck Development and 
Technology Center, Fort Wayne, Indiana, January 13, 2011; 
and Eaton Corporation’s Eaton Innovation Center, January 
14, 2011.
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Responses from the 21st Century Truck Partnership to  
the Findings and Recommendations from the National 

Research Council Phase 1 Review
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Appendix D

Highlights of Selected Propulsion Material Programs

This appendix presents a brief summary of activities in 
some selected programs on propulsion materials. The pre-
sentations cited are from the U.S. Department of Energy’s 
Office of Vehicle Technologies Annual Merit Review held 
June 7-11, 2010, in Washington, D.C. The last project noted, 
“High Strength Light Weight Engines for Heavy Duty Diesel 
Trucks,” was in a formative stage at the time of this report.

•	 Catalyst	Characterization	for	Exhaust	Aftertreatment 
(http://www1.eere.energy.gov/vehiclesandfuels/pdfs/
merit_review_2010/propulsion_materials/pm028_
watkins_2010_p.pdf. Accessed April 5, 2011.)
— Objective: To develop a quantitative understand-

ing of process/product interdependence leading to 
 catalyst systems with improved final quality, meet-
ing prevailing emissions requirements.

— Status: Evaluated the feasibility of the advanced 
tools at Oak Ridge National Laboratory (ORNL) 
for quantitative analysis of materials changes under-
lying the selective catalytic reduction catalyst per-
formance degradation with age. Initiated evalua-
tion of  Ammonia Oxidation Catalyst (selected by 
Cummins).

— CRADA: ORNL with Cummins and Johnson 
 Matthey; completion date: September 2012.

— DOE funding: $196,000 in 2009; $147,000 in 2010.

•	 Materials	Issues	Associated	with	EGR	Systems
 (http://www1.eere.energy.gov/vehiclesandfuels/pdfs/

merit_review_2010/propulsion_materials/pm009_
lance_2010_o.pdf. Accessed April 5, 2011.)
— Objective: To enable improved models and poten-

tial design improvements to reduce fouling and its 
impact on performance:

  1.  Characterize thermophysical properties of the 
deposit under different operating conditions on 
model exhaust gas recirculation (EGR) cooler 
tubes.

  2.  Determine long-term changes in deposit proper-
ties due to thermal cycling and water/hydrocarbon 
(HC) condensation.

— Status: Assembled industry team; collected coolers; 
established experimental setup.

— CRADA: ORNL with Caterpillar, Cummins, Detroit 
Diesel, GM, John Deere, Modine, Navistar, PACCAR, 
and Volvo/Mack; completion date: September 2011.

— DOE funding: $300,000 in 2009; $270,000 in 2010.

•	 Materials	for	High	Pressure	Fuel	Injection	Systems 
 (http://www1.eere.energy.gov/vehiclesandfuels/pdfs/

merit_review_2010/propulsion_materials/pm021_
blau_2010_p.pdf. Accessed April 5, 2011.)
— Objective: To evaluate spray hole microstructures, 

nozzle residual stress states, and fatigue properties 
of current and future materials for high-pressure 
fuel injector nozzles for diesel engines.

— Status: A fatigue test plan has been used to study 
the effects of holes on fatigue crack initiation and 
propagation in current and future nozzle materials 
(new materials were not identified).

— CRADA: ORNL and Caterpillar; completion date: 
September 2011.

— DOE funding: $225,000 from 2008 through 2011.

•	 Durability	of	Diesel	Engine	Particulate	Filters
 (http://www1.eere.energy.gov/vehiclesandfuels/pdfs/

merit_review_2010/propulsion_materials/pm010_
watkins_2010_o.pdf. Accessed April 5, 2011.)
— Objective: To develop test methods for character-

izing the properties of ceramic diesel particulate 
filters (DPFs) and to develop analysis and inspec-
tion methods for assessing their reliability and 
durability.

— Status: A procedure has been developed for rank 
ordering the thermal shock resistance of DPF sub-
strates. Proposed future work would characterize 
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field returned DPFs and compare their properties 
to virgin filters, using this information to refine 
lifetime prediction of filters.

— CRADA: ORNL with Cummins and Corning; first 
phase completed September, 2010; 3-year renewal 
in progress.

— DOE funding: $318,000 in 2009; $238,000 in 2010.

•	 Low	Cost	Titanium—Propulsion	Applications
 (http://www1.eere.energy.gov/vehiclesandfuels/pdfs/

merit_review_2010/propulsion_materials/pm006_
lavender_2010_o.pdf. Accessed April 5, 2011.)
— Objective: To reduce the cost to manufacture 

 titanium components for reciprocating and rotating 
applications.

— Status: A lower cost titanium bar made of sintered 
titanium powder (TiH2) appears to meet perfor-
mance requirements at lower cost (perhaps as much 
as 50 percent lower than ingot processed forgings). 
Cummins has identified an engine application (not 
specified) for final evaluation.

— CRADA: Pacific Northwest National Laboratory 
(PNNL) with Cummins; completion date: October 
2012.

— DOE funding: $300,000 in 2010.

•	 Fatigue	Enhancements	by	Shock	Peening
 (http://www1.eere.energy.gov/vehiclesandfuels/pdfs/

merit_review_2010/propulsion_materials/pm002_
lavender_2010_o.pdf. Accessed April 5, 2011.)
— Objective: To evaluate the capability for surface 

modification to improve fatigue performance of 
steel, aluminum, and cast iron engine components 
to enable improved efficiencies by increasing injec-
tion pressures and the overall durability of recipro-
cating parts.

— Status: Fatigue life of laser shock peened 52100 
steel showed approximately 50 percent increase in 
rolling contact fatigue life; Cummins is moving to 
deployment.

— CRADA: PNNL with Cummins; project completed 
in September 2010.

— DOE funding: $350,000 in 2008; $340,000 in 2009; 
$223,000 in 2010.

•	 Proactive	 Strategies	 for	 Designing	 Thermoelectric	
Materials for Power Generation (http://www1.eere.
energy.gov/vehiclesandfuels/pdfs/merit_review_2010/ 
propulsion_materials/pm014_hendricks_2010_o.pdf. 
Accessed April 5, 2011.)

— Objective: Develop new high-performance n-type 
and p-type thermoelectric material (TE) composi-
tions to enable: 17 percent on-highway efficiency of 
directly converting engine waste heat to electricity 
to help enable improved heavy-truck efficiencies to 
50 percent by 2015.

— Status: Determined that n-type Skutterudite mate-
rials show excellent thermoelectric properties; 
p-type Skutterudite materials are more challenging. 
Future work includes characterizing TE properties 
and validating with third-party testing (ORNL), and 
determining structural properties such as Young’s 
modulus, Poisson’s ratio, and mechanical strength. 

— PNNL with the Oregon Nanoscience and Micro-
technologies Institute, Oregon State University; 
project is ongoing.

•	 Low-Friction	Hard	Coatings
 (http://www1.eere.energy.gov/vehiclesandfuels/pdfs/

merit_review_2010/propulsion_materials/pm030_
erdemir_2010_p.pdf. Accessed April 5, 2011.)
— Objective: To design, develop, and implement 

low-friction and superhard coatings to increase the 
durability and fuel economy of engine systems.

— Status: Argonne National Laboratory (ANL), in 
cooperation with Istanbul Technical University, has 
developed a superhard nanocomposite coating that 
provides friction coefficients of between 0.02 to 
0.05 (compared with steel on steel at 0.10 to 0.15), 
and a production-scale deposition system. Future 
work will attempt to validate performance under 
fired engine conditions.

— CRADA: ANL with Galleon International; Hauzer 
Techno Coating, and several engine original equip-
ment manufacturers; completion date: September 
2012.

— DOE funding: $125,000 in 2009; $200,000 in 2010.

•	 High Strength Light Weight Engines for Heavy Duty 
Diesel Trucks
— Objective: To develop durable lightweight engine 

components (for example, the use of aluminum in 
the block and head) for heavy-duty diesel engines. 
The project would include the development of a 
prototype engine. 

— Status: CRADA under development between ORNL 
and Cummins.

— Proposed budget for 2011: $500,000.
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TABLE E-1 Available Models of Medium- and Heavy-Duty Hybid Vehicles and Electric Trucks

Truck OEM/
Chassis Model Powertrain

Body Type/ 
Application Engine Fuel GVW Class

Bright 
Automotive

IDEA Plug-in Hybrid 
Electric: Bright

Cargo Van Gasoline 3,200 1

Ford Transit 
Connect

Force Drive Electric: 
Azure Dynamics

Cargo Van Electric Electric 5,005 1

Ford E450 Hybrid Electric: 
Azure Dynamics 
Balance

Step Van, Shuttle Bus 5.4L EFI 
FFV V8

Gasoline 14,000 3

Freightliner Business Class 
M2e Hybrid

Hybrid Electric:  
Eaton

City Delivery, Utility, 
Delivery Tractor

Diesel 33,000-55,000 7, 8

Freightliner 
Custom 
Chassis 
Corporation 
(FCCC)

MT-45, MT-55 Hybrid Electric:  
Eaton

Walk-in Van Diesel

GMC TC5500 Plug-in Hybrid 
Electric: Dueco 
Odyne

Utility Vortec 8.1L 
MD

Gasoline 19,500 5

Kenworth T270 Hybrid Electric:  
Eaton

Delivery, Utility PACCAR 
PX-6

Diesel 25,000 6

Kenworth T370 Hybrid Electric:  
Eaton

Delivery, Utility PACCAR 
PX-6

Diesel 33,000 7

Mack/Volvo TerraPro 
Hybrid

Refuse Diesel 8

Modec Chassis Cab, 
Dropside & 
Box Van

Electric: Modec Chassis Cab, Dropside,  
Box Van, Refrigerated  
Box Van, Tail Lift, Tipper

Electric Electric 12,000 3

Navistar, Inc. DuraStar 
Hybrid (Truck)

Hybrid Electric:  
Eaton

Beverage, Box Van, 
Refrigeration, Landscape 
Dump, Utility, Crane, Tree 
Trimmer, Recovery Towing, 
Armored Vehicle, Stake Flat, 
Grapple, Road Patch Truck, 
Refined Fuels, Propane Tank

MaxxForce 
DT

Diesel 23,500-39,000 6, 7

Navistar, Inc. 4300 Plug-in Hybrid 
Electric: Dueco 
Odyne

Utility, Digger Derrick, Air 
Compressor

MaxxForce DT Diesel 25,000-37,000 6, 7, 8

Navistar, Inc. DuraStar Hybrid 
(4x2) Tractor

Hybrid Electric:  
Eaton

Beverage Diminishing Load MaxxForce DT Diesel Up to 55,000 7

Navistar, Inc. WorkStar Hybrid 
(Truck)

Hybrid Electric: 
Eaton

4x4 Utility, Landscape Dump, 
Snowplow, Digger Derrick, 
Utility, Crane, Stake Flat, Box 
Van, Recovery Towing, Refined 
Fuels, Propane Tank

MaxxForce DT Diesel 23,500-39,000 6, 7

Navistar, Inc. eStar All Electric: Modec Delivery Van Electric Electric 12,100 3

Peterbilt 320 Hybrid Hydraulic Launch 
Assist (HLA): Eaton

Refuse Diesel 8

Peterbilt 330 Hybrid Hybrid Electric: 
Eaton

Delivery Van PACCAR PX-6 Diesel 26,000
6

Peterbilt 337 Hybrid Hybrid Electric: 
Eaton

City Delivery, Fire &  
Rescue, Beverage,  
Municipal, Refuse, Utility

PACCAR PX-6 Diesel 6, 7

continues
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Truck OEM/
Chassis Model Powertrain

Body Type/ 
Application Engine Fuel GVW Class

Peterbilt 348 Hybrid Hybrid Electric: 
Eaton

Municipal, Service, Utility PACCAR 
PX-6

Diesel 33,000+ 7, 8

Peterbilt 386 Hybrid Hybrid Electric: 
Eaton

Long Haul Diesel 8

Smith Electric 
Vehicles

Newton Electric: Smith Food Distribution, Parcel 
Delivery, Chilled Food 
Distribution, Short Haul, 
Utility, Airport Operations, 
Public Sector

120 kW 
Induction 
Motor

Electric 16,535-26,455 5, 6, 7

SOURCE:  Available at http://business.edf.org/projects/fleet-vehicles/hybrid-trucks-financial-incentives-guide/available-models-medium-heavy-duty-. 
Accessed April 8, 2011.

TABLE E-1 Continued
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Proposed Mechanism for Obtaining Hybrid Vehicle Credits

The U.S. Environmental Protection Agency (EPA) and the 
U.S. Department of Transportation National Highway Traffic 
Safety Administration (DOT/NHTSA) issued proposed green-
house gas emissions standards and fuel efficiency standards 
for medium- and heavy-duty engines in a notice of proposed 
rulemaking (NPRM) on October 26, 2010 (EPA/NHTSA, 
2010a,b). On September 15, 2011, the EPA and NHTSA 
issued final greenhouse gas emissions standards and fuel 
efficiency standards for medium- and heavy-duty engines and 
vehicles that are tailored to each of three regulatory categories 
of heavy-duty vehicles: (1) Heavy-Duty Pickup Trucks and 
Vans, (2) Vocational Vehicles, and (3) Combination Tractors 
(EPA/NHTSA, 2011a). The agencies are providing credits 
for the use of hybrid powertrain technology as an incentive 
(EPA/NHTSA 2011a,b). The approach to account for the use 
of a hybrid powertrain when evaluating compliance with the 
standards is described below. 

HEAVY-DUTY PICKUP AND VAN HYBRIDS

Test Procedure

For the heavy-duty pickup truck and van hybrid class 
of vehicles with gross vehicle weight ratings [GVWRs] 
between 8,500 and 14,000 lb (that are not already covered 
under the Model Year 2012-2016 light-duty truck and 
medium-duty passenger vehicle greenhouse gas [GHG] 
standards), the agencies have proposed that testing would be 
done using adjustments to the test procedures developed for 
light-duty hybrids, using the light-duty Federal Test Proce-
dure (FTP) and the Highway Fuel Economy Test (HWFET), 
but extending the requirement for chassis certification for 
CO2 emissions to diesel-powered vehicles. Currently, chassis 
certification is a gasoline requirement and a diesel option. 
Manufacturers would be allowed to continue to certify 
engines for criteria pollutant (non-GHG) requirements as 
they do today.

Fuel-Consumption Credits

The EPA and NHTSA fuel-consumption standards are 
expressed on a gal/100 mile basis, and that would apply to a 
manufacturer’s fleet of heavy-duty pickup trucks and vans with 
a GVWR from 8,500 to 14,000 lb. The credits for the hybrid 
vehicle would be calculated according to the Averaging, Bank-
ing, and Trading (ABT) program described by an equation for 
fuel consumption credits given later in this section. 

A manufacturer’s credit or debit balance will be determined 
by calculating its fleet average performance using the data 
from the FTP and HWFET tests and comparing this data to 
the manufacturer’s fuel-consumption standards, as determined 
by its fleet mix, for a given model year. A target standard is 
determined for each vehicle with a unique payload, towing 
capacity, and drive configuration (two-wheel versus four-
wheel drive). These unique targets, weighted by their associ-
ated production volumes, are summed at the end of the model 
year to derive the production volume-weighted manufacturer 
annual fleet average standard. A manufacturer would generate 
credits if its fleet average fuel-consumption level were lower 
than its standard and would generate debits if its fleet average 
fuel-consumption level were above that standard.

In addition to production weighting, the credit calculations 
include a factor for the useful life, in miles, in order to allow 
the expression of credits in gallons. The following equation is 
used to calculate credits (debits) and account for the amount 
that the family limit is below (above) the standard, the payload 
tons, the sales volume, and the useful life.

Fuel Consumption Credits (gallons) = (FC Std − FC Act) 
× Volume × UL × 100,

where:
FC Std = Fleet average fuel-consumption standard 

(gal/100 mile)
FC Act = Fleet average actual fuel-consumption value 

(gal/100 mile)
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Volume = Total production of vehicles in the regulatory 
category

UL = Useful life for the regulatory category (miles) 

VOCATIONAL VEHICLE AND TRACTOR HYBRIDS

Test Procedure

For vocational vehicles and combination tractors incorpo-
rating hybrid powertrains, the agencies specify two methods 
for establishing credits. The first method uses chassis dyna-
mometer evaluation of the vehicle, and the second method uses 
engine dynamometer evaluation with the powerpack in either a 
(1) pre-transmission format or a (2) post-transmission format. 
Each method requires a comparison test of the actual physi-
cal product, because the agencies are not aware of analytical 
models that can assess the technology.

Chassis Dynamometer Evaluation

Similar to heavy-duty pickup and van hybrids, to generate 
credits for hybrid vocational vehicles, full vehicle chassis 
dynamometer testing is a straightforward basis for compar-
ing fuel consumption performance of hybrid vehicles to 
conventional vehicles. The agencies specify two sets of 
duty cycles for vocational trucks to evaluate the benefit 
depending on the vehicle application. The key difference 
between the two sets is that one does not include operation 
of a power take-off (PTO) unit while the other does. For 
example, delivery trucks do not operate a PTO while bucket 
and refuse trucks do.

The duty cycles that apply to hybrid powertrains without 
a PTO system are shown in Table F-1. 

The transient cycle, derived from the California Air 
Resources Board (CARB) Heavy-Duty Truck 5 Mode 
Cycle, is 668 seconds long and travels 2.84 miles. The cycle 
contains 5 stops and contains 112 seconds of idling. The 
maximum speed of the cycle is 47.5 mph with an average 
speed of 15.3 mph. The High Speed and Low Speed Cruise 
modes reflect constant speed cycles at 65 mph and 55 mph, 
respectively, which are representative of drivers using cruise 
control whenever possible. The final rules include a new 
optional PTO test cycle in addition to the standard set of test 
cycles in order for manufacturers of advanced PTO systems 
to demonstrate in the laboratory environment fuel consump-

tion reductions that would be realized from their systems in 
the real world. The composite PTO test cycle for utility and 
refuse trucks is described in greater detail in EPA/NHTSA 
(2011b, see Table 3-23). 

Engine Dynamometer Evaluation

The engine test procedure involves exercising the con-
ventional engine and the hybrid-engine system based on an 
engine testing strategy. Real-world functionality would need 
to be accurately represented. The testing would also need to 
recover vehicle kinetic energy. The agencies specify the use 
of the Heavy-Duty Engine FTP cycle for evaluation of hybrid 
vehicles, which is the same test cycle specified for engines 
used in vocational vehicles. Engine dynamometer evaluation 
may be undertaken in one of two ways:

1. Pre-transmission power-pack testing, which includes 
the engine and hybrid systems in a pre-transmission 
format, could utilize existing engine certification duty 
cycles. Changes to how the engine certification would 
be conducted to address energy capture and idle opera-
tion would need to be evaluated as a complete protocol 
is developed.

2. Post-transmission power-pack testing, which includes 
the transmission, would require a vehicle-like duty 
cycle, which provides the appropriate speeds and 
torques to match field operation.

Fuel-Consumption Credits

Heavy-duty hybrid vehicles and hybrid powertrains can 
be certified using an A to B test method. This concept entails 
testing the conventional vehicle or powertrain, identified as 
“A,” and the hybrid version of the vehicle or powertrain, 
identified as “B.” The benefit associated with the hybrid 
system for fuel consumption would be determined from the 
weighted fuel-consumption results from the tests of each 
vehicle or hybrid powertrain, as described below:

1. Improvement Factor = (Fuel Cons_A − Fuel Cons_B)/
(Fuel Cons_A)

2. Gallons/1,000 ton-mile benefit = Improvement Factor 
× GEM Fuel Cons Result_B

Note in the above equations that the GEM (Greenhouse Gas 
Emissions Model) result would be calculated for the base 
vehicle or powertrain without hybridization, and the Improve-
ment Factor would account for hybridization of the vehicle or 
powertrain.

The following equation for the credits (debits) accounts 
for the amount that the family emission limit is below (above) 
the standard, the payload tons, the production volume, and 
the useful life:

TABLE F-1 Proposed Drive-Cycle Weightings (percent) 
for Hybrid Vehicles Without Power Take-off

Vehicle Category Transient 55 mph 65 mph

Vocational vehicle 75 9 16
Day cab tractor 19 17 64
Sleeper cab tractor 5 9 86
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Fuel Consumption credit (deficit)(gallons) = (Std-FEL) × 
(Payload Tons) × (Volume) × (UL) × 103,

where:
 Std = Standard associated with the regulatory category  
(gallons/1,000 ton-mile) (fuel consumption: Gal-
lons/1,000 ton-mile)

 Payload tons = Prescribed payload for each subcategory 
(12.5 tons for Class 7 tractors, 19 tons for Class 8 tractors, 
2.85 tons for light heavy-duty [LHD] vocational, 5.6 tons 
for medium heavy-duty [MHD] vocational, 7.5 tons for 
heavy heavy-duty [HHD] vocational vehicles)

 FEL = Family emission or fuel-consumption limit for the 
vehicle family (gallons/1,000 ton miles)

 Volume = (Projected or actual) production volume of the 
vehicle family

 UL = Useful life of the vehicle (435,000 miles for HHD, 
185,000 miles for MHD, and 110,000 miles for LHD)

Early Credits 

The final rules include an option for a manufacturer to 
obtain early credits by certifying a subcategory of vehicles 
at fuel-consumption levels below the standard prior to the 
model year the standard becomes effective. A 1.5 multiplier 
will be applied to early credits earned in model year 2013. 

Early credits provide an incentive for manufacturers to intro-
duce more efficient engines and vehicles earlier than required 
by the standards.

Advanced Technology Credits 

The final rules include a provision for obtaining credits for 
introducing advanced technologies to provide an incentive for 
their introduction. A 1.5 multiplier will be applied to these cred-
its, but the total credits are capped in any model year. Hybrid 
powertrain designs that include energy storage systems are one 
of the advanced technologies defined by the agencies.
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History of Heavy-Duty Truck Aerodynamic 
 and Tire Rolling Resistance Coefficients

The most recent 21st Century Truck Partnership (21CTP) 
white paper1 adopted the Environmental Protection Agency’s 
(EPA’s) Cd and Crr baselines from the proposed EPA/
National Highway Traffic Safety Administration (NHTSA) 
greenhouse gas (GHG) rule that were to represent roughly the 
median of current in-use equipment for highway duty tractor-
trailers with high-roof sleepers (identified in Table G-1) as 
“EPA GHG Rule Conventional High-Roof Average T-T.”   
These coefficients are higher than those used in previous 
Partnership documents and prevailing industry documents, 

which represented circa 2005 to 2009 production available 
designs and components, identified in Table G-1 as “NRC 
21CTP Review, Phase 2.” See also footnote e in Table G-1.

Notice for example, that the currently available EPA 
SmartWay aerodynamics and tires (0.59 and 0.0063) provide 
lower fuel consumption than is achievable with the Average 
T-T base coefficients in the EPA/NHTSA GHG rule (0.69 
and supposed combination weighted 0.0077), by about 7 per-
cent and 6 percent, respectively; 13 percent when combined. 

1Received by the committee on March 17, 2011.
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TABLE G-1 History of Heavy-Duty Truck Aerodynamic and Tire Rolling Resistance Coefficients

Truck Configuration Description Cd

Crr

Steer Drive Trailer Weighted Averagea

1974 COE T-Tb 1.02 0.0103c

1974 COE T-T, Closed Gap, Trailer Skirts,  
Boat-Tailb

0.46

EPA Classic Conventional, Exterior Air Cleaners,  
Verticle Exhaust, Flat Bumber, No Aero Features T-T

0.77

EPA GHG Rule (CE-CERT) 2000’s Conventional  
High Roof T-T

0.74

EPA GHG Rule Conventional High-Roof  
Average T-T

0.69 0.0078 0.0082 0.0072d 0.0077

NRC 21CTP, Phase 2, Mid-2000s Conventional 
High Roof, pre-S/W T-Te

0.63 0.0068

EPA GHG Rule Conventional High-Roof  
SmartWay T-T

0.59 0.0059 0.0074 0.0053 0.0063

EPA GHG Rule Conventional High-Roof Advanced  
SmartWay T-T

0.55 0.0055

NRC 21CTP Review, Phase 2, Conventional High Roof,  
2015-2020 T-T

0.45 0.0045

NOTE: COE T-T: Cab Over Engine Tractor-Trailer. T-T: Tractor-Trailer. The Cds’ and the Crrs’ in the table are not derived from a consistent set of measure-
ment or test procedures.

a Weightings: Steer (12), Drive (34), Trailer (34) reflect distribution of (80,000) lb Gross Vehicle Weight (GVW).
b K.R. Cooper, Commercial Vehicle Aerodynamic Drag Reduction: Historical Perspective as a Guide, The Aerodynamics of Heavy Vehicles: Trucks, 

Buses, and Trains, October 15, 2004. Springer.
c Based on bias ply tires. 
d Assumed by National Research Council committee.
e Reducing Heavy-Duty Long Haul Combination Truck Fuel Consumption and CO2 Emissions, NESCCAF/ICCT, Miller ed., October, 2009; and Cd same 

as the DOE 2006 21st Century Truck Roadmap and Technical White Papers. Doc No. 21CTP-003, December, Washington, D.C.
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Bibliography for Long Combinations Vehicles in Canada,  
the United States, and Australia

LONG COMBINATION VEHICLE (LCVs) IN CANADA

•	 The	 British	 Columbia	 program	 overview,	 including	
equipment requirements and operational restrictions 
that improve safety. Available at http://www.th.gov.
bc.ca/cvse/LCV/faqs.htm.

•	 A	study	of	the	experience	with	LCV	use	in Alberta by 
John Woodrooffe of the University of Michigan, with 
favorable outcomes for safety. Available at http://www.
transportation.alberta.ca/Content/docType61/produc-
tion/LCVEconomicEfficiencyReport.pdf.

•	 A	2005	study	by	the Canada Safety Council, showing 
that collision rates for LCVs are relatively low, given 
the numerous restrictions of operation. News sum-
mary: Available at http://archive.safety-council.org/
info/traffic/LCVs.html. Full report: Available at http://
archive.safety-council.org/info/traffic/LCVs.pdf.

•	 A	study	published	by	the	Canadian Journal of Civil 
Engineering reviewed accident rates in Alberta for 
all types of articulated trucks over a period of several 
years, comparing LCVs to conventional semitrailer 
trucks. Turnpike doubles had the lowest overall acci-
dent rate. Available at http://www.nrcresearchpress.
com/doi/abs/10.1139/L08-109.

LONG COMBINATION VEHICLES IN THE  
UNITED STATES

•	 Transportation	Research	Board	(TRB).	Crashes	Involv-
ing Long Combination Vehicles: Data Quality Prob-
lems and Recommendations for Improvement, 2002. 
Available at http://trid.trb.org/view.aspx?id=717388.

•	 TRB.	 Western	 Uniformity	 Scenario	Analysis,	 2004.	
The U.S. Federal Highway Administration has released 
a report that assesses the impacts of lifting the LCV 
freeze and allowing harmonized LCV weights, dimen-
sions, and routes among only those western states that 

currently allow LCVs. The report analyzes impacts 
of expanded LCV operations assuming that weights 
would be limited only by federal axle load limits and the 
federal bridge formula, with a maximum gross vehicle 
weight of 129,000 pounds. News summary: Available 
at: http://www.trb.org/Main/Blurbs/155006.aspx. Full 
report: Available at http://www.fhwa.dot.gov/policy/
otps/truck/wusr/wusr.pdf.

•	 University	of	North	Caroline	(UNC). Highway Safety 
Research Center. Operational Characteristics of LCVs. 
LCVs handle and perform differently from tractor 
semitrailers or twin trailers because of their increased 
lengths and weights. These differences in handling and 
performance may jeopardize the safety of the LCV as 
well as other vehicles on the roadway. There is a clear 
need to conduct additional research to further evaluate 
LCV operations. News Summary: Available at http://
trb.metapress.com/content/e7rj21x41635202g/?p=779
6494a3f33446e875d54459b5ff39b&pi=11. 

•	 Nevada.	 MTA	 Trucking	 big	 picture,	 asserts	 LCVs	
have better safety, 2011. Available at http://www.leg.
state.nv.us/Session/76th2011/Exhibits/Senate/TRN/
STRN282C.pdf.

•	 California	 Department	 of	 Transportation.	 Summary	
of LCV regulations in other states (not permitted in 
California), 2011. Per Intermodal Surface Transporta-
tion Efficiency Act (ISTEA), LCVs are allowed by a 
grandfathering clause only in states where they were 
in operation before June 1, 1991. Some form of LCV 
is currently allowed on designated routes in Alaska, 
Arizona, Colorado, Florida, Idaho, Indiana, Iowa, 
Kansas, Massachusetts, Michigan, Missouri, Montana, 
Nebraska, Nevada, New York, North Dakota, Ohio, 
Oklahoma, Oregon, South Dakota, Utah, Washington, 
and Wyoming. Oversize/overweight vehicles may be 
allowed by local jurisdictions in California for certain 
vehicles and loads. (20 states named).
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•	 SmartWay	 Environmental	 Protection	Agency	 (EPA).	
LCVs, A Glance at Clean Freight Strategies, 2010. 
LCVs generally have much better ton-mile fuel 
economy than other combination trucks. Increased 
productivity cuts fuel consumption and reduces green-
house gas and air pollutant emissions. LCVs have 
inherent stability and control limitations because of 
their length and number of trailers. Therefore, it is 
important that only experienced drivers under safe 
conditions operate LCVs. Widespread use of LCVs 
could have an adverse affect on bridges and other 
transportation infrastructure. Available at http://www.
epa.gov/smartwaylogistics/transport/documents/tech/
longer-combination-vehicles.pdf.

LONG COMBINATION VEHICLES IN AUSTRALIA

National Transport Commission, 2005. Report that sum-
marizes a 5-year, multi-stage project that investigated the 
behavior of long multi-combination vehicles transporting 
high center of gravity, heavy loads; found that spring versus 
air suspensions are more stable, and identified a new param-
eter that was used to characterize tracking misbehavior, Lat-
eral Acceleration Gain. Available at http://www.ntc.gov.au/
filemedia/Reports/RAG4OverarchingReportJan2005.pdf.

ADDITIONAL REFERENCES ON LCV SAFETY

1. Vehicle Weights and Dimensions Study.1986.13 
volumes. Roads and Transportation Association of 
Canada, Ottawa. 

2. Woodrooffe, J., P. Sweatman, D. Middleton, R. James, 
and J.R. Billing. 2010. Review of Canadian Experi-
ence with the Regulation of Large Commercial Motor 
Vehicles. National Academy of Sciences NCHRP Re-
port 671. Washington, D.C.: The National Academies 
Press. 

3. Ervin, R.D., and Y. Guy. 1986. The Influence of 
Weights and Dimensions on the Stability and Control 
of Heavy Trucks in Canada—Part 1. Prepared by 
the University of Michigan Transportation Research 
Institute for Roads and Transportation Association of 
Canada, Ottawa.

4. National Transportation Council. 2003. Performance 
Based Standards: Phase A– Standards and Measures. 
Regulatory Impact Statement. Melbourne, Australia.

5. York, J., and T. Maze. 1996. Applicability of Perfor-
mance-Based Standards to Truck Size and Weight 
Regulation in the United States. Sesquicentennial 
Transportation Conference Proceedings. Iowa State 
University, Ames, Iowa.

6. U.S. Department of Transportation. 2000. Comprehen-
sive Truck Size and Weight Study. FHWA-PL-00-029. 
Washington, D.C.: Federal Highway Administration.
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Acronyms and Abbreviations

21CTP  21st Century Truck Partnership

ABS  antilock braking system
A/C air conditioning
ACES   Advanced Collaborative Emission Study
AEC MOU Advanced Engine Combustion  

Memorandum of Understanding
AH ampere-hour
AHHPS  advanced heavy hybrid propulsion system
ALVW  adjusted loaded vehicle weight
ANL  Argonne National Laboratory
APBF   advanced petroleum based fuels
API American Petroleum Institute
APU   auxiliary power unit
ARC  Automotive Research Center
ARRA  American Recovery and Reinvestment Act
ASTM   American Society for Testing and Materials
AT aftertreatment
ATA  American Trucking Association
ATRI  American Transportation Research Institute
AVTA  Advanced Vehicle Testing Activity

BAC  blood alcohol content
bbl/day  barrels per day
bhp-h   brake horsepower-hour
BMEP  brake mean effective pressure
BSHR  brake specific heat rejection
BTE  brake thermal efficiency
BTL   biomass-to-liquids
BTU  British thermal unit

CAC  compressor after cooler
CARB   California Air Resources Board
CAT  Caterpillar
CDL  commercial driver’s license
CERDEC  Communications-Electronics Research, 

Development and Engineering Center
CFD   computational fluid dynamics

CH4   methane 
CLEERS   Crosscut Lean Exhaust Emission Reduction 

Simulations
CLOSE Collaborative Lubricating Oil Study on 

Emissions
CMV   commercial motor vehicle
CO carbon monoxide 
CO2   carbon dioxide
CO2-eq  CO2-equivalent  
CRADA  Cooperative Research and Development 

Agreement
CRC   Coordinating Research Council
CRS  Caterpillar Regeneration System
CTEI Commercial Traffic Effects Institute

DCT   Diesel Crosscut Team
DDC  Detroit Diesel Corporation
DEC   Diesel Emission Control
DEER  Directions in Engine-Efficiency and Emis-

sions Research (formerly Diesel Engine-
Efficiency and Emissions Research)

DEF  Diesel Exhaust Fluid
DERA  Diesel Emission Reduction Act
DME  dimethyl ether
DOC  diesel oxidation catalyst
DOD   U.S. Department of Defense
DOE   U.S. Department of Energy
DOT   U.S. Department of Transportation
DPF   diesel particulate filter
DPIM   Dual Power Inverter Model

ECU  environmental control unit
EERE   Energy Efficiency and Renewable Energy 

(Office of)
EGR   exhaust gas recirculation
EIA Energy Information Administration
EISA  Energy Independence and Security Act
EMA  Engine Manufacturers Association 
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EMD   engine manufacturer diagnostic
EPA   U.S. Environmental Protection Agency
EPAct 2005 Energy Policy Act of 2005
EPS Electrified Parking Spaces
ESC  electronic stability control
EU European Union

FACE  Fuels for Advanced Combustion Engines
FAME  fatty acid methyl esters
FCFP   FreedomCAR and Fuel Partnership
FCVT   FreedomCAR and Vehicle Technologies 

(Office of)
FHWA  Federal Highway Administration
FMCSA  Federal Motor Carrier Safety Administration
FMVSS  Federal Motor Vehicle Safety Standards
FOA  Funding Opportunity Announcement
FOH  fuel-operated heater
FOT   field operational test
F-T Fischer-Tropsch
FTP   Federal Test Procedure 
FY  fiscal year

GAC  granular activated carbon
gal gallon
g/bhp-h  grams per brake horsepower-hour
GCW   gross combined weight 
GES  General Estimates System
GFIC   ground-fault interrupter circuit 
GHG greenhouse gas
g/mi   grams per mile
gpm   gallons per mile
GPS  global positioning system
GREET  Greenhouse Gas Regulated Emissions, and 

Transportation
GTL   gas-to-liquid
GVW   gross vehicle weight
GVWR  Gross Vehicle Weight Rating

HC hydrocarbon 
HCCI   homogeneous-charge compression ignition
HD heavy-duty
HECC  High Efficiency Clean Combustion
HEI   Health Effects Institute
HEMTT Heavy Expanded Mobility Tactical Truck
HEV   hybrid electric vehicle
HFC   halogenated fluororcarbon
HFRR   high frequency reciprocating rig
HHDDE  heavy heavy-duty diesel engine
HHDDT Heavy Heavy-Duty Dieset Truck
HHV   hybrid heavy-duty electric vehicle
HLA  hydraulic lift assist
HMMWV High Mobility Multipurpose Wheeled 

Vehicle
HP  high pressure
hp  horsepower

HPV  high productivity vehicle (aka LCV)
HTHS  high temperature high shear
HTML  High Temperature Materials Laboratory 
HVAC  heating, ventilation, and air conditioning 
HVD  high-volatility diesel
HWFET highway fuel economy test

IC  internal combustion
ICE   internal combustion engine
IGBT  insulated gate bipolar transistor
IRS Internal Revenue Service
ISG integrated starter-generator
ISTEA  Intermodal Surface Transportation  

Efficiency Act
ITS Intelligent Transportation Systems
IVBSS  Integrated Vehicle-Based Safety Systems

JCAP   Japanese Clean Air Program
JCS Johnson Controls-SAFT
JP-8 Jet Propellant 8

KOH   potassium hydroxide
kWh   kilowatt-hour

L liter
LANL  Los Alamos National Laboratory
lb   pound
LCFS   Low Carbon Fuel Standard
LCV  Long Combination Vehicle (aka HPV)
LD  light-duty
LDT   light-duty truck
LDT1   light-duty truck 1
LDV light-duty vehicle
LDW  lane departure warning
LEV   Low Emission Vehicle
LHDDE  light heavy-duty diesel engine 
LI  lithion-ion
LLNL  Lawrence Livermore National Laboratory
LNT  lean NOx trap
LP   low pressure
LSD   low sulfur diesel
LS/SF  long sleeper tractor and straight frame
LTC  low-temperature combustion
LVW   loaded vehicle weight

µm  micrometer
MBRC  Miles Between Road Call
MD/HD medium-duty/heavy-duty
MDPV  medium-duty passenger vehicle
MDV   medium-duty vehicle
MET   More Electric Truck
MFC   Model Fund Consortium
MHDDE   medium heavy-duty diesel engine
MHDV medium- and heav-duty vehicle
mi   mile
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mpg   miles per gallon
mph   miles per hour
msec  millisecond
MYPP   Multi-Year Program Plan 

N2O   nitrous oxide
NAC  National Automotive Center
NAC NOX   Absorber Catalysts
NASA  National Aeronautics and Space 

Administration
NCSU  North Caroline State University
NEC  National Electric Code
NETL  National Energy Technology Laboratory
NFAC  National Full-Scale Aerodynamics Complex
NHWBS next-generation wide base single (tires)
NHTSA  National Highway Traffic Safety 

Administration 
nm  nanometer
NMHC  nonmethane hydrocarbon
NOX   oxides of nitrogen
NPBF   non-petroleum based fuels
NPRM  Notice of Proposed Rulemaking
NRC   National Research Council
NREL   National Renewable Energy Laboratory
NTE   Not-to-Exceed
NTP   National Toxicology Program
NTSB  National Transportation Safety Board

OBD   on-board diagnostic
OECD   Organization for Economic Co-operation 

and Development
OEM   original equipment manufacturer
OHVT  Office of Heavy Vehicles Technology 
ORNL   Oak Ridge National Laboratory  

PART   Program Assessment Rating Tool
PC   passenger car
PCCI   pre-mixed charge compression ignition  
PEM  polymer electrolyte membrane
PHEV   plug-in hybrid electric vehicle
PM   particulate matter
PM2.5   particulate matter smaller than 2.5  

micrometers in diameter (also PM10)
PNGV  Partnership for a New Generation of 

Vehicles
PNNL  Pacific Northwest National Laboratory
ppm   parts per million
PSAT   Powertrain Systems Analysis Toolkit
psi  pounds per square inch
PTO  power take-off

PZEV   Partial Zero Emission Vehicle

R&D   research and development
RFS   Renewable Fuels Standards
rpm   revolutions per minute

SAE   Society of Automotive Engineers
SCR   selective catalytic reduction
SECA  Solid State Energy Conversion Alliance
SET   Supplemental Emission Test
SI   spark-ignited
SNL  Sandia National Laboratories
SNS  Spellation Neutron Source
SO2   sulfur dioxide
SOFC  solid oxide fuel cell
STEP  Shorepower Truck Electrification Project
SULEV  Super Ultra Low Emission Vehicle
SUV   sport utility vehicle

21CTP  21st Century Truck Partnership
TACOM  U.S. Army Tank-Automotive Command
TARDEC  Tank-Automotive Research, Development 

and Engineering Center
TMA  Truck Manufacturers Association
TRB  Transportation Research Board
TSE  truck stop electrification

UDDS  Urban Dynamic Driving Schedule
UFP  ultra-fine particulates
ULEV   Ultra Low Emission Vehicle
ULSD   ultralow-sulfur diesel 
USABC U.S. Advanced Battery Consortium
USCAR  U.S. Council for Automotive Research
UTQGS  Uniform Tire Quality Grading System

V2I  vehicle to infrastructure
V2V  vehicle to vehicle
VG  variable geometry
VIUS   Vehicle Inventory and Use Survey
VMT  vehicle miles traveled
VSST  Vehicle Systems Simulation and Testing
VT  viscous transmission
VVA  variable valve actuation

WBS  wide base single
Wh/kg   watt-hours per kilogram
WHR   waste heat recovery

ZEV   Zero Emission Vehicle 


	Front Matter
	Summary
	1 Introduction and Background
	2 Management Strategy and Priority Setting
	3 Engine Systems and Fuels
	4 Medium- and Heavy-Duty Hybrid Vehicles
	5 Vehicle Power Demands
	6 Engine Idle Reduction
	7 Safety
	8 SuperTruck Program
	9 Efficient Operations
	Appendix A: Biographical Sketches of Committee Members
	Appendix B: Presentations and Committee Meetings
	Appendix C: Responses from the 21st Century Truck Partnership to the Findings and Recommendations from the National Research Council Phase 1 Review
	Appendix D: Highlights of Selected Propulsion Material Programs
	Appendix E: Available Models of Medium- to Heavy-Duty Hybrid and Electric Trucks
	Appendix F: Proposed Mechanism for Obtaining Hybrid Vehicle Credits
	Appendix G: History of Heavy-Duty Truck Aerodynamic and Tire Rolling Resistance Coefficients
	Appendix H: Bibliography for Long Combinations Vehicles in Canada, the United States, and Australia
	Appendix I: Acronyms and Abbreviations

