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Preface

This report is the third in a series of three by the National 
Academies of Sciences, Engineering, and Medicine1 that 
have reviewed the research and development (R&D) projects 
carried out by the 21st Century Truck Partnership (21CTP), 
which was formed in 2001 to reduce fuel usage and emis-
sions in trucks of Classes 3 through 8. The 21CTP has made 
significant progress since the Academies issued its first report 
in 2008. The early R&D was largely component-based, but, 
as a result of U.S. Department of Energy (DOE) American 
Recovery and Reinvestment Act (ARRA) funds in 2009, 
21CTP was able to fund four SuperTruck projects, which 
combined all the component technology and aerodynamic 
    improvements of the tractor and trailer into a Class 8 tractor-
trailer to demonstrate and achieve the goal of 50 percent 
brake thermal efficiency (BTE) for the diesel engine in a 
cruise condition, while meeting the 2010 heavy-duty die-
sel emissions standards. One truck has achieved a freight 
efficiency of over 175 ton-miles per gallon, compared to a 
2009 model baseline efficiency of 99 ton-miles per gallon. 
In terms of fuel economy, the truck achieved 10.7 miles per 
gallon (mpg), compared to the baseline truck at 6.45 mpg. 
As for load-specific fuel consumption (LSFC), the truck 
achieved 5.7 gallons/1,000 ton-miles, down 43 percent from 
the baseline LSFC of 10.0 gallons/1,000 ton-miles. A portion 
of the improvement on a ton-mile basis came from weight 
reduction, which allows extra freight to be carried. 

A second truck has doubled fuel economy from a 2009 
baseline of 6.1 mpg to 12.2 mpg over one long-haul route, 
with a 120 percent increase in freight efficiency in ton-miles 
per gallon from a 2009 baseline of 94 ton-miles per gallon to 
206 ton-miles per gallon. LSFC was reduced by 55 percent 
on one route and by 49 percent on a second, lower speed 
route. On the route that produced the 12.2 mpg result, the 

1 Effective July 1, 2015, the institution is called the National Academies 
of Sciences, Engineering, and Medicine. References in this report to the 
National Research Council are used in a historic context identifying pro-
grams prior to July 1.

LSFC was 4.85 gallons per 1,000 ton-miles, compared to 
10.6 gallons per 1,000 ton-miles for the 2009 baseline.

The 50 percent BTE and the 4.85 and 5.7 gallons per 1,000 
ton-miles LSFC values are significant accomplishments and 
could not have been achieved without the ARRA funds since 
the overall DOE budget in normal years was not sufficient to 
take on a project like this. The results of this R&D program 
will have an impact on reducing the demand for diesel fuel 
used in heavy-duty vehicles, which is projected to increase 
each year. The report makes a number of recommendations 
to further the R&D goals of the 21CTP in the next 5 years.

The committee appreciates the effort by the personnel 
from DOE, the Department of Transportation (DOT), the 
Environmental Protection Agency (EPA), the Department of 
Defense (DOD)-Army, and all the companies and national 
laboratories that prepared presentations and hosted our visits. 
The help of these members of the Partnership enabled us to 
get the latest data and information, which was very important 
for the committee’s preparation of this report. 

John H. Johnson, Chair
Committee to Review the 21st Century 

Truck Partnership, Phase 3
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1

Summary

BACKGROUND AND INTRODUCTION

This third review by the National Academies of Sci-
ences, Engineering, and Medicine1 Committee on Review 
of the 21st Century Truck Partnership (21CTP), Phase 3, 
hereinafter called the committee, follows on the Phase 1 
and Phase 2 reviews by the National Research Council 
(NRC, 2008; 2012). The 21st Century Truck Partnership 
(21CTP—or, sometimes, “the Partnership”) is a coopera-
tive research and development (R&D) partnership made up 
of four federal agencies and 15 industrial partners.2 The 
Partnership aims to “accelerate the introduction of advanced 
truck and bus technologies that use less fuel, have greater 
fuel diversity, operate more safely, are more reliable, meet 
future emissions standards, and are cost effective” (21CTP, 
2013). It supports research, development, and demonstra-
tion (RD&D) that can lead to commercially viable products 
and systems. Its strategic approach includes (1) develop and 
implement an integrated vehicle systems R&D approach 
that validates and deploys advanced technology; (2) promote 
research on engines, combustion, exhaust aftertreatment, 
fuels, and advanced materials; (3) promote research on 
advanced hybrid propulsion systems; (4) promote research 
to reduce vehicle power demands; (5) promote the develop-
ment of technologies to improve truck safety, (6) promote 
the development and deployment of technologies that sub-
stantially reduce energy consumption and exhaust emissions 
during idling; (7) promote the validation, demonstration, 

1 Effective July 1, 2015, the institution is called the National Academies 
of Sciences, Engineering, and Medicine. References in this report to the 
National Research Council are used in a historic context identifying pro-
grams prior to July 1.

2 The agencies are the Department of Energy (DOE), Department of 
Transportation (DOT), Department of Defense (DOD), and U.S. Environ-
mental Protection Agency (EPA). The 15 industrial partners are Allison 
Transmission, ArvinMeritor, BAE Systems, Caterpillar, Cummins Engine, 
Daimler Trucks North America (Freightliner and Detroit Diesel), Eaton 
Corporation, Honeywell International, Navistar, Mack Trucks, NovaBUS, 
Oshkosh Truck, PACCAR, and Volvo Trucks North America.

and deployment of advanced truck and bus technologies, 
and improve their reliability to the point where they can be 
adopted in the commercial marketplace; and (8) research, 
validate, and deploy technologies and methods that save fuel 
through more efficient operations of trucks and transporta-
tion systems, with an overall goal of better freight efficiency 
(21CTP, 2013).

The majority of the federal funding for RD&D projects 
supporting the goals of 21CTP comes from the DOE’s 
Vehicle Technologies Office (VTO), with funds from the 
other three agencies as well. The American Recovery and 
Reinvestment Act of 2009 (ARRA, also known as the “stimu-
lus”) injected additional funding during the past few years in 
the SuperTruck program, supporting part of the four teams 
conducting R&D and integrating a variety of technologies 
into Class 8 tractor-trailer demonstration vehicles.

ASSESSMENT OF PROGRESS

With the focus of the Partnership on reducing fuel 
consumption and following on the NRC Phase 2 report 
(NRC, 2012) and the National Highway Traffic Safety 
Administration/Environmental Protection Agency (NHTSA/
EPA) regulations that are being promulgated to reduce fuel 
consumption and greenhouse gas (GHG) emissions from 
medium- and heavy-duty vehicles (MHDVs), the Partner-
ship has an important role to play in bringing together the 
government agencies and the private sector companies.3 The 
Partnership is a means for facilitating communication among 
four government agencies, the national laboratories, and the 
private sector. Through regular meetings and exchanges of 
information on the various projects that are being funded, 
it seeks to avoid duplication of R&D efforts and identify 
industry needs for R&D projects, which then create a higher 

3 NHTSA/EPA issued a Phase 1 regulation for model years 2014 to 2017 
and issued a Notice of Proposed Rulemaking in June 2015 for a Phase 2 
regulation covering model year 2018 and beyond.
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likelihood that they will help the private sector develop 
products that can be commercially deployed and reduce fuel 
consumption, GHG emissions, and meet criteria pollutant 
standards. Although this is not a centrally directed program 
with a single-point authority over budgets and priorities, the 
Partnership has made good progress since the NRC Phase 1 
and 2 reviews in improving communications, coordination 
and collaboration among the partners, documenting most 
of the projects and budgets under the 21CTP umbrella, and 
making some impressive technical progress in selected areas 
under its umbrella.

21CTP has become increasingly important in carrying 
out fuel consumption R&D as the federal government issues 
MHDV fuel consumption regulations. In addition, antici-
pated emission standards for oxides of nitrogen (NOx) in 
California and possibly at the federal level may affect engine 
and emission control technologies that will be deployed. 
These regulatory measures regarding fuel consumption as 
well as emissions imply that the federal government has a 
role, and perhaps an increasing role, in the development of 
technologies to help the private sector achieve these policy 
goals and also to help U.S. firms remain competitive in the 
face of international competition. The Partnership plays an 
important role in bringing together, to the extent possible, 
a wide variety of different groups in a fairly fragmented 
trucking industry that does not have an overall organization 
that coordinates long-term R&D. As pointed out in the NRC 
Phase 1 report, 

very few U.S. manufacturers of trucks and buses or heavy-
duty vehicle components have the R&D resources to develop 
new technologies individually. The 21CTP is giving some of 
those companies access to extraordinary expertise and equip-
ment of the federal laboratories, in addition to seed funding 
that draws financial commitment from the companies to push 
forward in new technology areas (NRC, 2008).

A number of important accomplishments, which are 
addressed in more detail in the remainder of this Summary 
and in the report, have occurred since the earlier NRC 
reviews:

•	 The engine systems Goal 1 of a 50 percent brake 
thermal efficiency (BTE) for an emissions compliant 
engine has been achieved. A pathway to achieve 55 
percent is being developed (Chapter 3).

•	 The four SuperTruck projects jointly funded by DOE 
and the private sector are impressive projects that inte-
grate a wide variety of engine and vehicle technologies 
to significantly reduce the fuel consumption of Class 
8 tractor-trailer vehicles, which consume the greatest 
part of the fuel used in the United States for heavy 
vehicles. These efforts follow on the recommendations 
in the NRC Phase 1 report for the full system integra-
tion of technologies and away from component-only 

R&D. These projects have brought together a wide 
variety of companies, the national laboratories, and 
universities (Chapter 8).

•	 The SuperTruck projects incorporated a number of 
vehicle power demand technologies that accounted for 
about 56 to 74 percent of the total fuel consumption 
reductions, with 26 to 44 percent coming from engine 
efficiency improvements (Chapter 8). 

•	 Following on previous NRC recommendations, the 
DOE has proposed the development of an annual 
dedicated report on 21CTP activities and gave the 
committee a first draft proposal (Chapter 2).

•	 Hybrid vehicle systems have demonstrated significant 
fuel consumption and emissions reductions in a num-
ber of MHDV applications, but their cost prohibits 
commercial deployment, especially at foreseeable fuel 
prices. In addition, the SuperTruck project results thus 
far show a limited potential benefit on long-haul duty 
cycles for hybrid systems using currently available 
technology. The 21CTP hybrid team is considering a 
proposal to restructure its mission and focus, which the 
committee supports (Chapter 4).

The committee notes, however, that there are still remain-
ing issues that the Partnership should continue to endeavor to 
address, some of which have been of concern in the Phase 1 
and 2 reviews as well:

•	 The Partnership has identified particular areas to 
address but in some areas research funding has not 
been commensurate with the goals for those areas. 
In some cases, e.g., efficient operations or hybrid 
vehicles, funding has been insufficient to meet the 
goals. In those areas that have not received funding, 
adjustments to the goals should be made.

•	 The Partnership needs to develop an ongoing and sys-
tematic approach to identify which projects fall under 
the 21CTP umbrella and how they contribute to the 
Partnership’s goals, as well as monitoring the results of 
the projects relative to the goals on an ongoing basis.

•	 The Partnership has yet to develop a brief annual report 
but, as noted above, is in the process of developing one.

•	 Previous reviews have suggested that additional truck 
manufacturers and suppliers be recruited for member-
ship to the Partnership but the members have remained 
the same. With the changes occurring in the industry, 
this should be revisited.

•	 Given the expected constraints on future budgets, it 
will probably be increasingly important to identify the 
federal government’s role after assessing both domes-
tic and overseas heavy-duty vehicle R&D. Assessing 
overseas R&D was recommended in previous reviews 
but it is not clear whether this was ever conducted.
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The technology integration efforts of the SuperTruck proj-
ects led to significant efforts by the project teams to address 
component R&D of engine idle reduction (Chapter 6) and 
vehicle power demands (Chapter 5, e.g., aerodynamics of the 
tractor and trailer, tire rolling resistance, friction reduction, 
weight reduction, and other approaches to reducing fuel con-
sumption). Consequently, because they have been addressed 
in the SuperTruck projects, these areas have received much 
reduced funding through DOE for individual projects in these 
areas. Furthermore, the relatively new area of efficient opera-
tions (Chapter 9) has not received much emphasis because 
of lack of funding. The discussion of these areas is left to 
the individual chapters and not included in the Summary.

MANAGEMENT STRATEGY AND PRIORITY SETTING

Since the previous Phase 1 and 2 reviews, the Partnership 
has evolved in the face of changing budgets and new initia-
tives. The main leadership resides with the DOE’s VTO, 
which manages a number of DOE-funded RD&D programs 
directly related to MHDV technologies. The other agencies 
simply bring their own existing programs that are relevant 
to the goals of the 21CTP under the 21CTP umbrella. The 
other complicating factor is that the budgetary aspects of the 
different agencies are all controlled by different committees 
in Congress. Consequently, the Partnership is unlike a tradi-
tional R&D program with central control and responsibility 
for budgets and priorities. DOE staff organize meetings and 
conference calls, maintain the information-flow infrastruc-
ture (such as websites and e-mail lists), and have led the dis-
cussions for and preparation of the updated 21CTP roadmap 
and white papers laying out Partnership goals, which was 
issued in February 2013 (21CTP, 2013). 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 ensure that valuable R&D results are 
communicated and that overlap of activities is reduced. As 
was noted in the NRC Phase 2 report, the NRC’s review of 
the overall 21CTP has helped to communicate to the various 
stakeholders and Congress the ongoing R&D efforts in the 
agencies and on the various projects (NRC, 2012).

The NRC Phase 2 review called for the preparation of a 
specific list of projects within each agency deemed to fall 
under the 21CTP umbrella, the associated line-item funding, 
and the overall budget for 21CTP. While DOE was able to 
provide this information for its own projects, the previous 
reviews were not able to secure this information from DOT, 
DOD or EPA. The situation has improved in this Phase 3 
review: Led by DOE, the Partnership provided an inventory 
of projects categorized as falling under 21CTP, with the 
associated funding levels (see Appendix D and Figure 1-1 
in Chapter 1).

Finding 2-1. The 21CTP remains a virtual organization 
facilitating communication among four government agen-
cies, the national laboratories, and industry, led by DOE but 
with no single-point authority over its activities, priorities, 
or budgets. While far from optimal, this structure is neces-
sitated by the separate reporting and budgeting mechanisms 
for each agency. Led by DOE, the Partnership has made good 
progress in adapting to this reality by improving communica-
tions, coordination, and collaboration among the partners, 
and documenting most of the projects and budgets under the 
21CTP umbrella.

Recommendation 2-1. The DOE is urged to continue this 
improvement by maintaining and publishing the inven-
tory of projects and budgets across all four agencies, tying 
those projects into the specific 21CTP goals and promoting 
the use of a portfolio management approach or the DOE’s 
Office of Energy Efficiency and Renewable Energy’s Project 
Management Center (EERE PMC) equivalent within the 
other agencies. Furthermore, EPA, DOT, and DOD should 
appoint a dedicated counterpart to DOE’s designated 21CTP 
leader, who in turn should report directly to the director of 
the Vehicle Technologies Office on 21CTP matters.

Recommendation 2-2. The Partnership should develop 
and adopt criteria for including projects under the 21CTP 
umbrella, such as “Does the project clearly address one of the 
specific goals of 21CTP?” and “Does the project fall within 
the R&D interests of the member Partners of the 21CTP?” 
The committee recognizes that there will be at least two 
levels of projects—those tightly connected to specific 21CTP 
goals and a supporting set of projects that have a longer term 
impact. Better definition of the criteria for including a project 
and at what level would assist in evaluating and increasing 
the effectiveness of the Partnership. 

ENGINE SYSTEMS

“Engine systems” comprises the engine, the aftertreat-
ment, and the fuel as an interlinked system. Two 21CTP 
engine goals are focused on a significant increase in energy 
efficiency: (1) develop and demonstrate an emissions compli-
ant engine system for Classes 7 and 8 highway trucks that 
achieves 50 percent BTE in an over-the-road cruise condition 
and (2) achieve 55 percent BTE in prototype engine systems 
in the laboratory. R&D on engine systems includes the proj-
ects funded by DOE and, in some cases, cost-shared with 
industry; these range from fundamental experimental work, 
to kinetic mechanism development, to mechanism evaluation 
and simplification, to development of advanced numerical 
methods, and to further development of the computational 
codes. The advanced combustion engines program is well 
managed and there is good collaboration and synergy among 
the DOE 21CTP individual engine projects. The SuperTruck 
engine projects were instrumental in meeting Goal 1, 50 per-
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cent BTE, and in carrying out the research to define a path to 
meeting Goal 2, 55 percent BTE. Of the federal funding for 
the SuperTruck teams, the amounts spent on diesel engine 
systems R&D to achieve the 50 and 55 percent BTE goals 
are approximately these: Volvo, $7.6 million; Navistar, $12.7 
million; Daimler, $15.8 million; Cummins, $15.5 million.

Finding 3-1. The 21CTP has successfully met Goal 1, to 
develop and demonstrate an emissions-compliant diesel 
engine system for Class 7 and 8 highway trucks that achieves 
50 percent brake thermal efficiency in an over-the-road cruise 
condition. The engine uses a waste heat recovery system.

Finding 3-2. The projects in the engine systems portion of 
21CTP represent a closely coordinated set of research activi-
ties that are pursuing a better fundamental understanding of 
processes critical to efficient engine operation. Fundamentals 
associated with fuel injection, sprays, gas exchange, in-
cylinder flows, advanced combustion processes, plus com-
prehensive yet robust kinetic routines for realistic fuels are 
being investigated. The learning from these activities is being 
incorporated into models, both detailed and phenomeno-
logical, that serve as tools for advanced engine development. 
Integral to this effort is the continued advancement of the 
base computer program itself and the solvers that facilitate 
rapid computational turnaround time. The program is well 
managed and interfaces well with industry stakeholders.

Recommendation 3-1. With the increased importance of 
advanced computational fluid dynamics (CFD) for devel-
oping the engines and operating scenarios necessary for 
minimum fuel consumption and in light of DOE’s role in 
the generation of new knowledge that gets incorporated 
into these CFD codes as submodels, a critical review of the 
Partnership’s program to develop the next-generation code 
(KIVA 4) should be performed. Feedback from participants 
in the high-performance computing workshop should be 
matched against the current code development activities, and 
the adequacy of the current program should be assessed. If 
necessary, the next-generation code development should be 
adjusted.

Finding 3-5. Achieving Goal 2, 55 percent BTE in a labora-
tory engine, will be very challenging. This is a high-risk, 
high-reward fundamental research program. It is an impor-
tant stretch goal because it will facilitate identifying the 
potential of different advanced engine, fuel, and combustion 
concepts for increased engine efficiency, even though these 
concepts may not be commercially viable in the near future. 

Recommendation 3-2. The fundamental diesel engine 
research program pursuing advanced technologies and 
combustion processes and engine architectures to achieve 
55 percent BTE should continue to be a focus of the 21CTP 

engine activities. However, the experiments and modeling 
should maintain a focus on dynamometer R&D, as opposed 
to attempting to build a demonstration vehicle. The achieve-
ment of this goal should be extended from 2015 to 2020 in 
order to have sufficient time to carry out R&D on this stretch 
goal. Also, this activity should not be at the expense of efforts 
to reduce load-specific fuel consumption via system integra-
tion and road load reductions.

Aftertreatment

The considerable effort and research funding focused on 
improving diesel emission control systems is important to 
the development of the system and the engine in the vehicle 
relative to the system cost, weight, and volume. 

Finding 3-6. The research agenda for 21CTP is focused on a 
wide diversity of heavy-duty emissions control work. There 
are impressive fundamental studies on selective catalytic 
reduction (SCR) catalysts, diesel particulate filter (DPF) 
fundamentals, low-temperature SCR and oxidation cata-
lysts, passive NOx adsorbers, multifunctional components, 
emissions measurement and modeling, system models, fuel 
effects, aging, and sensor development. These programs are 
delivering valuable results, but there are no program goals 
to guide future directions.

Recommendation 3-3. The DOE should develop specific 
aftertreatment goals for the 21CTP. These goals will serve 
as a focal point for researchers to submit proposals and for 
the DOE to assess them.

Recommendation 3-4. The Partnership should continue to 
fund work on improved SCR NOx efficiency (mainly low-
temperature efficiency without compromising high-tempera-
ture efficiency) and aging and poisoning effects. California’s 
and, potentially, EPA’s move toward further heavy-duty NOx 
reductions to meet National Ambient Air Quality Standards 
for ozone will be critical. These new targets need to be set 
for the research efforts. 

Finding 3-8. To achieve 50 percent BTE in the SuperTruck 
Program (Chapter 8), the engine compartment has limited 
space for the cooling system, the waste heat recovery system, 
and the aftertreatment system. The aftertreatment system 
volume, weight, and cost are important for the design of the 
engine compartment for trucks that are developed for 50-55 
percent BTE.

Recommendation 3-6. Technologies such as an SCR cata-
lyst on a DPF or others that have the potential to reduce the 
volume, weight, and cost of the aftertreatment system should 
be a part of the program to develop a 55 percent BTE engine.
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Fuels

Finding 3-10. A series of fuels for advanced combustion 
engines (FACE) and surrogates have been identified in coop-
eration between the DOE and the Coordinating Research 
Council (CRC). These fuels have specific physical and 
chemical properties and are being used in several advanced 
combustion research programs, including the evaluation of 
various low-temperature combustion concepts, the develop-
ment of CFD models for in-nozzle flow, spray formation, 
and combustion, and the development of new analytical 
techniques.

Recommendation 3-8. The DOE should continue to explore 
how the United States might use its abundant petroleum, nat-
ural gas, and biofuel resources in the most efficient manner. 
Studies, some of which are under way that contribute to this 
objective, should strive to answer the following questions:

1. What fuel properties (e.g., ignition characteristics, 
volatility, composition) of diesel fuel and gasoline 
provide for maximum efficiency of various advanced 
combustion engines? FACE and a common set of sur-
rogate fuels should be utilized by all DOE facilities 
involved in combustion research programs in order to 
provide consistent fuel characteristics when evaluating 
laboratory experiments and engine test results. 

2. Based on well-to-tank analyses, what fuel properties 
and processing procedures result in the lowest GHG 
emissions for hydrocarbon-based and bio-based fuel 
components? 

HYBRID VEHICLES

 Hybrid systems have demonstrated significant fuel con-
sumption and emissions reductions in a number of MHDV 
applications, but cost effectiveness has been a barrier faced 
by many of today’s hybrid drive manufacturers. As fuel 
consumption and GHG emissions standards become more 
stringent, however, there is a need for 21CTP to support 
the development of advanced technologies such as battery-
electric and hybrid drives that will help meet these goals. The 
cost of hybrid drive equipment is not likely to fall sufficiently 
fast to meet commercially acceptable cost/benefit ratios in 
the near future. As a result, there is a need for 21CTP to 
support R&D that will in time lead to commercially viable 
hybrid drive technologies.

Finding 4-1. The 21CTP is considering a proposal to 
restructure its hybrid team so that it can work on drivetrain 
efficiency improvements, including other types of system 
integration opportunities that incorporate hybrid drive 
equipment.

Recommendation 4-1. The 21CTP hybrid team is encour-
aged to use this opportunity to redefine its mission in a 
manner that will lead to vehicle efficiency and emissions 
reduction improvements via a range of technology options, 
including promising opportunities for electrification and 
other types of innovative drivetrain improvements. During 
the course of this restructuring, the six R&D stretch goals 
developed in 2011 for the MHDV hybridization program 
should be redefined as part of the development of strategic 
objectives of the restructured advanced drivetrain initiative. 
At the conclusion of this process, the 21CTP leadership, 
working together with DOE and the other 21CTP partner 
federal agencies, should make a serious effort to secure 
funding to pursue whatever goals emerge so that they have 
a realistic chance of being achieved.

Finding 4-2. Several manufacturers have commercialized 
medium-duty hybrid trucks during the past several years 
and successfully demonstrated their ability to significantly 
reduce fuel consumption and emissions, particularly in voca-
tional4 and delivery truck applications. Despite this progress, 
the high cost of the hybrid drive train equipment and batteries 
combined with dropping prices for natural gas and oil have 
significantly retarded their market penetration in the United 
States. This has caused economic hardships for many hybrid 
truck manufacturers, causing a widespread reevaluation of 
the current hybrid truck business viability, at least in North 
America. At the same time, there is evidence that business 
opportunities for MHDV hybrid equipment are growing in 
other parts of the world, particularly in China, where govern-
ment mandates are having a major impact.

Recommendation 4-2. Recognizing the advantages that 
hybridization can offer in trucks, 21CTP should support the 
development of new technology that offers promise for sig-
nificantly improving the performance and cost-effectiveness 
of hybrid truck technology in the longer term. Project oppor-
tunities should be pursued to evaluate cost-effective vehicle 
electrification configurations for trucks, including hybrid 
drives with optimized component ratings to minimize their 
payback periods in different vehicle classes and applica-
tions. This future work should take advantage of technology 
advances originally made and commercialized for light-
duty vehicles, including new battery technologies as well 
as opportunities for integrated microelectrification of truck 
functions such as start/stop operation, idle reduction, waste 
heat recovery, engine starting, and accessory electrification. 

Finding 4-3. Although EPA and NHTSA have made con-
siderable progress toward specifying the certification proce-

4 Vocational vehicles cover a wide range of vehicles, including delivery 
trucks, dump trucks, cement trucks, buses, cranes, bucket trucks, and others. 
They are typically sold as an incomplete chassis with multiple “outfitters,” 
such as an engine manufacturer, a body manufacturer, and an equipment 
manufacturer.
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dures for fuel consumption and emissions in hybrid MHDVs, 
these procedures are still incomplete and imprecise in some 
important areas, particularly with regard to chassis dyna-
mometer testing of complete hybrid MHDVs, and dynamom-
eter testing of hybrid drivetrain power packs to determine 
their emissions and fuel consumption performance.

Recommendation 4-3. 21CTP should make it a priority to 
encourage EPA and NHTSA to accelerate their efforts to 
strengthen and finalize procedures for certifying the fuel 
consumption and emissions of hybrid MHDVs, including 
procedures for chassis dynamometer testing of complete 
hybrid vehicles and dynamometer testing of hybrid propul-
sion drivetrains alone. The 21CTP leadership is encouraged 
to work together with EPA and NHTSA to inform and edu-
cate the 21CTP stakeholders and the broader MHDV manu-
facturing community about the details of these procedures 
when they become available.

SAFETY

The 21CTP includes goals to ensure that advancements 
in truck design and technology to improve fuel efficiency do 
not have negative impacts on safety, and ensure that efforts 
to improve safety do not reduce efficiency.

Finding 7-3. The current generation of commercially avail-
able Forward Collision Avoidance and Mitigation (F-CAM) 
systems should reduce fatalities in truck-striking rear-end 
collisions by 24 percent, injuries by 25 percent, and prop-
erty damage only crashes by 9 percent. Second- and third-
generation versions of the systems will bring substantially 
greater benefits.5

Recommendation 7-3. 21CTP should assess future genera-
tion Forward Collision Avoidance and Mitigation (F-CAM) 
system development in order to identify barriers to develop-
ment and establish incentives to foster commercialization.

SUPERTRUCK PROGRAM

An important and major component of the 21CTP during 
the past 5 years has been the SuperTruck program that was 
designed to reduce the fuel consumption of Class 8 long-haul 
tractor-trailer freight trucks. These SuperTruck vehicles are 
employing and integrating a wide range of technologies, 
many of which have been developed at the component or sub-
system level under various 21CTP projects. The SuperTruck 
program aligns with the findings and recommendations set 
out in the NRC Phase 1 review (NRC, 2008). Four project 
teams have been awarded funding, with ARRA funding 

5 Second-generation systems will be able to detect stationary threat ob-
jects in the roadway through the fusion of radar and vision systems, while 
third-generation systems will have more aggressive automated braking 
deceleration, achieving 0.6 g.

providing support to two of the teams (Cummins–Peterbilt 
and Daimler). With 50/50 cost sharing between government 
and industry, the total engine and vehicle funding for the 
project teams is $77.7 million for Cummins–Peterbilt; $79.1 
million for Daimler Trucks North America; $76.2 million for 
Navistar; and $38 million for Volvo, for a total of about $284 
million. Two teams, Cummins–Peterbilt and Daimler, aimed 
at completing their projects late 2014/early 2015 and their 
demonstration vehicles. The Navistar and Volvo teams will 
wind up in 2016. It should be emphasized that the teams have 
numerous companies, national laboratories, and universities 
working with them. With this funding for comprehensive 
demonstration vehicles incorporating many technologies, 
the teams are addressing areas such as engine efficiency, 
hybridization, aerodynamics, rolling resistance, idle reduc-
tion, and lightweight materials that prior to SuperTruck were 
only addressed through the core VTO projects.

The four project teams were awarded projects under 
the SuperTruck program and given the same basic targets, 
along with a requirement to maintain “comparable vehicle 
performance”:

•	 Achieve 50 percent BTE from the engine at a cruise 
operation speed and load point,

•	 Demonstrate a path to 55 percent BTE from the engine, 
and

•	 Demonstrate a 50 percent increase in freight efficiency, 
measured in freight ton-miles per gallon, on a long-
haul drive cycle.

In addition to these targets, the Cummins and Daimler 
teams added a target to measure the effectiveness of their 
auxiliary power unit (APU) systems, which handle hotel 
loads when the vehicle is parked: Demonstrate a 68 percent 
increase in freight efficiency on a 24-hour duty cycle (drive 
cycle plus overnight hotel load).

Finding 8-1. Overall, the committee finds the SuperTruck 
program to be a great success and finds that the system 
integration aspect of SuperTruck was a key to the program’s 
success. The SuperTruck program drove technology devel-
opment at a faster pace than industry would have achieved 
on its own. SuperTruck teams used the program to do the 
following:

•	 Increase both test and analysis capabilities, and 
improve the correlation between test and analysis;

•	 Use simulation results to drive improved experimen-
tal techniques, and use experimental results to help 
improve simulation techniques;

•	 Integrate combinations of technologies that had never 
been tested on a complete vehicle;

•	 Learn about opportunities, issues, and trade-offs with 
fuel saving technologies in real-world vehicle testing; 
and
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•	 Understand the challenges that must be overcome in 
order to make certain technologies cost effective.

Finding 8-2. The Cummins and Daimler SuperTruck teams 
have met the goal of an engine with 50 percent brake thermal 
efficiency (BTE) at the cruise power point, and the other 
two teams are working to meet this goal. The Cummins and 
Daimler teams have also exceeded by a wide margin the 
goal of a 50 percent increase in freight efficiency (33 percent 
reduction in load-specific fuel consumption [LSFC]) over a 
long-haul drive cycle. The other two teams are working to 
meet or exceed the program goal in 2015 (Volvo) and early 
2016 (Navistar).

Finding 8-3. The Cummins–Peterbilt SuperTruck team has 
comfortably exceeded a self-imposed goal of a 68 percent 
increase in freight efficiency (40.5 percent reduction in 
LSFC) over a 24-hour long-haul duty cycle. It achieved an 
86 percent increase in freight efficiency (46 percent reduc-
tion in LSFC). The Daimler team demonstrated a 115 per-
cent increase in freight efficiency (53.5 percent reduction in 
LSFC) on a different 24-hour duty cycle. This 24-hour goal 
does not apply to the Volvo program, and Navistar’s status 
is to be determined. 

Finding 8-6. Using the results available to date, about 26 to 
44 percent of the total vehicle fuel savings are due to engine 
efficiency improvements, while about 56 to 74 percent are 
due to vehicle power demand reduction. In the Cummins–
Peterbilt project, 42 percent of fuel savings are due to the 
engine and waste heat recovery, 14 percent to tractor aerody-
namics, 28 percent to trailer aerodynamics, and 15 percent to 
tire and driveline improvements. In the Daimler SuperTruck, 
engine improvements account for 26 percent of the total fuel 
savings while 74 percent is a result of vehicle power demand 
reductions, including the effect of the hybrid system.

Finding 8-7. SuperTruck project results show a limited 
potential benefit on long-haul duty cycles for hybrid systems 
using currently available technology. Much of the benefit of 
a hybrid system can be captured with much less expensive 
and heavy alternatives, such as a GPS-based cruise control 
that uses the vehicle as a kinetic energy storage device. 
Microhybrid systems (smart control of auxiliary power 
demand, possibly combined with limited energy storage to 
handle auxiliary and/or hotel loads) may prove to be a more 
promising hybrid approach for long-haul trucks.

Finding 8-9. The SuperTruck vehicles incorporate technolo-
gies with a wide range of production readiness: Some will go 
into production soon; some will never become cost-effective 
with technology that is now known. The outstanding fuel 
savings achieved in this program thus need to be treated 
carefully. Actual production vehicles achieving SuperTruck 

fuel savings may not be cost-effective for several decades 
unless fuel costs increase substantially.

Recommendation 8-1. The SuperTruck demonstration vehi-
cles represent a huge investment. DOE should consider ways 
of extracting additional research results from this investment 
by using the trucks that have been built to evaluate additional 
technologies. Some possibilities include these:

•	 Evaluation of additional technologies, such as 
microhybrid;

•	 Comparison of SuperTrucks on identical test cycles, 
with additional work to help understand any differ-
ences in performance;

•	 Vehicle evaluation of hardware resulting from future 
system or subsystem research projects;

•	 Exploration of a range of routes and payloads to 
determine the sensitivity of technologies to various 
applications.

Recommendation 8-2. Because of the great value demon-
strated by the SuperTruck program, DOE should be working 
on at least one vehicle integration project at any given time. 
Owing to likely funding limitations, it will not be possible 
to have three or four similar projects running. A range of 
integration projects are possible, including these:

•	 A regional haul SuperTruck,
•	 A heavy-duty vocational SuperTruck (refuse, dump, 

etc.),
•	 A SuperTrailer program to help trailer manufacturers 

build engineering capability, and
• A delivery truck of Class 3, 4, 5, or 6.

Finding 8-12. Although it did not conduct a detailed safety 
analysis, the committee believes that it is unlikely that most 
of the efficiency technologies under consideration in the 
SuperTruck program will have a negative impact on safety.

Recommendation 8-5. It is important for the 21CTP, prob-
ably through DOT, to monitor and analyze in detail the tech-
nologies implemented in the SuperTruck projects to verify 
that they do not have a negative effect on safety, since one 
or more of the technologies may be considered for future 
production vehicles.

Finding 8-13. DOE is still using fuel economy (FE) in miles 
per gallon and freight efficiency in ton-miles per gallon for 
their fuel use metric, while the NHTSA regulations that were 
published 5 years ago use fuel consumption (FC) in gallons 
per 100 miles and load-specific fuel consumption (LSFC) in 
gallons per 1,000 ton-miles.
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Recommendation 8-6. DOE should use FC and LSFC in its 
studies in order to be consistent with EPA/NHTSA regula-
tions and to provide in the literature the percent improve-
ments in magnitudes that relate to the metrics used in the 
regulations. Also, DOE needs to be a leader in changing the 
culture so that FC and LSFC become accepted metrics by 
industry.
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1

Introduction and Background

INTRODUCTION

In March 2014, the National Research Council (NRC) 
appointed the Committee on Review of the 21st Century 
Truck Partnership, Phase 3 (called the committee in this 
report) to conduct an independent review of the 21st Century 
Truck Partnership (21CTP) (see Appendix A for biographi-
cal information on committee members). The results of the 
committee’s review are presented in this report. This NRC 
Phase 3 review follows on two previous reviews, the first con-
ducted in 2007 resulting in the NRC Phase 1 report, issued 
in 2008 (NRC, 2008), and the second review, conducted in 
2010-2011, resulting in the NRC Phase 2 report issued in 
2012 (NRC, 2012). The Partnership’s responses to the rec-
ommendations in the NRC Phase 2 report are contained in 
Appendix C of the present report. Given the extensive back-
ground presented in the NRC Phase 1 and Phase 2 reports 
and in other related reports, the committee refers to these 
other reports as appropriate.

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 Transportation (DOT); the U.S. Department of Defense 
(DOD), more specifically the U.S. Department of the Army; 
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 and Detroit 
Diesel Corporation), Eaton Corporation, Honeywell Inter-
national, Navistar, Mack Trucks, NovaBUS, Oshkosh Truck, 
PACCAR, and Volvo Trucks North America (see Figure 2-3 
in Chapter 2 for the Partnership organization).1 The Partner-

1 In this report, Daimler or Daimler Trucks will be used interchange-
ably with Daimler Trucks North America; Detroit Diesel will be used 
interchangeably with Detroit Diesel Corporation, and Volvo will be used 
interchangeably with Volvo Trucks North America.

ship was formed in 2000 and announced on April 21, 2001, 
at a press event in Romulus, Michigan.2

The Partnership is not a program in the formal sense of an 
R&D program managed by a director with lines of authority 
to its partners and a specific budget item appropriated by 
Congress. Rather, the Partnership is a means of exchanging 
information and coordinating ongoing activities that are 
occurring at the various agencies and private-sector compa-
nies to contribute to national goals of reducing fuel usage and 
emissions while improving heavy vehicle safety. (Chapter 2 
addresses the organization of the Partnership and how it 
operates.) 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 depen-
dency on foreign oil” (21CTP, 2013). The focus of the R&D 
is on medium- and heavy-duty vehicles (MHDVs), which 
range from Class 3 trucks greater than 10,000 lb to larger 
commercial trucks such as delivery vans, garbage trucks, and 
on up to tractor-trailer combinations ranging up to 80,000 lb 
or greater in some special cases (see Table 1-1 for different 
size categories; also NRC, 2010a, 2012).

The Partnership addresses the following “national 
imperatives”: 

(a) Transportation in America supports the growth of our na-
tion’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 military 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 (21CTP, 2013).

2 For further details of the history, see 21CTP (2006) and NRC 
(2000, 2008, 2012).
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This report builds on the NRC Phase 1 and 2 reviews and 
reports and also, as part of its charge, comments on changes 
and progress since the Phase 2 report was issued in 2012. 
The strategic approach of the Partnership includes the fol-
lowing elements as laid out in the 2013 21CTP roadmap and 
white papers, which evolved from the 2006 21CTP roadmap 
(21CTP, 2006, 2013):

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

•	 Conduct research for engines, powertrains, combus-
tion, exhaust aftertreatment, fuels, and advanced mate-
rials to achieve both significantly higher efficiency and 
lower emissions.

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

•	 Conduct research to reduce vehicle power demands 
(also referred to as parasitic losses) to achieve signifi-
cantly reduced energy consumption.

•	 Support research on the development of technologies 
to improve truck safety, resulting in the reduction of 
fatalities and injuries in crashes involving trucks. 

TABLE 1-1 Comparing Classes of Medium- and Heavy-Duty Vehicles

Class Applications
Gross Weight 
Range (lb)

2006 Fleet 
Registrations 
(millions) 

Typical Miles 
per Gallon 
Range 2007

Typical Fuel 
Consumed 
(gal/1,000 
ton-mi)

Annual 
Fleet Fuel 
Consumption 
(billion gal)

Annual Fleet 
Miles  
Traveled  
2006
(billion mi.)

Share of 
Annual  
Miles (%)

Share of  
Fuel Use  
(%)

2b Large Pick-Up, 
Utility Van, Multi-
Purpose, Mini-Bus, 
Step Van

8,501-10,000 6.2 10-15 38.5 5.5  93 29.5 11.6

3 Utility Van, Multi-
Purpose, Mini-Bus, 
Step Van

10,001-14,000 0.69 8-13 33.3 1.46  12  3.8  3.1

4 City Delivery, Parcel 
Delivery, Large 
Walk-in, Bucket, 
Landscaping

14,001-16,000 0.29 7-12 23.8 0.53  4  1.3  1.1

5 City Delivery, Parcel 
Delivery, Large 
Walk-in, Bucket

16,001-19,500 0.17 6-12 25.6 0.26  2  0.6  0.5

6 City Delivery, School 
Bus, Large Walk-in, 
Bucket

19,501-26,000 1.71 5-12 20.4 6.02  41 13.0 12.7

7 City Bus, Furniture, 
Refrigerated, Refuse, 
Fuel Tanker, Dump, 
Tow, Concrete, Fire 
Engine, Tractor-
Trailer

26,001-33,000 0.18 4-8 18.2 1.93  9  2.9  4.1

8a Dump, Refuse, 
Concrete, Furniture, 
City Bus, Tow, Fire 
Engine (straight 
trucks)

33,001-80,000 0.43 2.5-6 8.7 3.51  12  3.8  7.4

8b Tractor-Trailer: Van, 
Refrigerated, Bulk 
Tanker, Flat Bed 
(combination trucks)

33,001-80,000 1.72 4-7.5  6.5 28.1 142 45.1 59.4

NOTE: The Transportation Energy Data Book (Davis et al., 2013) estimates that in 2011 light trucks (gross vehicle weight <10,000 lb, including Classes 
1, 2a, and 2b) used 7.24 quadrillion British thermal units (quads) of gasoline and 0.344 quads of diesel fuel; trucks of Classes 3-6 consumed 0.536 quads of 
gasoline and 0.727 quads of diesel; and Classes 7 and 8 combination trucks consumed 0.047 quads of gasoline and 4.468 quads of diesel.

SOURCE: Adapted from NRC (2010a, Table 2-1), with estimates based on data from 2006 and 2007. Note that total annual fleet miles amounts to about 
315 billion miles and total fuel use 47.31 billion gallons. 
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•	 Support research on the development and deployment 
of technologies that substantially reduce energy con-
sumption and exhaust emissions during idling.

•	 Conduct the validation, demonstration, and deploy-
ment of advanced truck and bus technologies, and 
improve their reliability to the point where they can 
be adopted in the commercial marketplace.

•	 Research, validate, and deploy technologies and meth-
ods that save fuel through the more efficient operation 
of trucks and transportation systems, targeting an 
overall improved freight efficiency (DOE, 2013).

As is discussed in more detail in this report, the Partner-
ship has been evolving and making some changes since the 
Phase 1 and 2 reviews. For example, since 2006 the roadmap 
and a series of white papers have been revised and updated.

NATIONAL CONCERNS

The federal government, including 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. Supporting R&D for vehicle technologies that would 
reduce fuel consumption and emissions has been a corner-
stone of federal R&D for decades and has complemented 
a number of National Highway Traffic Safety Administra-
tion and Environmental Protection Agency (NHTSA/EPA) 
regulations. Developing vehicle technologies to reduce fuel 
consumption helps to reduce demand for petroleum-derived 
gasoline and diesel fuel, which addresses concerns about 
energy security and U.S. dependence on petroleum imports, 
and addresses fuel affordability and price concerns by apply-
ing downward pressure on fuel demand. The United States 
has also implemented policies to replace petroleum-based 
fuels with fuels derived from domestic feedstocks, such as 
biofuels (NAS-NAE-NRC, 2009a,b; NRC, 2011). Concerns 
about air quality and the effects of pollutants on human health 
have led to a number of stringent regulations, significantly 
reducing exhaust emissions, such as oxides of nitrogen (NOx) 
and particulates, for both light-duty vehicles (LDVs—e.g., 
cars, vans, and light trucks) and MHDVs. These regulations 
have stimulated the development of technologies to meet 
these regulations. In addition, concerns about climate and 
emissions of greenhouse gases (GHGs) from human activity 
have increased interest in developing and deploying vehicle 
technologies to reduce fuel consumption and GHG emissions 
such as carbon dioxide (CO2).

Fuel Consumption

An extensive discussion of policy initiatives to reduce fuel 
consumption and emissions from vehicles can be found in 
previous NRC reports and will not be repeated here (NRC, 
2008, 2012, 2014). LDVs have been regulated for decades 

with regard to both (1) emissions that contribute to air pol-
lution and threaten health and (2) fuel economy from the 
standpoint of energy security. The Obama administration 
has been moving forward on regulatory measures to reduce 
GHG emissions as well as petroleum consumption and is 
focused on improving energy security concerns, with a goal 
of reducing oil imports by one third by 2025. Both increas-
ing domestic production of petroleum and other fuels and 
improving the fuel efficiency of vehicles contribute to meet-
ing this goal.3 The most recent ruling on fuel economy for 
LDVs was promulgated in a combined fuel economy and 
GHG emissions rule by NHTSA and EPA; the rule calls 
for a GHG CO2 level of 163 g/mi, which is equivalent to a 
54.5 mile per gallon (mpg) corporate average fuel economy 
(CAFE) standard by 2025 (EPA/NHTSA, 2012).

Partially as a result of the promulgation of these LDV fuel 
economy regulations, the Energy Information Administra-
tion (EIA, 2014) forecasts in its reference case that energy 
consumption by LDVs in the United States will decline by 
an average of about 0.8 percent/year between 2012 and 2040, 
from about 8.41 million bbl/day (oil equivalent) to 6.38 
million bbl/day, respectively. On the other hand, MHDVs, 
which in 2012 consumed about 25 percent of the petroleum 
used by on-road vehicles in the U.S. transportation sector, 
are expected to increase their fuel consumption by about 
40 percent between 2012 and 2040, from about 2.8 million 
bbl/day to 3.91 million bbl/day. About 70 percent of the 
fuel used by MHDVs is used by Class 6 and Class 8 trucks, 
where diesel engines are the dominant technology (DOC, 
2002; NRC, 2012). Table 1-1 provides estimates of the 
fuel consumed by various classes of trucks.4 U.S. refineries 
have traditionally been set up to maximize gasoline output. 
However, with diesel fuel demand projected to increase 
while gasoline demand decreases, U.S. refineries will need 
to change to be able to supply the diesel fuel needed as 
the demand for gasoline decreases. It is only recently that 
MHDVs have been regulated in the United States with regard 
to fuel consumption, with a Phase I rule promulgated in 2011 
covering vehicles beginning in model year 2014 and extend-
ing through model year 2018. The CO2 standard in g/ton-mi 
for 2017 vocational vehicles is 6 to 9 percent below that for 
a model year 2010 vehicle and up to 23 percent below that 
for combination tractors and the engines installed in them.5 
A second rule for MHDVs is currently under development, 

3 P. Davis, DOE, “Vehicle Technologies Program Overview,” Presentation 
to the Phase 3 committee on May 14, 2014.

4 Note that for the global economy, commercial transport (trucks, ships, 
planes, and trains) energy demand is projected to grow by 70 percent be-
tween 2010 and 2040; an important component of this will be attributable 
to trucks (ExxonMobil, 2014). Worldwide diesel fuel use is projected to 
increase from 18 million bbl/day in 2014 to 30 million bbl/day in 2040 (IEA, 
2014). Also, see http://www.dieselforum.org/news/the-global-fuel-forecast-
is-sunny-for-diesel, November 18, 2014. Accessed December 8, 2014.

5 Vocational vehicles cover a wide range of vehicles, including delivery 
trucks, dump trucks, cement trucks, buses, cranes, bucket trucks, and 
others. They are typically sold as an incomplete chassis, with multiple 
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and a Notice of Proposed Rulemaking was announced in 
June 2015 that will be enacted in 2016 and presumably lead 
to further reductions in fuel consumption for such vehicles 
beyond model year 2018.6

U.S. petroleum production today is greater than it has 
been in more than 25 years. During September 2014, daily 
U.S. oil production exceeded 8.8 million barrels per day, 
the most since early 1986 (Shenk, 2014). The EIA stated on 
September 14, 2014, that it expected daily oil production to 
reach over 9.5 million barrels per day in 2015, the most since 
1970 (EIA, 2014). The greatest reason for this increased 
production has been the significant amounts of oil generated 
from shale deposits using advanced extraction techniques 
developed during the last several decades. As a result of this 
increased production, it is expected that petroleum-based 
fuels will continue to be the major source of transportation 
fuels well into the 21st century. Alternative fuel sources will 
contribute some portion of the transportation fuel pool, but 
petroleum-based diesel fuel, perhaps with modified proper-
ties or blended with other components, will be the primary 
energy source for heavy-duty trucks (particularly Classes 7 
and 8). This increased U.S. energy production, together with 
improvements in vehicle fuel consumption, has improved 
the U.S. energy security position with regard to dependence 
on imports of petroleum. Increased domestic natural gas 
production and the associated sharp decline in natural gas 
prices have also stimulated interest in the use of natural gas 
in certain applications in the transportation sector, another 
trend that can contribute to improving energy security. 
Nonetheless, EIA, as noted above, forecasts a significant 
increase in fuel use by MHDVs, mostly diesel, in the next 
few decades, with natural gas playing a relatively small role 
as a percentage of the total transportation fuel consumption 
(see Table 1-2). Increasing use of biomass-based fuels has 
also helped with domestic production, but it remains to be 
seen to what extent cellulosic-based biofuels will contribute 
in the future.7 EIA also forecasts that the U.S. net import 

“outfitters”—such as an engine manufacturer, a body manufacturer, and an 
equipment manufacturer.

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. A Notice of Proposed Rule 
Making for MDHVs was issued on October 26, 2010. Final standards issued 
by EPA and DOT’s NHTSA on September 15, 2011, applied to model year 
2014 (EPA/NHTSA, 2010, 2011). EPA/NHTSA issued a Notice of Proposed 
Rulemaking, Phase 2 vehicle fuel efficiency and greenhouse gas emissions, 
on June 19, 2015 (see http://www.nhtsa.gov/fueleconomy).

7 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 Energy Independence and Security Act (EISA) of 2007 
(Public Law 110-140) includes a subtitle that amended the Renewable Fuel 
Standard (RFS) contained in the Energy Policy Act of 2005 (EPAct 2005, 
Public Law 109-58) and substantially increased the volumes of renewable 
fuels to be phased in to the fuel supply. 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, 

share of petroleum and other liquids will decline from 2012 
to 2040, but net expenditures (in constant 2012 dollars) for 
these will increase (Table 1-2). These trends, if they con-
tinue, will ameliorate U.S. dependence on imports but still 
represent significant expenditures and, given U.S. and global 
projections for increased fuel use by MHDVs, reducing the 
fuel consumption of MHDVs can help to further improve 
energy security.

Environmental Concerns

Added to the concern over imported petroleum and energy 
security is the concern about climate change. Nations around 
the world are beginning to exert more stringent control over 
human-made emissions, especially GHGs such as carbon 
dioxide (CO2). The European Union aims to reduce GHG 
emissions by 2020 to levels 20 percent lower than in 1990, 
and the European Commission announced in May 2014 
that it will develop a strategy to reduce CO2 emissions from 
trucks, buses, and coaches. Numerous discussions have taken 
place in the U.S. Congress about climate change, and many 
pieces of climate change legislation have been proposed, 
although at present (2014 as this is being written) and on 
into 2015, it is unlikely that any major legislation would 
be forthcoming, albeit the NHTSA/EPA Phase 2 Notice 
of Proposed Rulemaking for MDHVs was announced in 
June 2015. In November 2014, according to the U.S.-China 
Joint Announcement on Climate Change, the United States 
“intends to achieve an economy-wide target of reducing its 
emissions by 26-28% below its 2005 level in 2025 and to 
make its best efforts to reduce its emissions by 28%.”8 The 
administration’s regulations to decrease the fuel consump-
tion of both LDVs and MHDVs are also aimed at reducing 
GHGs from the transportation sector. It is estimated that the 
transportation sector accounted for about 28 percent of the 
total anthropogenic CO2-eq emissions in the U.S. economy 
in 2012 (EPA, 2014).9 The total on-road emissions in 2012 
from the use of gasoline, diesel, and alternative fuels are 
estimated to have been about 1.48 billion metric tons of 
CO2-eq emissions. In 2012, MHDVs are estimated to account 
for about 0.41 billion metric tons of CO2-eq emissions. Of 
these emissions, gasoline accounts for about 10 percent, 
diesel approximately 89.5 percent, and natural gas and liquid 
petroleum gas approximately 0.5 percent (EPA, 2014).

As for future trends, EIA (2014) forecasts that between 
2012 and 2040, CO2 emissions from the transportation 

cellulosic-based ethanol, and biodiesel made from vegetable oils (e.g., from 
soybeans), animal fats, and cellulose. Much R&D is occurring to develop, 
demonstrate, and commercialize the advanced biofuels that would be made 
from cellulose, but costs and technology performance are still uncertain 
(NAS-NAE-NRC, 2009b; NRC, 2011).

8 See http://www.whitehouse.gov/the-press-office/2014/11/11/us-china-
joint-announcement-climate-change. Accessed December 8, 2014.

9 EPA considers emissions of the GHGs CO2, methane (CH4), and nitrous 
oxide (NO2) and converts them to CO2-equivalents (CO2-eq), accounting 
for their different warming potentials in the atmosphere.
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sector as a whole will decline, the result of decreased emis-
sions from LDVs. Emissions from commercial light trucks 
(8,500 to 10,000 lb) remain about the same, buses decline 
somewhat, and freight trucks increase substantially because 
an increased quantity of freight will need to be moved as a 
consequence of the growing economy (see Table 1-2). 

Emissions of oxides of nitrogen (NOx) and particulate 
matter (PM) from heavy-duty vehicles have been signifi-
cantly reduced by PM standards that went into effect in 2007 
and NOx standards that were phased in between 2007 and 
2010.10 In order to meet lower NOx requirements, the trade-
offs in engine and emissions control designs led to some 
decline in the brake thermal efficiency of diesel engines as 
NOx standards phased in during the first decade of the 21st 
century. With NOx requirements having been stabilized by 
2010, engine manufacturers are now more focused on ther-
mal efficiency improvements (NRC, 2012). It is uncertain 
when more stringent NOx emission standards will be promul-
gated (e.g., by California) in the coming years and, if they 
are, how they may affect fuel consumption improvements.

Thus, for economic and environmental reasons and for 
energy security, the transportation sector is a key sector 
for consideration and a focus for policy, and MHDVs are 
a significant and increasingly important component. The 
21CTP can play an important role is this regard. The public 
sector—through advanced R&D, and especially in partnering 
with the private sector, where the ultimate decisions will be 
made to deploy and commercialize new technology—is an 
important complement to regulatory and market-pull require-
ments. In this vein, the Partnership’s fostering of technology 

10 A summary review of these emissions standards and changes can be 
found in the NRC Phase 1 and Phase 2 reports (NRC, 2008, 2012), as well 
as in references in this chapter (Ehlmann and Wolff, 2005; Johnson, 1988).

that can reduce fuel consumption and emissions by MHDVs 
has gained in importance in recent years.

AREAS OF INTEREST AND LEVELS OF OVERALL 
FUNDING

As a means of providing focus and a set of goals and 
objectives for itself as a whole, the Partnership developed a 
roadmap and supporting technical white papers, which have 
evolved since 2006 (21CTP, 2006, 2010, 2011, 2013). The 
technical areas covered by the white papers include these:

(1) Engine systems;
(2) Advanced heavy-duty hybrid propulsion systems;
(3) Vehicle power demands (sometimes called parasitic 

losses, including, for example, losses due to aerody-
namics, tire rolling resistance, and the like);

(4) Idle reduction;
(5) Vehicle safety;
(6) Operational efficiency, or efficient operations; and
(7) Additional infrastructure considerations, which were 

not included in previous versions of the roadmap.

These areas and the associated goals are discussed in 
further detail in the remaining chapters of this report. In 
addition, four major cost-shared contracts were awarded 
to four industry teams to carry out R&D and demonstrate 
for a complete long-haul tractor-trailer a freight efficiency 
improvement of 50 percent in ton-miles per gallon of fuel. 
These contracts were awarded under the SuperTruck pro-
gram, which is a part of the 21CTP and which is addressed 
in Chapter 8.

DOE provides the central leadership for the 21CTP 
through its Vehicle Technologies Office (VTO), which is 
within DOE’s Office of Energy Efficiency and Renewable 

TABLE 1-2 Historical and Projected U.S. Energy Use and CO2 Emissions by the Transportation 
Sector

Item Units 2012 2040

Natural gas, use in transportation quad 0.04 0.86
million bbl oil equivalent 6.9 148.2

Total transportation energy use quad 26.72 25.5
million bbl oil equivalent 4,606 4,396

Net import share of petroleum and other liquids percenta 40.3 32
billions, constant 2012$ 314 385

CO2 emissions

Transportation sector million metric ton 1,815 1,700
Commercial light trucksb million metric ton 35.6 35.6
Buses million metric ton 16.1 15.8
Freight trucks million metric ton 358 503

a See EIA (2014), table on petroleum and other liquid supply disposition.
b Gross vehicle weight of 8,500 to 10,000 lb.
SOURCE: EIA, 2014.
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Energy (EERE). The VTO has the primary role in DOE for 
pursuing the development of advanced vehicle technologies 
both for LDVs and MHDVs. The LDV activities are carried 
out in the U.S.DRIVE (Driving, Research, and Innovation 
for Vehicle Efficiency and Energy Sustainability) partner-
ship; the MHDV activities are carried out in the 21CTP. 
The U.S.DRIVE programs include work on combustion 
and emissions control, fuel cells, hydrogen storage, batter-
ies, lightweight materials, power electronics, and vehicle 
systems. In terms of the baseline DOE budget, the LDV 
program activities during the past 10-15 years have been 
much larger than efforts directed toward MHDVs. However, 
there is some overlap between work that is done for LDVs 
and MHDVs—for example, in areas such as the understand-
ing 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 VTO 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. DOE also con-
tracts work out to the private sector and involves the 21CTP 
industry partners in cost-shared contracts, and it supports 
R&D in the national laboratories and universities. It also 
plays an important role by hosting its Annual Merit Review 
(AMR) at which all VTO projects are peer reviewed and 
evaluated. It has also traditionally hosted annually the Direc-
tions in Energy Efficiency and Emissions Research (DEER) 
conference, which brings together professionals in the engine 
community to share the latest advances in combustion engine 
R&D; however, the last DEER conference was held in 2012 
(see Chapter 2 for further discussion).

The EPA has an interest in reducing emissions and works 
with the private sector and promotes and provides infor-
mation on various technologies for the reduction of fuel 
consumption and of GHG emissions through its SmartWay 
program. DOD also is very interested in improving the fuel 
efficiency and reducing the fuel consumption of its noncom-
bat vehicles; for combat vehicles it is interested in increased 
power density and low heat rejection. DOT is focused on 
safety issues, including the use of advanced technology and 
regulations that can improve highway safety, as well as on 
the overall system and infrastructure for moving freight effi-
ciently and economically and on not compromising safety in 
order to reduce fuel consumption.

Since 21CTP is a partnership and not a formal program 
with a specific budget line item, it has been difficult to 
quantify the level of effort for the different areas of interest. 
While levels of funding are available for DOE’s VTO, which 
is the lead organization for 21CTP, a distinction has to be 
made, as noted above, between efforts directed toward LDVs 
as opposed to MHDVs. In the Phase 1 and 2 reviews, DOE 
estimated what portion of VTO’s budget was applicable to 
the 21CTP. Congress in its appropriations breaks its budget 
down not by LDVs and heavy-duty vehicles but by technical 

areas. Also of note is that the Congress now requires DOE 
to fund projects up front and not yearly, as was the practice 
in previous years; thus, for multiyear projects, DOE would 
have to fund the project completely at the beginning. The 
other agencies (DOD, DOT, EPA) associate their own exist-
ing programs or projects that are relevant to the goals of 
the 21CTP under the 21CTP umbrella, but budgets are not 
clearly associated with 21CTP, and during previous reviews 
there has been no specific budget information from these 
other agencies. The efforts of the private sector associated 
with 21CTP are also not available except for specific projects 
that individual companies may be jointly funding with a gov-
ernment agency—for example, DOE. 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 and are managed by 
the individual agency program managers.

The DOE estimated the part of the DOE VTO budget that 
could be attributed to 21CTP activities to be about $87 mil-
lion in 2002. That amount then declined to about $46 million 
in 2010 as efforts on LDVs became a higher priority (NRC, 
2012); note that the total VTO budgets in FY 2010 and FY 
2013 were about $304 and $303 million, respectively. These 
past estimates for heavy-vehicle work did not appear to 
include work on energy storage (e.g., batteries), which could 
be associated with hybrid and electric drive technologies 
for MHDVs. At the time of this Phase 3 review, the budget 
request, $359 million, for the FY 2015 appropriations indi-
cated a significant increase from 2013-2014 for VTO, but 
Congress appropriated only $280 million. What proportion 
of VTO’s FY 2015 appropriations will be directed toward 
MHDVs remains uncertain. The other three agencies have 
their own, separate projects and budgets that can be associ-
ated with helping the Partnership to meet its goals. 

Nevertheless, as recommended during the Phase 2 review, 
the 21CTP leadership, at the urging of the Phase 3 commit-
tee, put together a list of projects and associated funding 
that 21CTP estimates contribute to the 21CTP effort (see 
Appendix D). As far as the committee can tell, the projects 
are not all R&D projects, with some addressing demonstra-
tion, deployment, field testing, facilities, and the like. These 
are not strictly what the committee considered to be the focus 
of the technical areas in the statement of task, namely, R&D 
activities in areas directly relating to heavy-duty trucks. 
These estimates by the 21CTP leadership resulted in Figure 
1-1, which depicts the estimated funding contributed by the 
four agencies. DOE estimated that about $116 million of FY 
2014 funds for the four agencies are contributing to 21CTP 
goals (see Figure 1-1). These funding levels do not include 
funding from the American Recovery and Reinvestment Act 
of 2009 (ARRA, better known as “the stimulus”) or efforts 
by the private sector.

The ARRA injected a significant amount of funding into 
activities, including R&D, on vehicles. Although this fund-
ing was a one-shot infusion and is not included as part of 
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the congressional appropriations for the agencies, it allowed 
the initiation of a number of LDV and MHDV activities that 
helped to promote technologies for reducing fuel consump-
tion. For example, approximately $1.5 billion was provided 
to accelerate the manufacturing and deployment of the next 
generation of U.S. batteries, $500 million to manufacture 
electric-drive components, and $400 million for transporta-
tion electrification. Such efforts, for example, can help to 
promote the more rapid development of battery technologies 
and help to stimulate the demonstration and deployment of 
hybrid vehicles. The 21CTP estimates that ARRA funding11 
contributed about $206 million to efforts supporting the 
21CTP, including the SuperTruck projects.

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.”12 Four SuperTruck industry teams have been 
funded, generally about 5-year contracts, with ARRA fund-

11 P. Davis, DOE, “Vehicle Technologies Program Overview,” Presenta-
tion to the Phase 2 committee on September 8, 2010.

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

ing of about $86 million contributing to two of the teams. 
The total funding for the four SuperTruck vehicle and engine 
projects is estimated at about $284 million, which includes 
ARRA funding, DOE funding, and private sector funding 
(see Chapter 8).

In summary, it is difficult to have a complete picture of 
the funding for the Partnership since there is not a budget 
item appropriated by Congress. The 21CTP leadership has 
estimated the level of effort by making judgments about 
which projects are associated with meeting 21CTP goals, 
but this exercise has not been complete for all four agencies 
(see Figure 1-1). The DOE estimated that the funding for its 
projects associated with 21CTP goals was about $87 million 
in FY 2002 but steadily declined to about $45 million in FY 
2010 (NRC, 2008, 2012). In recent years, and with inclusion 
of some of the other agency projects, the most recent esti-
mate for DOE, DOT, and EPA is about $116 million per year 
(Figure 1-1). The ARRA funding injected an additional $86 
million of federal funding spread over 5 years or so for the 
SuperTruck projects, whereas the private sector contributed 
about $138 million. Since some of the SuperTruck projects 
were addressing vehicle power demands and engine idle 
reduction, funding for individual projects in those areas was 
reduced.

Figure 1-1
Bitmapped

FIGURE 1-1 Summary of estimated federal funding contributing to 21CTP goals. Provided to the committee by the 21st Century Truck 
Partnership in December of 2014. ACE, advanced combustion engines; EDT, electric drive technologies; ES, energy storage; FHWA, Federal 
Highway Administration; FMCSA, Federal Motor Carrier Safety Administration; VSST, vehicle systems simulation and testing.
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ORIGIN AND SCOPE OF THIS STUDY

In response to a request from the director of the DOE’s 
Office of Vehicle Technologies, the NRC appointed the com-
mittee to fulfill the following statement of task:

(1) Review the high-level technical goals, targets, and 
timetables 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 meet-
ing 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 tech-
nical objectives and schedules for each of the major 
technology areas.

(4) Examine and comment, as necessary, on the appro-
priate 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 orga-
nization; (b) the process for setting milestones, 
research directions, and making Go/No Go deci-
sions; (c) collaborative activities within DOE, other 
government agencies, the private sector, universities, 
and others; and (d) other topics that the committee 
finds important to comment on related to the success 
of the program to meet its technical goals.

(6) Examine and comment on the response of the Part-
nership to the recommendations made in previous 
NRC reviews and reports of the 21st Century Truck 
Partnership.

(7) Write a report documenting its Phase 3 review of the 
21st Century Truck Partnership with conclusions and 
recommendations.

The statement of task contains a number of standard ele-
ments that the NRC has used to review a number of DOE 
R&D programs since it is general enough to allow a com-
mittee to make an assessment either narrowly, broadly, or 
both, as appropriate. As noted in the Phase 2 report, in an 
ideal world, every technical area would have well-defined 
projects, budgets, milestones, and targets against which to 
assess progress. But in reality, given the multiagency and 
multi-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 agen-
cies (see Chapter 2). The Partnership has coalesced around 
six technical areas in its roadmap and has white papers and 

goals for each of those areas. In some instances there are 
precise targets against which to measure progress; in others 
there are not, and committee judgment has been used. 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 pro-
pulsion, the review has been made complicated because 
the goals and targets have been undergoing revision. The 
SuperTruck projects are in various stages of completion, and 
the committee’s comments on this important component of 
the 21CTP are in Chapter 8 for the results that are available. 
The situation is not dissimilar to that during the Phase 1 and 
2 reviews, whose recommendations helped to focus some of 
the 21CTP efforts; the committee anticipates that the current 
report’s 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.13

 An extensive economics literature on the subject points to 
the importance of R&D in promoting technical innovation, 
especially for the kinds of research where the private sector 
finds it difficult to capture the return 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 and lead to improvements 
in the standard of living (Bernanke, 2011). Furthermore, in 
the energy area, the government 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 MHDVs. 
There are similar reasons for the government’s playing a role 
in R&D for light-duty vehicles as well. The Partnership for 
a New Generation of Vehicles (PNGV), the FreedomCAR 
and Fuel Partnership, the U.S.DRIVE partnership, and the 
21CTP are examples of public-private efforts to support 
R&D and to develop advanced technologies for vehicles 
(NRC, 2001, 2010a,b, 2013). These partnerships generally 
entail a variety of efforts (fundamental research, develop-
ment, demonstration, and—in some cases—deployment). 

13 This section is repeated from the Phase 2 report since an important 
component of the Phase 3 committee’s statement of task is the appropriate 
role of the federal government in the various technical areas and this view 
underlies a number of the committee’s recommendations (NRC, 2012).
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The federal government can support fundamental research 
through the national laboratories and universities, and indus-
try 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. According to Section 988 of the EPAct of 
2005, DOE-wide cost sharing requirements are 20 percent 
cost share for R&D, with an exemption for basic or funda-
mental R&D, and a 50 percent cost share for demonstration 
and commercial application activities (Public Law 109-58; 
also see Chapter 2). In its recommendations in each of the 
technical areas, the committee has considered which activi-
ties are most appropriate for the 21CTP to support. Implicit 
in all the recommendations that relate to the support of 
additional research is the committee’s belief that the federal 
government has a role to play in the R&D.

STUDY PROCESS AND ORGANIZATION OF THE REPORT

The committee held meetings to collect information 
through presentations on 21CTP activities by representa-
tives 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). The committee 
reviewed the 21CTP roadmap and white papers, including 
a list of related projects and funding; submitted questions 
to the 21CTP leadership and received informative answers; 
and considered DOE’s annual reports issued in the various 
technical areas. Subgroups of the committee also made 
site visits to the Cummins Technical Center in Columbus, 
Indiana; Daimler Corporate Facilities in Portland, Oregon; 
Daimler subsidiary Detroit Diesel in Detroit, Michigan; and 
Volvo in Greensboro, North Carolina for the SuperTruck 
projects. Committee subgroups also visited the Oak Ridge 
National Laboratory and the U.S. Army Tank Automotive 
Research, Development and Engineering Center (TARDEC) 
to understand the relationship between the Army and 21CTP 
R&D activities following on the DOE and DOD Advanced 
Vehicle Power Technology Alliance (AVPTA) partnership, 
entered into on July 18, 2011.14 The committee also reviewed 
papers on the various DOE projects under 21CTP at the 
2013 and 2014 DOE Annual Merit Review; in fact, some 
committee members attended and served as reviewers of the 
Annual Merit Review.15 The committee was not in a position 

14 See, for example, www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA554222. 
Accessed March 6, 2015. 

15 The DOE Annual Merit Review papers can be accessed at http://
energy.gov/eere/vehicles/vehicle-technologies-office-annual-merit-review-
presentations.

to review every project that the 21CTP said was associated 
with the Partnership, but based on the 21CTP presentations 
on various projects and on the committee’s own review of 
projects presented at the Annual Merit Review, it believes it 
received sufficient information to make judgements on the 
activities associated with the various technical areas. The 
committee’s findings and recommendations are based on the 
information gathered during the study and on the expertise 
and knowledge of committee members.

Chapter 2 addresses the overall management strategy and 
priority setting of the Partnership. Chapter 3 addresses work 
on engines and related activities on aftertreatment, fuels, and 
propulsion materials. Chapter 4 focuses on hybrid vehicles. 
Chapter 5 addresses vehicle power demands, including 
such areas as aerodynamics, tire rolling resistance, friction 
losses in the drivetrain, auxiliary loads, and weight reduc-
tion. Chapter 6 addresses idle reduction technologies for 
reducing fuel consumption and emissions during truck idle 
time. Chapter 7 addresses safety, which comes mostly under 
DOT. Chapter 8 addresses the four SuperTruck projects and 
Chapter 9 the area of efficient operations. 

Appendix A presents biographical sketches of the com-
mittee members. Appendix B lists all of the public presenta-
tions at the committee’s four meetings. Appendix C contains 
the list of findings and recommendations from the NRC 
Phase 2 report as well as the 21CTP responses to them. 
Appendix D is an inventory of 21CTP projects. Appendix E 
lists abbreviations and acronyms used in the report. 
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2

Management Strategy and Priority Setting

INTRODUCTION

As part of its Phase 3 review of the 21st Century Truck 
Partnership (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 presen-
tations included detailed responses to the concerns about 
the program’s overall effectiveness, funding mechanisms, 
priority setting, Partnership coordination and performance, 
and other 21CTP issues raised in the National Research 
Council’s Phase 1 (NRC, 2008) and Phase 2 (NRC, 2012) 
reports. The committee also collected information by 
reviewing documents and formulating questions to which 
the 21CTP provided detailed responses and by making site 
visits to several of the key partners. In addition, the 21CTP 
provided responses to the recommendations in the Phase 2 
report (please see Appendix C).

In this chapter the committee reviews each of these areas 
of concern and reports its findings and recommendations. For 
background on the structure of the Partnership, the chapter 
also includes and summarizes relevant information from the 
NRC Phase 2 report (NRC, 2012).

PROGRAM MANAGEMENT

As noted in Chapter 1, overall management of the Partner-
ship currently resides with the DOE’s Vehicle Technologies 
Office—VTO, formerly the Office of Freedom CAR and 
Vehicle Technologies (FCVT)—in the Office of Energy 
Efficiency and Renewable Energy (EERE).

DOE personnel publish Partnership goals through white 
papers and roadmaps (21CTP, 2006, 2013), maintain the 
information-flow infrastructure, and organize meetings and 
conference calls. The management of individual projects 
under the 21CTP umbrella rests with the individual agencies 
that have funded the work. These agencies communicate 

with one another through the 21CTP information-sharing 
infrastructure in an attempt to coordinate their efforts and 
to ensure that valuable research results are shared and that 
any overlap of activities among their respective efforts is 
minimized.

Figure 2-1 illustrates the relations among the key par-
ticipants in developing and conducting 21CTP research 
programs. Government agencies request funding from Con-
gress through the administration and work with the industrial 
partners and research organizations, including universities 
and government laboratories, to establish research programs 
that meet national priorities and the interests of industry. 
However, final funding levels are determined by congres-
sional appropriations, with each agency overseen by different 

FIGURE 2-1 Relations between 21CTP participants. SOURCE: 
Submitted to the Committee on Review of the 21st Century Truck 
Partnership, Phase 2, by the DOE Office of Vehicle Technologies 
(January 29, 2011). 

Figure 2-1
Bitmapped
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congressional committees. This makes prioritization of all 
of the 21CTP projects across the four agencies extremely 
difficult, if not impossible.

This limitation was discussed in the NRC Phase 1 and 
Phase 2 reports, and there are signs of some improvement in 
the coordination of projects in the subsequent 3 years, but the 
overall structure and funding of the government agency side 
of the Partnership remains a limitation to efficient program 
management.

In the NRC Phase 1 and 2 reviews, the previous commit-
tees asked for a specific list of projects within each agency 
deemed to fall under the 21CTP umbrella, the associated 
line-item funding, and overall agency budgets for 21CTP. 
While DOE was able to provide this information for its own 
projects, neither the Phase 1 nor the Phase 2 review was able 
to secure this information from DOT, DOD, or EPA.

Even in the case of DOE, light-duty and heavy-duty 
vehicle work often overlaps, in such areas as combustion or 
lightweight materials, for example. Accordingly, there is dif-
ficulty in parsing exactly which projects are part of 21CTP, 
although leveraging appropriate research activity across the 
entire vehicle spectrum, regardless of where the research 
program resides, is desirable wherever possible.

In addition, with the exception of the SuperTruck proj-
ects, it was difficult for the committee to ascertain the level 
of resources contributed by the private sector participants. 
Note, however, that DOE 21CTP activity (which accounts 
for 78 percent of total 21CTP funding) falls under the Energy 
Policy Act of 2005, which requires a 20 percent cost share for 
R&D projects and a 50 percent cost share for demonstration 
and commercial application projects (such as SuperTruck), 
so that the private sector’s contribution is at least 20 percent 
in all such activities (DOE, n.d.). 

The situation improved somewhat by the time of this 
Phase 3 review: Led by DOE, the Partnership provided an 
inventory of projects categorized as falling under 21CTP 
(although detailed EPA information was still missing1). 
It also provided the estimated associated funding levels 
(see Appendix D) and a partial summary of federal fund-
ing (excluding American Recovery and Reinvestment Act 
[ARRA] funds) contributing to 21CTP goals (see Figure 1-1 
in Chapter 1). 

In DOE vehicle research, which specifically addresses 
the national issue of energy security and the increasing 
pressures from the rising global consumption of oil, the 
VTO has involved the affected industries in planning the 
research agenda and identifying technical goals that, if met, 
will provide the basis for commercialization decisions. The 
government’s approach is intended to allow industry-wide 
collaboration in precompetitive research, which is then fol-
lowed by competition in the marketplace.

1 EPA data were presented as simply two line items, of which the larger, 
approximately $10 million, was that portion of the EPA budget estimated to 
relate to heavy-duty vehicle testing and certification, and not R&D.

The Partnership provides a forum for the exchange of 
technical information among the industry and government 
partners involved in heavy-duty transportation. While this 
exchange of information provides an opportunity for coor-
dination of relevant initiatives, what it does not, and cannot, 
do is provide single-point management or direction of such 
activities, or enable a “combined portfolio approach” to 
managing collaborative research efforts.

The four agencies involved in 21CTP have many areas of 
common interest, illustrated in Figure 2-2. 

The Partnership points to examples of successful col-
laboration between agencies, such as the Advanced Vehicle 
Power Technology Alliance (AVPTA) between DOD and 
DOE, work between DOT, EPA, and DOE on the relation-
ship between heavy-truck fuel efficiency regulations and 
21CTP research, and collaboration between EPA and DOE 
on hydraulic hybrid research (since dropped) and the EPA 
SmartWay Transport Partnership.

The overall management structure of the Partnership 
remains largely unchanged since its inception in 2001 as 
a virtual network (see Figure 2-3). The industry side is led 
by an executive committee comprising one representative 
from each of the three major industry sectors involved: 
engines, truck original equipment manufacturers (OEMs), 
and hybrids. At the time of this review, those representatives 
were from Cummins, Volvo, and Eaton.

In Finding S-1 of the NRC Phase 2 report, it was noted 
that the Partnership needs to review whether additional part-
ners—such as major truck and component manufacturers that 
are not currently members but that could contribute to the 
R&D program—should be recruited. No changes have been 

DOD DOE DOT EPA

DOD

DOE

DOT

EPA

Figure 2-2
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FIGURE 2-2 Some areas of common interest among government 
agencies participating in 21CTP. SOURCE: K. Howden, DOE, 
“21CTP Overview,” Presentation to the committee on May 14, 
2014.
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made to the Partnership structure since 2001, and meanwhile 
at least two industrial members have exited the on-road truck 
business, and consolidation in the industry has reduced six of 
the members to two separate corporate entities. 

The executive committee meets by teleconference once 
every month and is chaired by the 21CTP director. The pur-
pose of these meetings is to discuss 21CPT activities for the 
month and make any appropriate planning decisions that are 
best facilitated by a small representative group. 

The Partnership also holds regular teleconference meet-
ings of its full membership once a month. The purpose of 
these meetings is to facilitate open communication among 
the federal and industry partners about research activities, 
industry business, and technical accomplishments related 
to the Partnership’s goals and objectives. The meetings 
are chaired by the 21CTP director and separated into three 
distinct activities: a government-only discussion, a govern-
ment-industry discussion, and an industry-only discussion. 
Participation in these calls involves all of the federal agency 
and industry partner organizations, and attendance ranges 
from 20 to 40 people per call. In addition to the regular tele-
conferences, the Partnership holds at least one, and usually 
two, in-person meetings a year at a partner location.

Agendas and minutes of these meetings are archived 
on the Partnership’s internal website. The committee has 
reviewed examples of these meeting minutes and found the 
meetings to be comprehensive, well attended, and productive. 

The descriptions of the overall program management pro-
cess, originally published in the NRC Phase 1 and Phase 2 
reports, have been updated in the present report to reflect 
current Partnership practices. They reflect the Partnership’s 
responses to questions from the committee during this 
Phase 3 review, dated August 28, 2014. 

The original partnership structure was judged in the 
Phase 1 and Phase 2 reviews to be far from ideal. Accepting 
in the Phase 2 review that the form of centralized manage-
ment and control preferred by the committee was simply not 
feasible within the prevailing government and congressional 
structure, the committee recommended (Appendix C, Rec-
ommendation 2-1) as follows:

DOE is urged to continue to improve the functioning of the 
21CTP “virtual” management structure in every way possi-
ble. Such improved functioning would include strengthening 
interagency collaboration…and documenting and publishing 
specific 21CTP activity within all four agencies. 

In its response, the Partnership argued that its informal 
virtual organization offers some advantages but also noted 
it is exploring new communication methods and continuing 
its efforts to strengthen interagency partnerships, among 
other initiatives.

Overall, the committee accepts that the Partnership is 
striving to operate as effectively as possible despite a less 
than ideal organizational structure. In this regard, illustrated 
in Figure 2-4, the DOE has a dedicated leader assigned to 
21CTP matters, even though his responsibilities are listed 
as “Aftertreatment” in the Advanced Combustion Engines 
group. It would be most helpful if this person reported 
directly to the VTO director for 21CTP matters and, fur-
thermore, had designated 21CTP counterparts at the other 
three agencies.

The other program management recommendation in the 
NRC Phase 2 report dealt with the lack of a clearly defined 
inventory of projects and budgets included under the 21CTP 
umbrella, and recommended a brief annual report document-
ing the projects funded and the progress made (Appendix C, 
Recommendation 2-2). The initial response from the Partner-
ship concurred that no such report exists, and promised to 
consider the development of such a document as a nondupli-
cative complement to other 21CTP-related reports. 

Subsequently, in responses to follow-up questions from 
the committee, the Partnership indicated its intention to 
strengthen the coverage of 21CTP activity on the DOE web-
site (which currently contains only the 2006 and 2013 road-
maps and white papers) and provided the committee with a 
first draft of a proposed periodic report of recent Partnership 
accomplishments with digital links to further detailed infor-
mation. The committee considers these actions to be fully 
responsive to the prior recommendations (21CTP, 2013).

In addition to the committee’s hearing a DOD presen-
tation on May 14, 2014, a committee subgroup visited 
the U.S. Army Tank Automotive Research, Development, 
and Engineering Center (TARDEC) in Warren, Michigan, 
on December 5, 2014, to review 21CTP-related projects. 
Although the DOD places a high priority on reduced energy 
consumption, it is of necessity focused on a totally different 
operating environment, one that is exempted from emissions 

Figure 2-3
Bitmapped

FIGURE 2-3 Partnership organization. SOURCE: K. Howden, 
DOE, “21CTP Overview,” Presentation to the committee on May 
14, 2014.
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regulations and emphasizes high power density and JP-8 fuel. 
Consequently, there is little synergy with the needs of the 
commercial heavy-truck industry or with the stated 21CTP 
vision of “making trucks and buses safer, cleaner, and more 
efficient,”2 given the unique nature of DOD’s goals and their 
dissimilarity to those of 21CTP. Consequently, as shown in 
Figure 1-1 in Chapter 1, the Partnership lists DOD funding 
related to 21CTP goals as approximately $9 million, or only 
6 percent of total 21CTP federal spending.

The national laboratories conduct many DOE programs 
synergistically with the 21CTP. Examples of such projects 
include advanced combustion research, fuels and lubricants, 
exhaust aftertreatment, lightweight materials, simulation 
software for combustion and engine operation, hybrid 
systems, and vehicle parasitic losses, among many others. 
A committee subgroup visited Oak Ridge National Labora-
tory on October 22, 2014, to review the activities related to 
21CTP. Participation in 21CTP fosters ongoing technical 
interchange with industry at the working level, facilitating 
collaboration between the national laboratories, the govern-
ment agencies, universities and industry, thereby ensuring 
that the national laboratories know industry’s needs and 
priorities. It also expands the awareness across industry of 

2 K. Howden, DOE, “21CTP Overview,” presentation to the committee, 
May 14, 2014.

activity at the national laboratories beyond that reported at 
the DOE Annual Merit Review. Data provided by DOE in 
response to committee questions shows that DOE funding 
related to 21CTP was split fairly equally between industry 
and the national laboratories: In FY 2014 it was 49 percent 
each, and over the last three fiscal years, it was 43 percent 
for industry and 55 percent for the national laboratories. 
Universities received the remaining 2 percent. While the 
university share appears to be small, it does not include the 
fundamental research sponsored under joint National Sci-
ence Foundation/DOE programs or the many instances of 
universities partnering with national laboratories or industry 
on their projects. The importance of maintaining connec-
tions to universities suggests that DOE needs to determine 
whether the funding levels are sufficient. These connections 
are important for encouraging students to work on research 
projects related to the automotive industry so that there will 
be a next generation of engineers educated for government 
and industry. Unfortunately, no similar breakdown was avail-
able for the other three agencies.

Using the 21CTP to leverage the enormous capabilities 
in the national laboratories to address the specific research 
needs of industry adds considerable value and will facilitate 
the timely transition of promising technologies from the 
laboratories into the marketplace.

Figure 2-4
Bitmapped

FIGURE 2-4 DOE VTO organization. SOURCE: Submitted to the committee by the DOE VTO, October 7, 2014. NOTE: The “21” nota-
tions indicate some 21CTP activity within the indicated groups. APEEM, advanced power electronics and electric motors; VSST, vehicle 
systems simulation and testing.
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As noted in Chapter 1, another important information-
sharing activity supported by DOE was the Directions in 
Energy and Emissions Research (DEER) conference. This 
conference brought together professionals in the engine 
community and addressed research and projects related to 
the 21CTP. The conference has traditionally been an impor-
tant meeting for bringing these professionals together for 
in-depth discussions of engines and issues related to their 
emissions, including a wide variety of experts not necessarily 
involved directly with the 21CTP. In this way, the researchers 
involved in the 21CTP projects can learn from a wide variety 
of engine and emission control experts. Unfortunately, the 
last DEER conference was held in 2012.

PRIORITIZATION OF PROJECTS

The organizational structure of 21CTP precludes any 
systematic prioritization of research projects for the total 
program across all the participants. Each of the four agencies 
included in 21CTP has its own separate budgets and priori-
ties, and the industrial partners also have their own needs, 
priorities, and resources. 

The Partnership provided an inventory of 162 21CTP 
projects in October 2014 and then provided an updated 
inventory on December 29, 2014 (see Appendix D); the com-
mittee asked for clarification of which projects were consid-
ered “key” and how key projects are prioritized. On October 
24, the Partnership provided the response shown in Box 2-1.

The NRC Phase 1 report 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). The Partnership responded that 
the recommendation “will be considered . . .[but] the ability 
to directly align budgetary decisions across the agencies, 
however desirable, may be outside the scope of this voluntary 
collaborative organization.”

Since that time, the DOE has alluded periodically to the 
adoption of an Advanced Research Projects Agency-Energy 
(ARPA-E)-like portfolio management approach to its proj-
ects, and the committee asked if that approach had been 
adopted and how it operates. The response shown in Box 2-2 
was received on October 24, 2014. 

In addition, upon request, DOE provided examples of 
two projects that had encountered difficulties in achieving 
their respective goals and were substantially renegotiated 
and redesigned.

While these responses are clearly focused on DOE activi-
ties, they represent a welcome move in the direction of more 
aggressive program management and a portfolio approach, 
and the committee would like to see a similar approach taken 
at the other participating agencies.

A major component of 21CTP in recent years has been 
the SuperTruck initiative, enabled by the American Recov-
ery and Reinvestment Act (ARRA) of 2009. SuperTruck 
was discussed in the NRC Phase 2 report and is covered 

here in detail in Chapter 8. Four teams have been awarded 
cost-sharing contracts to develop prototype Class 8 trucks 
employing many of the technologies being pursued by 
21CTP, with very specific performance goals and time-
tables. Two teams are supported by ARRA funds and two 
teams benefit from DOE internal funds redirected to this 
purpose. The committee fully endorses this reprioritiza-
tion of DOE funds to enable the SuperTruck projects to 
proceed and applauds SuperTruck’s emphasis on applying a 
total systems approach to evaluating and demonstrating the 
candidate technologies in real-world vehicle applications 
against stringent test criteria. The SuperTruck teams have 
made significant vehicle and engine progress, as described 
in chapters 3 and 8, and in so doing have shown the value of 
carefully designed demonstration programs to complement 
component and system technology research. As the four 
SuperTruck projects approach their conclusion, it is not too 
soon to develop proposals to build on their momentum and 
success and to prioritize the next set of objectives in a future 
resource-constrained environment.

BOX 2-1 
Partnership’s Response to Committee 

Questions on Project Prioritization

The federal agencies that are members of 21CTP do not ex-
plicitly “prioritize” their ongoing projects after the portfolio has been 
established to identify a subset of them as being “key.” The federal 
agencies do broadly prioritize their research efforts when they are 
building their research portfolio, based on agency mission, funding 
levels, and other factors, however. The federal agencies prioritize 
their technical focus areas through their strategic planning and 
goal setting work, and then use a variety of mechanisms to identify 
performers (industry, academia, laboratories) to complete the work. 
The mechanisms are frequently competitive in nature, effectively 
prioritizing the proposed projects for each technical focus area as 
they are selected for funding.

For DOE, the industry-led projects chosen in response to a 
funding opportunity announcement are competitively selected (or 
“prioritized”) by technical review committees and DOE technical 
staff, who are selecting projects that are likely to be best able to 
contribute successfully to the relevant DOE goals. The laboratory-led 
projects are selected through a different process that still prioritizes 
the projects most likely to be successful and achieve critical DOE 
goals. DOE technical staff works with the laboratories to select 
the appropriate mix of projects, based on available funding and 
technical priorities. In both cases (industry and lab), the portfolio 
selections are reviewed each year at the Annual Merit Review, and 
changes to portfolio components can be made as a result of that 
feedback.
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FINDINGS AND RECOMMENDATIONS

In summary, the 21CTP continues to operate as a virtual 
network of government agencies, industry, and national 
laboratories, led by DOE using a relatively flat and infor-
mal management structure to discuss research priorities, 
communicate research successes, and provide feedback on 
future trends.

The Partnership has responded positively to prior NRC 
recommendations to improve the functioning of this virtual 
management structure, particularly across the other three 
agencies involved; publish an inventory of Partnership 
projects and associated budgets; and consider dedicated 
communication, such as a brief annual report, of Partnership 
activities and accomplishments.

Finding 2-1. The 21CTP remains a virtual organization 
facilitating communication among four government agen-
cies, the national laboratories, and industry, led by DOE but 
with no single-point authority over its activities, priorities, or 

budgets. While far from optimal, this structure is necessitated 
by the separate reporting and budgeting mechanisms for each 
agency. The Partnership has made good progress in adapting 
to this reality by improving communications, coordination 
and collaboration among the partners, and documenting most 
of the projects and budgets under the 21CTP umbrella.

Recommendation 2-1. The DOE is urged to continue to 
improve by maintaining and publishing the inventory of 
projects and budgets across all four agencies, tying those 
projects into the specific 21CTP goals and promoting a port-
folio management approach or the DOE’s Office of Energy 
Efficiency and Renewable Energy’s Project Management 
Center (EERE PMC) equivalent within the other agencies. 
Furthermore, EPA, DOT, and DOD should appoint a dedi-
cated counterpart to DOE’s designated 21CTP leader, who 
in turn should report directly to the director of the Vehicle 
Technologies Office on 21CTP matters.

Recommendation 2-2. The Partnership should develop 
and adopt criteria for including projects under the 21CTP 
umbrella, such as “Does the project clearly address one of the 
specific goals of 21CTP?” and “Does the project fall within 
the R&D interests of the member partners of the 21CTP?” 
The committee recognizes that there will be at least two 
levels of projects—those tightly connected to specific 21CTP 
goals and a supporting set of projects that have longer term 
impact. Better definition of the criteria for including a project 
and at what level would assist in evaluating and increasing 
the effectiveness of the Partnership. 

Finding 2-2. While many projects deemed to fall under the 
21CTP umbrella are reviewed in their own right at the annual 
DOE Merit Review and the Directions in Engine Efficiency 
and Emissions Research (DEER) conferences (until the latter 
ended in 2012), and the SuperTruck projects have an annual 
reporting requirement, there remains no dedicated report on 
21CTP activities, in any medium. In response to prior NRC 
recommendations, DOE has proposed the development of 
such a report and given the committee a first draft proposal.

Finding 2-3. The annual DEER conferences sponsored 
by DOE for over 25 years were an excellent way to share 
research results among industry, national laboratory, govern-
ment, and university personnel, but they were not held in 
2013 and 2014.

Recommendation 2-3. The DOE should publish a brief 
annual report on 21CTP activities and accomplishments, 
such as the first draft provided to the committee on October 
24, 2014, with references to published technical reports from 
all four agencies and the national laboratories. This would 
be a great help to Congress and to future review committees 
and the public in understanding the work and scope of the 
Partnership.

Box 2-2 
Partnership’s Response to Committee 
Questions on Management Approach

The DOE Office of Energy Efficiency and Renewable Energy’s 
(EERE’s) program management approach is broadly similar to the 
ARPA-E approach, in that it involves establishing and tracking of 
critical project milestones, and close coordination with the project 
performers to ensure that milestones are met and any issues 
are identified and resolved in a timely manner (see the ARPA-E 
Strategic Vision explanation of their management approach at 
http://arpa-e.energy.gov/sites/default/files/ARPA-E_Strategic_ 
Vision_Report_101713.pdf). 

EERE maintains a Project Management Center (PMC, viewable 
at https://www.eere-pmc.energy.gov/) to assist DOE HQ technology 
managers and project performers in managing their projects, and 
to provide a common framework and business practices across the 
diverse group of EERE offices. The PMC supports EERE through 
two field offices in Golden (Colorado) and NETL (Pittsburgh and 
Morgantown). DOE EERE technology managers and representa-
tives from the PMC work together with the project performers to 
negotiate project awards, establish and track milestones, actively 
review project progress on a quarterly basis (either via webinar or 
in-person meetings), and gather project management data using 
centralized EERE software tools to track progress. Complete details 
on how EERE program management is conducted may be found at 
http://energy.gov/eere/about-us/eere-program-management-guide. 
As with any project management system, the EERE system is con-
tinually being reviewed and refined to keep pace with current best 
practices and lessons learned.
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Recommendation 2-4. Because the DEER conference was 
an excellent approach to communicating research results 
of the 21CTP, the Partnership should consider holding it in 
2015 and each year thereafter. If funding constraints prevent 
an annual meeting, it should be held at the very least every 
other year.
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3

Engine Systems, Aftertreatment,  
Fuels, Lubricants, and Materials

INTRODUCTION

Heavy-duty truck engines, emissions control technol-
ogy, and fuels are central to all aspects of the 21st Century 
Truck Partnership’s (21CTP’s) vision of improved thermal 
efficiency, reduced oil dependency, low-exhaust emissions, 
lower cost, and improved safety. Although diesel engines 
used in new trucks are among the most efficient and clean 
on-road transportation power plants available today, in the 
opinion of the committee there are still opportunities for 
making them better. In some heavy-duty applications, gaso-
line spark-ignition engines are also used. Despite the fact that 
they are not as efficient as diesel engines, the lower cost of 
the engine system (which includes emissions control) and the 
lower cost of the fuel results in lower ownership and operat-
ing expenses relative to diesel power plants for their specific 
applications. However, spark-ignition engines being devel-
oped today are incorporating technologies that make them 
look more diesel-like (e.g., turbocharged direct-injection 
engines). Consequently many of the fundamental issues that 
need to be addressed to facilitate reduced fuel consumption 
in diesels are also of value for spark-ignition engines, and 
vice versa (e.g., spray characterization, vaporization and 
mixing phenomena, autoignition, combustion and emission 
kinetics, and cost-effective lean-emissions control systems). 

This chapter covers the 21CTP programs in diesel 
engines, fuels and lubricants, aftertreatment systems, high-
temperature materials, and health concerns raised by diesel 
engine emissions. In the mobility domain being addressed 
within 21CTP, the internal combustion engine and its asso-
ciated emissions control systems and their fuels represent 
continuously improving, state-of-the-art transportation tech-
nologies, offering the lowest life-cycle costs for near-term 
propulsion technologies (21CTP, 2013, p. 33).

Commensurate with the evolution of heavy-duty (HD) 
engine and emissions control technologies during the first 
15 years of the 21st century, vehicle fuel and lubricant 
technology is also changing. Petroleum-based diesel fuel 

regulations have been updated (e.g., lower sulfur limits) to 
allow for advanced emissions control components, a variety 
of biofuels have been developed for the purpose of extend-
ing transportation fuel supplies from renewable sources, and 
synthetic hydrocarbons have been produced from natural gas, 
recycled plastics, and organic refuse. In addition, new lubri-
cant formulations have provided increased fuel efficiency 
for light-duty vehicles. Research on development of new 
fuel-efficient lubricant formulations for heavy-duty vehicles 
is in progress. It is also important to note that the supply of 
petroleum-based fuels from within the United States has 
increased significantly owing to the development of new 
hydraulic fracturing (“fracking”) and directional drilling 
techniques.

Nonpetroleum diesel fuels can be produced from renew-
able resources such as seed oils and animal fat, as well as 
synthesized from natural gas, biomass, oil sands, coal, and 
other resources. Cellulosic ethanol production facilities are 
being brought online using technology developed in part 
by Department of Energy (DOE) laboratories, although the 
volumes produced will be small. Facilities for the production 
of renewable diesel fuel from biomass resources continue 
to be developed, and the production and sale of biodiesel is 
growing in the United States at a modest rate.1 The use of 
syncrudes from tar sands in Canada has also grown. Fischer-
Tropsch (F-T) diesel fuel, synthesized from natural gas, has 
been studied in conventional diesel engine tests in many 
laboratories to quantify its beneficial impact on emissions. 
Natural gas has also been described as a potential replace-
ment for liquid petroleum fuels. This application is discussed 
in detail in a recent National Research Council (NRC, 2014) 
report. Future expanded use in medium- and heavy-duty 
vehicles will depend on lowering the cost of on-board fuel 
storage, as well as the cost of dispensing facilities. Lubricant 
properties and composition can have a beneficial effect on 

1 See Biodiesel Production Statistics at http://www.biodiesel.org/ 
production/production-statistics.
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vehicle fuel efficiency by reducing engine and driveline fric-
tion. Conversely, some engine oil components can adversely 
affect vehicle emissions by reducing the durability of exhaust 
emissions control devices. The sulfur, phosphorus, and ash 
content of lubricants needs to be minimized to prevent deg-
radation of all types of catalytic devices. 

Integral to the industries’ efforts to increase efficiency is 
the push to operate the engine at higher peak cylinder pres-
sures. As oxides of nitrogen (NOx) aftertreatment systems 
continue to improve, there is a tendency for the industry to 
also push the in-cylinder temperatures higher because the 
improved aftertreatment can reduce the increased NOx. Con-
sequently, propulsion materials are required that can with-
stand higher pressures and temperatures. These advanced 
materials are an enabler for cost-effective fuel savings. Given 
the long timeline for the identification, development, and 
implementation of new materials, it is essential that R&D 
continues without interruption. 

ENGINE SYSTEMS PROGRAM: STATE OF 
TECHNOLOGY AND GOALS

As with any power generation device using chemical reac-
tions to provide energy, both diesel and gasoline engines have 
thermodynamic constraints associated with the combustion 
process. These engines have additional practical constraints 
as well:

•	 Impracticality of extremely large expansion ratios, 
•	 Inability to capture all of the useable energy in the heat 

rejection and exhaust flow, 
•	 Inability to totally eliminate pumping work, 
•	 The presence of friction due to rubbing contacts, and
•	 The work consumed in driving auxiliaries and 

accessories.

All of these constraints add up to limit the efficiency that 
can be obtained from practical, economical engines. Figure 
3-1-1 in Box 3-1 delineates the partitioning of energy within 
the engine between that for the engine and that for the vehi-
cle. The fundamental causes of these limitations are known, 
and the 21CTP works to coordinate and advise the federally-
funded programs focused on minimizing these limitations 
with technologies that would be viable in the market. The 
specific goals of the Partnership within the Engine Systems 
and Fuels area are the following (21CTP, 2013, p. 33):

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

(2) Research and develop technologies which achieve a 
stretch thermal efficiency goal of 55 percent in prototype 
engine systems in the laboratory. (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.) (by 2015).

(3) Through experiments and models with FACE (Fuels for 
Advanced Combustion Engines) fuels and other projects, 
determine the most essential fuel properties, including 
renewables, to help achieve 55 percent engine brake ef-
ficiency (by 2014).

Implicit in all of the above goals is meeting emission 
regulations. In the NRC Phase 2 review this was a significant 
focus because new emissions regulations had just come into 
effect (NRC, 2012). These standards were met through the 
development and integration of new emissions control tech-
nologies into the engine system. This exemplified a transition 
to a new combustion system development paradigm—syner-
gistic integration of engine and fuel combustion development 
to most effectively utilize aftertreatment system capabilities.

Exhaust Emissions

The considerable effort and research funding focused on 
improving emissions control systems is complementary to 
the development of engine combustion processes. To meet 
US2007 HD regulations, exhaust gas recirculation (EGR) 
combustion strategies were the primary NOx reduction tech-
nology, while diesel oxidation catalysts (DOCs) and diesel 
particulate filters (DPFs) were the primary hydrocarbon 
(HC), carbon monoxide (CO), and particulate matter (PM) 
reduction technology (EPA, 2000). A transition occurred to 
meet the US2010 HD regulations since EGR was not suf-
ficient to efficiently meet the required 0.2 grams per brake 
horsepower-hour (g/bhp-hr) NOx tailpipe emissions levels. 
Selective catalytic reduction (SCR) was added to medium- 
and heavy-duty vehicles (MHDVs) to meet this new NOx 
requirement, while some engines were sold without SCR 
because some manufacturers used credits to meet an aver-
age NOx standard. Because the SCR can effectively remove 
NOx, the US2010 engines could then operate at higher 
engine-out NOx levels and run more efficiently. For Class 8 
truck engines, this resulted in about a 5 percent reduction in 
fuel consumption for US2010 engines compared to US2007 
engines. However, the trade-off required about 2 to 3 percent 
urea (contained in the diesel exhaust fluid [DEF]) relative to 
fuel (Charlton, 2010).

The requirements were adjusted again in 2013-2014, 
when onboard diagnostics (OBD) (2013) and the first phase 
of HD greenhouse gas (GHG) regulations (2014) were intro-
duced. In conjunction with this, engine and emissions control 
systems were further optimized for better performance and/
or reduced cost. 

Now, emissions control technology needs further under-
standing to optimize performance, to reduce cost and fuel 
consumption, and to meet any future regulatory tightening.
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BOX 3-1 
 Typical Energy Flows in an Engine

Figure 3-1-1 (Figure 2 from Delgado and Lutsey, 2014) shows a typical partitioning of the energy flows within the engine as a result of the 
different phenomena associated with burning the fuel to producing work. Such displays of the energy flow are very useful when interpreted from the 
thermodynamic perspective that different forms of energy have different potentials to produce work. Practically speaking, all of the energy in a typical 
hydrocarbon fuel is useful, so the fuel energy input on the left-hand side of the figure could, theoretically, be converted into useful work. Thus it is a 
good reference against which to evaluate engine performance.

The second column from the left shows the energy flows associated with phenomena occurring in the cylinder. Within the cylinder the energy 
flow is partitioned between leaving the cylinder at the piston face as indicated work, the desired outcome, and leaving the cylinder via heat transfer or 
within the exhaust gas. It is also known that any energy transformation process, like combustion, that is used to release the energy bound within the 
fuel will have losses, or irreversibilities, associated with it. For the case of chemical reactions this irreversibility is a degradation of useable fuel energy 
into energy that can no longer be converted into work. This nonusable energy becomes part of the heat transfer and exhaust flow leaving the cylinder. 
(Approximate proportions of this nonuseful energy within the heat transfer and exhaust have been marked on the figure.a) Thus, even though there is 
significant energy flow leaving the cylinder as heat transfer and exhaust flow, it is not possible to convert all of that energy into work using additional 
energy conversion devices such as waste heat recovery, which use the heat transfer and/or exhaust flow as the energy input.

This is well understood by the researchers and engineers in the technical community and is instrumental in determining the cost-effectiveness 
and technical viability of incorporating work- producing devices onto the engine that use the heat transfer or exhaust flow as energy inputs.

The final three columns in the figure show what happens to the Indicated work that leaves the piston. Some of the work transferred from the 
cylinder into the piston must be used to affect the gas exchange within the engine (pumping), some must be used to drive auxiliaries and accessories, 
and some is dissipated as friction. Even though these are relatively small, any reduction in the amount of work expended on these processes represents 
work that stays on the shaft and makes it to the drivetrain. The work that is ultimately delivered to the flywheel is called brake work. An analogous 
statement can be made for the energy transfer through the drivetrain to the wheels, the fourth column. Consequently the work that makes it through 
the drivetrain to the wheels is called drive work.

Finally, the last column shows how the drive work is used to move the vehicle once it makes it to the wheels. The extent to which the categories 
in this column can be reduced directly impacts the amount of work necessary to move the vehicle.

This figure helps to put in perspective the research activities associated with the 21CTP. In regard to the Engine, Aftertreatment, Fuels and 
Lubricants, and Materials subprograms in 21CTP, the Indicated and Brake columns are the relevant energy partitions. In general, one would like to 
maximize the work that is obtained by the expansion process, and minimize the uncontrolled transfer of energy from the cylinder via heat transfer and 
exhaust flow. Within the engine itself, minimizing the necessary expenditure of work for pumping and driving auxiliaries and accessories is important 
and yields immediate benefit in terms of brake work, as does any reduction in the friction.

a Approximations determined from exergy balances on the energy transformation processes within an internal combustion engine (see Caton, 2000).

Engine Systems Program

The industry has demonstrated great technical compe-
tence in reducing fuel consumption and meeting the 2010 
emission standards while making a product that meets 
customers’ reliability and cost of operation goals and also 
the Environmental Protection Agency’s (EPA’s) 2014 GHG 
standards. What facilitates the industry’s achievements is the 
continued progress in understanding the technical subtleties 
of the thermodynamic, chemical, and physical processes 
involved in the conversion of the fuel energy into power. As 
the demands for higher efficiency and low emissions grow, 
so too does the need for an increasingly deeper understand-
ing of the fundamentals. This is the principal deficit that the 
Engine Systems program of the 21CTP is facing as it works 
to achieve its efficiency goals (21CTP, 2013, pp. 40-41). The 

challenges specifically relating to engine system fundamen-
tals are these:

•	 Inadequate understanding of the thermodynamic, 
chemical, and physical fundamentals of combustion 
and the consequent inability to incorporate them 
into robust simulation capabilities, especially across 
the full range of combustion approaches, from con-
ventional diesel combustion to new low-temperature 
combustion (LTC) regimes.

•	 Inability to optimize in-cylinder combustion processes 
for efficiency via synergistic coupling of enhanced 
aftertreatment system performance.

•	 Lack of exploration and development of innovative 
engine processes and architectures.
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Approximate por�on of 
heat transfer that cannot 
be converted into work

Approximate por�on of 
exhaust gas energy that 

cannot be converted into 
work

Figure 3-1-1
Bitmapped

The above challenges motivate the fundamental research 
and development projects in the 21CTP. 

Although SuperTruck is discussed at greater length in 
Chapter 8, its engine development activities in SuperTruck 
are discussed here separately, before the individual DOE 
and Department of Defense (DOD) engine programs. Super-
Truck’s engine programs interface closely with the 21CTP 
fundamental engine projects and are synergistic with them 
in achieving two of the Engine Systems’ program goals: the 
50 percent BTE demonstration and the technical roadmap to 
55 percent BTE. The discussion as a whole is separated into 
activities directed toward demonstrating 50 percent BTE on 
the road in a truck (Goal 1), which is a SuperTruck engine 
accomplishment, and then covers the activities showing a 
technical pathway to 55 percent BTE (Goal 2). The discus-
sion of the SuperTruck engine teams’ work toward achieving 

Goal 2 segues into the discussion of the individual DOE 
and DOD programs nicely because of the extent to which 
the SuperTruck programs will be relying on the advance-
ments made within the individual DOE and DOD projects 
to achieve the 55 percent goal. This is the sequence in which 
the research activities are discussed.

Research Budgets for the SuperTruck Program

Funding for the SuperTruck engine and vehicle program 
comes from two sources: the American Reinvestment and 
Recovery Act (ARRA) and the DOE Vehicle Technolo-
gies Office (VTO). The Cummins-Peterbilt and Daimler 
programs are funded through the ARRA, while the Volvo 
and Navistar programs are funded through the DOE VTO. 
There is no specific budget line item for engine development 

FIGURE 3-1-1 Hypothetical energy audit for Class 8 truck. SOURCE: Delgado and Lutsey (2014). Attribution-
ShareAlike 3.0 Unported.
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within the ARRA-funded programs, Cummins-Peterbilt and 
Daimler. However the Partnership did provide estimates 
to the committee. These estimates and the engine research 
budgets for Volvo and Navistar, along with the total budgets 
of federal dollars, are given in Table 3-1.

Progress Toward Meeting Engine Goals 1 and 2

The demonstration of 50 percent BTE in a truck on the 
road involved integrating laboratory-proven technologies 
into a vehicle powertrain system, with an eye toward assess-
ing the viability of those technologies for commercial intro-
duction. The SuperTruck program was developed around 
this goal. Accomplishments in this effort are highlighted 
here via a table of technologies used, which has been 
extracted from the more comprehensive Table 8-1 given in 
Chapter 8. The extension of this effort to reach 55 percent 
BTE entails a fundamental research program to explore and 
quantify the potential of using advanced combustion/fuel 
and engine technologies that are currently being explored 
within research laboratories, with an eye on showing tech-
nical potential. The activities of the SuperTruck teams are 
closely aligned with, and will depend on the results of, the 
individual research programs within 21CTP. The approaches 
each team is taking toward this goal are summarized in the 
paragraphs below.

Goal 1: Develop and demonstrate an emissions-compliant 
engine system for Class 7-8 highway trucks that achieves 50 
percent brake thermal efficiency in an over-the-road cruise 
condition.

Status: The Partnership has successfully achieved this goal. 
As shown in Table 3-2, two of the four SuperTruck teams 
have successfully demonstrated brake thermal efficiencies 
greater than 50 percent in on-road tests using commercial, 
ultra-low-sulfur diesel fuel.

Both Cummins-Peterbilt and Daimler are in the final stage 
of their SuperTruck program. Their programs end in 2015, 
whereas Volvo and Navistar are in earlier phases of their pro-
grams. Both the Volvo and Navistar projects have completion 
dates in 2016. Their not having achieved Goal 1 is attributed 

to not being as far along in their programs as the other two 
teams. It is expected that they will meet their goal of 50 
percent by the time they will have completed their work.

Table 3-3, which is extracted from Table 8-1, shows the 
engine and combustion technology that the respective Super-
Truck teams are using in the 50 percent BTE engine. Each 
of the technologies being used can be categorized in terms 
of the second and third columns of the energy partitioning 
Figure 3-1-1. Each technology is used either to enhance the 
work extraction or to reduce the work expenditure for pump-
ing, friction, accessories, and auxiliaries.

Achieving 50 percent BTE in a truck on the road, Goal 
1 represents the successful integration of laboratory-proven 
technologies into a complex vehicle powertrain system, and 
the committee congratulates the Partnership and SuperTruck 
teams for this accomplishment.

Goal 2: Research and develop technologies that achieve a 
stretch thermal efficiency goal of 55 percent in prototype 
engine systems in the lab (by 2015).

Status: To date this goal has not been achieved, but progress 
has been good. It is anticipated that by the end of each of 
the respective SuperTruck programs, the teams will have 
developed a technology pathway for achieving 55 percent 
BTE. It is expected that the pathway will be combinations 
of individual technologies that are either demonstrated in the 
laboratory or simulated via advanced computational fluid 
dynamic (CFD) models. 

Approaches to Meeting Goal 2

During the review, the committee heard presentations 
from the SuperTruck teams at its meetings, and made site 
visits to Cummins (August 28, 2014), Daimler (November 
24, 2014), and Volvo (December 5, 2014). Achieving 55 
percent BTE with a Class 7 or a Class 8 HD truck engine 
will be extremely challenging. The aggressiveness of the 
SuperTruck research programs is consistent with the high 
risk approach that needs to be pursued if this goal is to be 

TABLE 3-1  Estimated Federal Budgets for SuperTruck 
Engine Research (millions of dollars)

SuperTruck Team
Engine Research  
Budget

Total Federal 
Budget for 
SuperTruck 

Cummins-Peterbilt 15.5 (estimate by 21CTP) 38.8 

Daimler 15.8 (estimate by 21CTP) 39.5 

Navistar 12.7 37.3 

Volvo  7.6 17.7 

TABLE 3-2 Achievement of Goal 1, 50 Percent Engine 
BTE at Cruise, by the Four SuperTruck Teams 

SuperTruck Team Status Complete?

Cummins-Peterbilt 51% engine + WHR BTE 
demonstrated

Yes

Daimler 50.2% engine + WHR BTE 
demonstrated

Yes

Volvo 48% engine + WHR BTE 
demonstrated

TBD

Navistar 47.4% BTE engine only,  
WHR being considered

TBD

NOTE: WHR, waste heat recovery.
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TABLE 3-3 Summary of Engine Technologies Used by the Four SuperTruck Engine Teams in Their Efforts to Achieve 50 
Percent BTE on the Road in a Heavy-Duty Truck 

Technology Cummins- Peterbilt Daimler Volvo Navistar

Base engine 15 L inline 6, no 
downsizing

10.7 L inline 6, downsized 
from 15 L baseline

11 L inline 6, downsized 
from 13 L baseline

12.6 L, I-6 baseline and 
SuperTruck

rpm @ 65 mph ~1,180 ~1,300 Data not provided ~1,050 or 1,125

Engine efficiency features High-efficiency turbo, low 
friction seals, lower power 
oil pump, low viscosity. 
Oil, cylinder kit friction 
reduction, higher PCP, cal. 
optimization, overall 30% 
FMEP reduction

Turbo match, optimized 
liner cooling, variable 
speed water pump, low 
viscosity. Oil, piston 
friction reduction, 
15% higher PCP, cal. 
optimization

High-efficiency turbo, 
variable coolant and oil 
pumps, reduced friction 
pistons, rings, and liners, 
low viscosity oil, improved 
thermal management

High-efficiency turbo, 
elevated coolant temperature, 
low friction power cylinder, 
thermal insulation, reduced air 
flow restrictions

Fuel system HPCR with reduced 
parasitic fuel pump

Amplified HPCR HPCR (converted from 
unit injector baseline)

Amplified HPCR

Combustion refinement Very high CR, piston bowl, 
injector match,  
4.3 g/hp-hr engine-
out NOx, conventional 
diffusion burn

High CR, piston bowl, 
low EGR, injector match, 
conventional diffusion 
burn, higher engine-
out NOx, model- based 
controls

Increased CR, advanced 
piston bowl design, 
conventional diffusion 
burn, same engine-out NOx 
as US2010

Looking at 6 g engine-out 
NOx, higher injection press, 
revised piston bowl and high 
CR, evaluating diesel and dual 
fuel options, low swirl

Electric drive components Electric HVAC Electric dual-zone HVAC Electric HVAC, 48 V

Waste heat recovery Rankine cycle, R245 
working fluid, mechanical 
drive, uses EGR and 
exhaust heat, turbine 
expander

Rankine cycle, ethanol 
working fluid, electric 
drive, uses EGR and 
exhaust heat, scroll 
expander

Turbocompound plus 
Rankine cycle with ethanol 
working fluid, mechanical 
drive, uses EGR and 
exhaust heat

Turbocompound, Rankine 
cycle, and e-turbo are being 
evaluated

Aftertreatment High conversion efficiency, 
low back pressure

High conversion efficiency, 
low back pressure

High conversion efficiency, 
low back pressure

High conversion efficiency, 
low back pressure

Turbo technology High efficiency VG Asymmetric High efficiency Possible e-turbo

EGR loop Reduced flow and 
restriction HPL

HPL Reduced flow HPL Reduced flow and restriction 
HPL

Variable valve actuation No No No Being evaluated

Cooling system Conventional cooling 
package, engine-driven fan

Angled cooling package, 
hydraulic motor fan drive, 
active grill shutters

Variable speed engine-
driven fan, variable-speed 
cooling pump

3-speed engine-driven fan, 
electronic stat, high coolant 
temp., variable-speed cooling 
pump, variable coolant 
pressure

Accessory power demand Clutched air compressor 
with active controls, 
clutched power steering 
pump with reservoir, cab 
insulation, solar reflective 
paint

Clutched air compressor 
with active controls, 
low-energy power 
steering, look-ahead smart 
alternator, LED lighting, 
cab insulation

Variable displacement oil 
pump, clutched air compressor 
with intelligent dryer 
control, accessories run on 
deceleration/coasting

NOTE: FMEP, friction mean effective pressure; PCP, peak cylinder pressure; HPCR, high-pressure common rail; CR, compression ratio; HVAC, heating, 
ventilation, and air conditioning; LED, light-emitting diode; EGR, exhaust gas recirculation; VG, variable geometry; HPL, high-pressure loop.

achieved. From a generic perspective, there is similarity in 
the overall approach being followed by the four teams. All of 
the programs are pursuing continued reduction in friction and 
pumping, more effective air boosting systems, smaller aux-
iliary and accessory loads, and improvements in their waste 
heat recovery (WHR) systems and are investigating advanced 
low-temperature combustion (LTC) approaches. All of the 

teams are also engaged with the aftertreatment technical 
community looking to capitalize on further improvements 
in exhaust gas treatment of criteria pollutants that will allow 
further optimization of the engine-aftertreatment combina-
tion. However, the details of how these technologies will 
be applied and the gains from each differ from program to 
program. 
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The basic premise of LTC processes stems from an under-
standing of the energy flow partitioning presented in Box 3-1 
at the beginning of this chapter. If the in-cylinder tempera-
tures can be kept low during the closed portion of the cycle, 
the thermal efficiency will increase. This is explained by the 
dependence of the closed-cycle efficiency of the engine on 
the ratio of the specific heats of the gases (γ = cp/cv) in the 
cylinder.2 Lower temperatures and leaner mixtures within 
the cylinder result in values of gamma (γ) that are larger 
than when the temperatures are higher or the mixtures are 
stoichiometric. A larger average gamma results in more work 
being extracted during the closed cylinder portion of the 
engine’s mechanical cycle, which subsequently decreases the 
amount of useful energy leaving the energy in the exhaust. 
Furthermore, lower in-cylinder temperatures also result in 
less heat transfer from the cylinder.

The challenge with trying to drive the in-cylinder tem-
peratures down is that the burning velocity of the fuel and 
air mixture decreases as the temperature decreases, and in 
trying to push this concept to the limit, the time necessary 
to complete combustion gets too long and engine efficiency 
and emissions suffer. The overview of the individual teams’ 
programs shows that shortening the combustion interval is 
an important aspect of achieving the 55 percent target. The 
general approach in LTC strategies is to keep combustion 
durations short by minimizing the need for flame propagation 
through volumetric combustion via autoignition. Achieving 
this type of combustion is highly dependent on the chemical 
and physical characteristics of the fuel and requires very pre-
cise control of the thermokinetic state of the air–fuel mixture 
within the cylinder. Understanding the fundamentals of these 
phenomena is prerequisite to success and is a principal focus 
of the individual DOE engine combustion research projects 
in 21CTP. 

Researchers have proposed many different approaches 
for achieving LTC. They will typically name their specific 
approach with an acronym, such as HCCI (homogeneous-
charge compression ignition), PPCI (partially-premixed-
charge compression ignition), RCCI (reactivity-controlled 
compression ignition)—often more generically referred to 
as dual-fuel combustion—and many more. One advantage 
of the dual-fuel approach is that using varying ratios of two 
fuels with different degrees of reactivity gives the operat-
ing system an additional and powerful combustion phasing 
control lever. Indeed the dual-fuel approach is being inves-
tigated by most of the SuperTruck teams, although to date 
they have not divulged the specific fuel combinations they 
are currently exploring. 

If successfully achieved, LTC strategies yield higher 
closed-cycle efficiency that minimizes heat loss from the 
cylinder and exhibits low NOx and particulate emissions, but 
at the same time introduces concern about unburned hydro-

2 Cp, specific heat at constant pressure; Cv, specific heat at constant 
volume.

carbon and carbon monoxide (CO) emissions. Consequently 
it is likely that aftertreatment will still be required, if not for 
PM and NOx, then for HC and CO, and the aftertreatment 
systems will most likely need to operate at lower tempera-
tures than current systems today.

Cummins

The Cummins approach to the 55 percent BTE require-
ment is described in its 2014 DOE Annual Merit Review 
(AMR) presentation (Project ACE057) (Koeberlein, 2014). 
Two basic combustion strategies are under evaluation. Both 
approaches will pursue downspeeding the engine and oper-
ating at higher loads to get the requisite power. The first 
approach, which uses relatively conventional diesel combus-
tion, is summarized in Figure 3-1.

The approach embodied in the technologies listed in 
Figure 3-1 represents a continued effort at improving con-
ventional diesel combustion. The optimized bowl, injector, 
and heat-transfer efforts represent combustion improvement. 
The team is performing simulation and experiments with the 
objective of shortening the combustion interval as much as 
possible to maximize the work from expansion and mini-
mize heat loss. As shown in Figure 3-1, the objective is to 
gain approximately three percentage points improvement in 
engine BTE through this combustion improvement.

In addition to trying to further improve conventional die-
sel combustion, the Cummins-Peterbilt team is also pursuing 
a dual-fuel LTC strategy it calls alternate fuel compression 
ignition (AFCI). Simulation and laboratory results indicate 
that there is sufficient potential for improvement from this 
combustion strategy to merit further investigation. The 

Figure 3-1
Bitmapped

FIGURE 3-1 Cummins-Peterbilt SuperTruck team’s projected 
incremental gains to get from its current 50 percent BTE engine 
to 55 percent BTE. SOURCE: L. Kocher, “SuperTruck 55% BTE 
Update Technology and System Level Demonstration of Highly 
Efficient and Clean, Diesel Powered Class 8 Trucks,” presentation 
to the committee, Columbus, Indiana, August 28, 2014, slide 20. 
SuperTruck Annual Merit Review Presentations, Cummins, Inc.
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team’s current results comparing both the predictions and 
actual engine results are shown in Figure 3-2.

The simulation does a reasonably good job of predicting 
the engine-only performance. However, because the exhaust 
energy was lower with AFCI, the work output from the WHR 
system in the exhaust was lower than that from conventional 
diesel combustion. The Cummins AFCI approach shares 
challenges with other LTC strategies, including the difficulty 
of running the engine above 10 bar brake mean effective pres-
sure (BMEP). Cummins plans additional work to find ways 
of increasing the BMEP limit. It expects the efficiency of 
the engine to improve as it achieves higher loads with AFCI.

Daimler–Detroit Diesel3

The Daimler approach to the 55 percent BTE requirement 
is described in the team’s most recent AMR presentation 
(Project ACE058) (Singh, 2014). The approach plans to use 
both downspeeding and downsizing of the engine. An over-
view of its 55 percent BTE scoping activities is presented 
in Figure 3-3.

Additional work on liner cooling optimization is ongoing 
with the Massachusetts Institute of Technology (MIT), as 
well as the development of new lubricants and optimization 
of the oil pump and lube circuits to reduce lube system power 
demand and further upgrades to the WHR system. Daimler-
Detroit Diesel believes it may be possible to improve the 
WHR system contribution from 2.4 points of engine BTE 
(achieved in the final SuperTruck demonstration engine) 

3 Detroit Diesel Corporation is a subsidiary of Daimler Trucks North 
America.

to 3.6 points of BTE but acknowledges that this level of 
performance may prove impractical with currently available 
technology. As with other teams it is exploring the potential 
of LTC for shorter combustion intervals and lower heat loss. 
The team is working with the Oak Ridge National Labora-
tory (ORNL) on a dual-fuel engine approach, using natural 
gas as one of the fuels. 

Volvo

To achieve the target of 55 percent BTE, Volvo is pursu-
ing different engine architectures, alternative combustion 
cycles, and fueling optimization (Project VSS081) (Amar, 
2014). These approaches will be pursued in a downsized and 
downspeeded engine.

New combustion concepts like PPCI and RCCI have 
demonstrated very high indicated efficiencies as well as low 
engine-out emissions. However, these kinds of combustion 
are significantly more difficult to simulate than normal diesel 
diffusion combustion. So, enhancements to the simulation 
capabilities are under way. A transported probability distri-
bution function (PDF) combustion model has been developed 
to address this challenge, which is backed up by extensive 
testing. A cetane ignition device equipped with optical access 
is used for testing of fuels and validation of spray and chemi-
cal kinetics submodels. Figure 3-4 shows a stack chart of 
where Volvo believes the improvements in engine processes 
can be made to achieve 55 percent BTE.

The Volvo SuperTruck program is leveraging Sandia 
National Laboratory’s Engine Combustion Network to vali-
date the CFD subprograms it is developing. The team stated 

Figure 3-2
Bitmapped

FIGURE 3-2 Cummins-Peterbilt SuperTruck team’s analysis and 
results using AFCI at 1,000 rpm and 10 bar. SOURCE: L. Kocher, 
“SuperTruck 55% BTE Update Technology and System Level Dem-
onstration of Highly Efficient and Clean, Diesel Powered Class 8 
Trucks,” presentation to the committee, Columbus, Indiana, August 
28, 2014, slide 24. SuperTruck Annual Merit Review Presentations, 
Cummins, Inc.

FIGURE 3-3 Overview of Daimler SuperTruck team’s approach 
to achieving 55 percent BTE. SOURCE: Singh (2014). NOTE: 
E-TC, electronic turbocharger; CR, combustion ratio; LTC, low-
temperature combustion; HRR, heat release rate; WHR, waste heat 
recovery; EGR, exhaust gas recirculation.

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

34 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, THIRD REPORT

that it is exploring a different engine architecture and running 
its heavy-duty engine on gasoline-like fuels, simulated as an 
87 octane primary reference fuel blend. 

Navistar

Navistar is also pursuing an aggressive research path in 
the technologies it has identified to achieve 55 percent BTE. 
Its approach includes downspeeding. Navistar’s simulation 
predicts that through continued improvements of the after-
treatment system, which will allow more efficient combus-
tion phasing, advanced turbomachinery, thermal barrier 
coating, dual-fuel combustion with variable valve actuation, 
continued reduction in friction and parasitic losses, and 
incorporating an advanced organic Rankine cycle (ORC) as 
a WHR system, it will be able to achieve the 55 percent BTE 
target. An overview of the incremental gains it expects from 
these technologies is shown in Figure 3-5.

Progress and Fundamental Programs Toward Overcoming 
Technical Barriers to Achieving 55 Percent BTE (Goal 2)

As seen in the descriptions of the SuperTruck team’s 
activities, advanced combustion strategies and sophisticated 
CFD modeling are essential parts of their technical roadmaps 
to achieving 55 percent BTE. The requisite understanding 
of the fundaments of advanced combustion strategies, like 
LTC, and incorporation of that understanding into usable 
CFD codes is the focus of the individual research programs 
within 21CTP. Success in achieving Goal 2 will depend on 
the advancements being made within the individual 21CTP 
research programs. 

The Partnership has increased its emphasis on incorpo-
rating their research results into simulations or conceptual 
models that can be used by stakeholders for either predic-
tive simulation or for comparative analysis with laboratory 
results to gain an understanding of the data that is not achiev-
able through routine analysis. Additionally, the development 
of phenomenological models, which conceptually model the 
different processes occurring within the engine, helps others 
in the field to understand the differences between processes 
that appear to be similar globally but are fundamentally 
different, e.g., different LTC approaches relative to conven-
tional diesel or direct ignition combustion. 

The 21CTP has been successful in its engine research 
efforts to increase BTE. Advanced CFD is being used exten-
sively by all of the SuperTruck engine teams. Optimization 
of the combinations and interactions of the myriad of param-
eters that affect the efficiency and emissions of the complex 
engine systems could not have been done without advanced 
CFD. Details of the fuel spray breakup, how it depends on 
what is occurring inside the nozzle, and how the fuel then 
mixes with the combustion chamber gases and is impacted 
by the fluid motion within the chamber, along with the influ-
ence of the composition of the chamber gases on the nature 
of the energy conversion process, all impact the efficiency 
and emissions of the engine. As the industry tries to push 
the limits of efficient engines by lowering the engine-out 
emissions, an understanding of these details, as well as other 
phenomena like the localized boundary layer heat transfer, 
the state of thermal gradients within the chamber, and the 
evolution of the fuels’ reactivity, becomes critical. CFD 
simulations with accurate submodels of the thermodynamic, 
chemical, and physical processes occurring in the engine and 
the aftertreatment systems enable these activities, and will 
need to be advanced further to facilitate achieving Goal 2, 
55 percent BTE.

DOE programs have made significant contributions to the 
capabilities of the CFD programs. The continued develop-
ment of more accurate, high-fidelity, kinetic routines for 
different fuel mixtures has been an important contribution. 
An industrial collaborator, Convergent Science, has licensed 
a kinetic solver developed through DOE research programs 
and is now using its code to do simulations with these 
advanced kinetic routines and fluid mechanic models for 
many in the engine industry. Argonne National Laboratory 
(ANL) is preparing to launch a program called the Virtual 
Engine Research Institute and Fuels Initiative (VERIFI),4 
an organization that will be available to industry and that 
integrates high-performance computing, fuel chemistry, and 
combustion science and engine performance with some of 
the world’s fastest supercomputers. This organization will 
facilitate simulations that industry does not have the capital 
resources to do but that are important to achieving the goals 

4 For more on the VERIFI program at ANL, see http://verifi.anl.gov/.

Figure 3-4
Bitmapped

FIGURE 3-4 Volvo SuperTruck team’s stack chart of the incre-
mental improvements in engine technology to reach 55 percent BTE 
from a concept demonstration powertrain. SOURCE: A. Greszler, 
“SuperTruck Development and Demonstration of a Fuel-Efficient 
Class 8 Highway Vehicle,” presentation to the committee, May 14, 
2014, slide 14. Volvo Group Truck Technology.
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set for engine systems relating to reduced fuel consumption 
and lower emissions.

Because of the importance of CFD as a development tool, 
along with the rapid pace at which computing technology is 
changing, DOE held a high-performance computing work-
shop on August 19-21, 2014. The purpose of the workshop 
was to get feedback from users and stakeholders on the 
best way to integrate new research results into simulations. 
Discussion was on topics such as these: Is there a preferred 
platform by which newly developed subprograms can be 
publically demonstrated and critiqued? What is the appropri-
ate role of the government in this arena? The outcomes of 
that workshop were not available at the writing of this report, 
so they could not be included in this report.

Finally, an anecdote about the success of the 21CTP: Dur-
ing a site visit to the Tank Automotive Research, Develop-
ment and Engineering Center (TARDEC) on November 24, 
2014, a subgroup of the committee was told that results from 
the 21CTP have been influential in production decisions on 
light- and medium-armored vehicles and on decisions about 
power plants and powertrains.

Individual DOE and DOD Engine Systems Projects and 
Funding Levels

As part of the review process, the Partnership supplied 
to the committee a listing of the projects in its research 
portfolio. The projects from that list that the committee has 
interpreted as falling within the advanced engines arena are 
listed in Table 3-4. They include the TARDEC Automotive 
Research Center, run by the University of Michigan, and the 

DOE programs that are focused on advancing the fundamen-
tal understanding of engine processes. As mentioned above, 
a committee subgroup visited TARDEC as part of the fact-
finding effort. During that visit, the subgroup was told about 
an advanced engine program in which innovative combustion 
processes and an alternative engine architecture are being 
assessed as a high-power-density engine with improved 
efficiency. The presentation on this work indicated that the 
opposed-piston two-stroke diesel engine met or exceeded 
program requirements for improved BTE, heat rejection to 
coolant, power density, and a 50-hr durability test. In the 
request for proposals for the next phase of this development 
program, DOD specifically required the opposed-piston 
architecture. The results of the proposal evaluations have 
now been made public. TARDEC awarded two contracts, 
one to the Achates-Cummins team and the other to the AVL 
group, to design, build, test, and evaluate advanced single-
cylinder (SC) opposed-piston engine technology for poten-
tial future combat vehicle applications. Both teams were 
given the same combat engine performance parameter targets 
that are representative of multicylinder engine performance 
expectations. The performance parameters include these: 

(1) Specific heat rejection of 0.45 Kw/kw, which includes 
charge air cooling, water jacket cooling, and engine 
oil cooling, 

(2) A best brake specific fuel consumption point of 0.32 
lb/bhp-hr, 

(3) A rated speed air:fuel ratio not to exceed 30:1, 
(4) A targeted rated speed of 2,600 rpm, 

Figure 3-5
Bitmapped

Freight Efficiency Percent Contribution

FIGURE 3-5 Navistar SuperTruck team’s projected improvements in the engine technologies that will enable them to achieve 55 percent 
BTE. SOURCE: R. Nine and R. Zukouski, “SuperTruck–Development and Demonstration of a Fuel-Efficient Class 8 Tractor & Trailer 
Vehicle System,” presentation to the committee, November 18, 2014, slide 12.
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TABLE 3-4  Research Projects Identified by 21CTP as Part of the Engine Systems Program (dollars)

Public Review Project No./Title Recipient
Funding
2012

Funding 
2013

Funding 
 2014

DOD017 Automotive Research Center University of 
Michigan

Funding not provided 

ACE001 Heavy-Duty Low-Temperature and Diesel Combustion and 
Heavy-Duty Combustion Modeling

Sandia National 
Laboratories (SNL)

815,000 805,000 825,000 

ACE004 Low-Temperature Gasoline Combustion (LTGC) Research SNL 760,000 740,000 720,000 

ACE005 Spray Combustion Cross-Cut Engine Research SNL 730,000 740,000 950,000 

ACE007 Large Eddy Simulation (LES) Applied to Low-Temperature 
and Diesel Engine Combustion Research

SNL 500,000 450,000 200,000 

ACE010 Fuel Injection and Spray Research Using X-Ray Diagnostics Argonne National 
Laboratory (ANL)

1,100,000 1,000,000 850,000 

ACE012 Model Development and Analysis of Clean and Efficient 
Engine Combustion

Lawrence Livermore 
National Laboratory 
(LLNL)

520,000 740,000 475,000 

ACE013 Chemical Kinetic Models for Advanced Engine Combustion LLNL 620,000 600,000 550,000 

ACE014 2014 KIVA Development Los Alamos National 
Laboratory (LANL)

720,000 763,000 695,000 

ACE015 Stretch Efficiency for Combustion Engines: Exploiting New 
Combustion Regimes

Oak Ridge National 
Laboratory (ORNL)

350,000 350,000 300,000 

ACE052 Neutron Imaging of Advanced Transportation Technologies ORNL 200,000 200,000 200,000 

ACE054 Collaborative Combustion Research with Basic Energy 
Sciences

ANL 400,000 320,000 325,000 

ACE075 Advancement in Fuel Spray and Combustion Modeling for 
Compression Ignition Engine Applications

ANL 350,000 500,000 350,000 

ACE076 Improved Solvers for Advanced Engine Combustion 
Simulation

LLNL 340,000 340,000 475,000 

ACE077 Cummins ORNL\FEERC Combustion CRADA: 
Characterization and Reduction of Combustion Variations

ORNL 300,000 300,000 300,000 

Total federal dollars 7,705,000 7,848,000 6,520,000 

NOTE: Information provided includes project number, title, lead organization, and federal dollars supporting the program.
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(5) A rated speed power of 250 bhp and a minimum peak 
torque of 500 ft-lb,

(6) Military fuel use compatibility encompassing jet and 
diesel fuels, and 

(7) Steady-state and transient smoke targets not to 
exceed visible limits. Both efforts also include a 
conceptual multicylinder engine study that targets 
representative combat vehicle claim space. 

Although not officially categorized as part of the 21CTP 
program, this opposed-piston engine technology is worthy 
of mention because exploration of nonconventional engine 
architectures is an area of interest for the 21CTP. 

The total 2014 federal budget for all of the DOE Engine 
Systems projects listed in Table 3-4 is $6.52 million. The 
committee was not given the federal dollar budget for the 
DOD-funded Automotive Research Center at the Univer-
sity of Michigan, so a sum total of all the engine research 
activities aside from the SuperTruck engine program is 
not known. Investigators for each of the engine systems 
projects with DOE funding are required to submit quarterly 
progress reports, participate in semiannual research prog-
ress meetings, and give a presentation at the DOE AMR. 
Each AMR presentation states the project’s relevance, the 
budget, milestones for the project, the technical approach, 
accomplishments, lists of collaborators, and future work. 
The presentations and the reviewers’ comments are available 
to the public.5 

Brief Summary of DOE Individual Programs

The Engine Systems research programs listed in Table 3-4 
span a range from fundamental experimental work, to kinetic 
mechanism development, to mechanism evaluation and sim-
plification, to development of advanced numerical methods, 
and further development of the computational codes. The 
program is well managed and there is good collaboration 
and synergy between the individual DOE 21CTP engine 
projects. Brief summaries highlighting the accomplishments 
for each of the DOE projects shown in Table 3-4, along with 
links to the 2014 Annual Merit Review presentations, are 
given below. 

Project ACE001. Using in-cylinder optical imaging, 
Musculus has developed a conceptual model of direct 
injected LTC, and the bridging between conventional 
combustion and LTC (2014). The model along with the in-
cylinder imaging shows the spatial and temporal evolution 
of soot precursors. These soot evolution histories compared 
favorably with simulations that were performed as part of a 
collaboration with the University of Wisconsin. Musculus’s 

5 See Vehicle Technologies Office: Annual Merit Review and Peer Evalu-
ation at http://energy.gov/eere/vehicles/vehicle-technologies-office-annual-
merit-review-and-peer-evaluation.

research has also shown how injection rate shapes affect 
postinjections and how piston bowl geometry affects mul-
tiple injections. 

Project ACE004. Dec and collaborators General Motors, 
Cummins, LLNL, University of California-Berkeley, Uni-
versity of Melbourne, and Chevron have demonstrated a 
peak indicated thermal efficiency of 49.8 percent and were 
able to explore the maximum load that could be achieved 
using homogeneous charge and direct injection partially 
stratified charge compression ignition of gasoline-like fuels 
(Dec, 2014). Maximum loads in excess of 16 bar BMEP 
were achieved, and it was concluded that significant noise 
reduction could be achieved with a minimal loss of thermal 
efficiency.

Project ACE005. Through the research efforts of Pickett 
and his research team, the Spray Combustion Cross-Cut 
Engine Research Network continues to grow (Pickett and 
Skeen, 2014). This network represents a collaboration among 
approximately 20 international laboratories, industries, and 
universities dedicated to a coordinated experimental and 
computational evaluation of engine-relevant spray condi-
tions for the purpose of developing predictive computational 
tools that can be used by industry. The dissemination and 
collaboration is done through Sandia’s Engine Combustion 
Network.6

Project ACE007. In conjunction with the modeling 
efforts taking place as part of the Engine Combustion Net-
work, Oefelein and his research team are continuing the 
development of large eddy simulation (LES) to facilitate 
more accurate spray and fluid mixing simulations (Oefelein 
et al., 2014). Trying to understand the underlying causes of 
cycle-to-cycle variation, correctly simulating the differences 
between gasoline and diesel sprays, and predicting the effects 
of internal nozzle geometry on the spray processes in the 
cylinder is currently outside the precision and fidelity of the 
models. Such work provides a link between the DOE Office 
of Science and the VTO.

Project ACE010. Dr. Powell and his research team at 
ANL are using the laboratory’s unique Advanced Photon 
Source (APS) to perform x-ray measurements of near-nozzle 
and intra-nozzle phenomena on production-type fuel injec-
tors (Powell, 2014). They have been able to make detailed 
measurements of the internal nozzle needle wobble that 
occurs during injection and have measured the cavitation of 
the fuel inside the nozzle and the effects these phenomena 
have on injection and on injection variation. These results 
have been incorporated into the work of the Engine Com-
bustion Network. Collaborators in this work include Delphi, 
Caterpillar, the University of Massachusetts-Amherst, and 
computational colleagues at ANL.

Project ACE012. The simulation of advanced com-
pression ignition combustion processes, often generically 
referred to as LTC, requires detailed high-fidelity kinetic 

6 See the Engine Combustion Network at http://www.sandia.gov/ecn/.
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representation of the fuel and the in-cylinder fluid mechan-
ics. Whitesides and his research team at LLNL are working 
on developing faster and more accurate combustion solvers 
to facilitate these calculations and evaluate the results using 
these solvers (Whitesides et al., 2014). The emphasis of this 
project is to use the advanced solver as a means of validat-
ing detailed engine and combustion modeling tools through 
simulation of LTC results from a variety of collaborators. 

Project ACE013. In conjunction with the more efficient 
solvers, it is important to also have comprehensive, high-
fidelity kinetic routines to simulate the in-cylinder combus-
tion process. This is the focus of Dr. Pitz and his research 
team’s efforts (Pitz et al., 2014). They are developing 
predictive chemical kinetic models for gasoline, diesel, and 
next-generation fuels by creating surrogate fuels, which are 
fuel blends in which the number of components in the fuel 
is computationally manageable. They are developing models 
for FACE, which include blends that have been specified for 
researchers to represent a matrix of fuels in which the proper-
ties vary over a range that might be expected in the future as 
feedstocks change. The diesel surrogate fuel under investi-
gation currently has nine components, a mixture of selected 
n-alkanes, isoalkane, cycloalkane, one- and two-ring aromat-
ics, and a napthoaromatic. Their current gasoline surrogate 
has 10 components. Their work involves collaboration with 
many who are performing experiments and simulations to 
assess the representativeness of the surrogate fuels to actual 
fuels, and to assess the accuracy of their kinetic routines.

Project ACE014. At LANL, DOE is supporting Dr. 
Carrington to write the next version of KIVA, the open 
source software program that has been used extensively as 
the framework for past engine CFD simulations (Carrington, 
2014). Dr. Carrington is collaborating with the University of 
New Mexico, Purdue University, Calumet Specialty Products 
Partners, L.P., the University of Nevada-Las Vegas, and many 
KIVA users. The new version, KIVA 4, uses a high-perfor-
mance finite element method in a modular object-oriented 
parallel processing code. This is being coupled to faster grid 
generation capabilities. The general topic of advanced CFD 
program development, which includes the KIVA 4 program, 
was the focus of DOE’s High Performance Computing 
Workshop. 

Project ACE015. At ORNL, DOE is supporting analysis 
of fundamental thermodynamic strategies and implementa-
tion methods that could provide an increase in efficiency that 
would be revolutionary rather than evolutionary. Daw and his 
colleagues are analyzing the potential of reformate assisted 
dilute combustion through thermochemical recuperation 
(Daw et al., 2014). They are looking at steam reforming 
the fuel—octane, ethanol, or methanol, for example—to 
maximize the fuel’s exergy while facilitating highly dilute 
combustion, which would reduce heat transfer and improve 
the working properties of the gas. Catalyst performance 
experiments have been performed and an engine test is under 
development. The research team is collaborating with SNL, 

the Gas Technology Institute, Cummins, the University of 
Michigan, and Pennsylvania State University.

Project ACE052. Toops and his research team are 
exploring the use of nondestructive neutron imaging to 
visualize the internal flow dynamics in fuel injectors and 
the buildup of soot and ash in diesel and gasoline particu-
late filters (Toops et al., 2014a). Images can be obtained at 
a single cross section or a complete reconstruction can be 
constructed to provide a cross section of the entire sample 
at a resolution on the order of 10-20 microns. Voids in the 
nozzle’s fuel reservoir can be detected. This work is in col-
laboration with the DOE Office of Basic Energy Sciences, 
the University of Tennessee, MIT, the University of Califor-
nia, GM, and NGK Spark Plugs.

Project ACE054. Goldsborough and colleagues at ANL 
are using their rapid compression machine to acquire funda-
mental data that will be used to develop and evaluate kinetic 
routines for transportation-relevant fuels at conditions rep-
resentative of advanced combustion regimes (Goldsborough 
et al., 2014). This work is being done in collaboration with 
DOE Basic Energy Sciences, LLNL, King Abdullah Uni-
versity of Science and Technology (KAUST) and Chevron, 
the University of Wisconsin, and the DOE working groups 
on HCCI and diesel engines. The behavior of FACE and the 
comparison to the predictions of that behavior using kinetic 
mechanisms from the surrogate models is one of their proj-
ects. They are also evaluating the impact of fuel additives 
such as ethylhexyl nitrate (EHN).

Project ACE075. Som and his colleagues, also of ANL, 
are pursuing advances in fuel spray and combustion model-
ing for compression ignition engine applications (Som et al., 
2014). This is a comprehensive program with collaborations 
among other groups at ANL, Convergent Science, Caterpil-
lar, Cummins, LLNL, the Sandia Engine Combustion Net-
work, the Advanced Engine Combustion Working Group, the 
University of Connecticut, and the Politecnico di Milano and 
University of Perugia. Simulations are being done for flow 
inside the nozzle tip, with 50 million computational cells, 
using the data from the images of the internal nozzle and 
needle tip motion obtained in the advanced photon source 
research. The simulations show the complexity of the flow 
inside the nozzle, how it is impacted by needle wobble, 
and how it impacts the spray behavior when the flow enters 
the cylinder. These are the capabilities that will be made 
available to participants in the VERIFI program, mentioned 
above.

Project ACE076. McNenly is the principal investigator of 
the program at LLNL, which is focused on the development 
of improved solvers for advanced engine combustion simu-
lation (McNenly et al., 2014). Colleagues of this research 
team are also evaluating the effectiveness of the developed 
solvers to validate detailed engine and combustion models 
for a variety of LTC engine results, see discussion above. In 
the development of the solver, better algorithms and applied 
mathematics are being coupled with new Graphical Proces-
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sor Unit (GPU) computing architecture to facilitate inclusion 
of improved physical submodels for better accuracy and 
smaller error. This is especially important as the number 
of species in the simulation grows. Currently, the team has 
demonstrated a 4.8-fold speedup over a conventional modern 
code for a simulation containing 2,000 species. Collabora-
tors in this work include Cummins, Ford, Volvo, Bosch, 
GE Research, Convergent Science, Nvidia, ANL, National 
Renewable Energy Laboratory (NREL), SNL, FACE, the 
Advanced Engine Combustion working group, and multiple 
universities.

Project ACE077. Finally, in a cooperative research and 
development agreement (CRADA) between ORNL and 
Cummins, Partridge and colleagues are developing and 
applying an advanced EGR probe to help characterize and 
reduce combustion variations (Partridge et al., 2014). The 
probe is a laser-based multiplex EGR probe that measures 
CO2. Measurements are being made in the intake manifold 
to assess charge components and fluctuations by measure-
ment of the residual gas backflow and external EGR. When 
combined with models, the nature of the residual gas in the 
cylinder can be predicted. This in turn will facilitate control 
of advanced combustion strategies. The team is also develop-
ing a multicolor, multispecies EGR probe that measures CO2, 
water, and the temperature of the cylinder charge compo-
nents. Other collaborators include the Cummins SuperTruck 
engine team and the University of Central Florida. This 
project was given a 2013 R&D 100 Award.

As seen in the brief summaries given above, the Engine 
Systems research programs range from fundamental experi-
mental work, to kinetic mechanism development, evaluation, 
and reduction, to advanced numerical methods, and to further 
development of the computational codes. The committee 
believes that the program is well managed and there is much 
collaboration and synergy between the individual projects 
of the DOE 21CTP engine projects. And, the program is 
addressing some of the important technical barriers standing 
in the way of achieving 55 percent BTE, Goal 2.

Approaches to Goal 3

Goal 3: Through experiments and models with FACE and 
other projects, determine the most essential fuel properties, 
including renewables, to help achieve 55 percent engine 
brake efficiency (by 2014). 

(When asked for clarification of the intent of Goal 3, Kevin 
Stork, DOE, responded that the fuels research in the 21CTP 
was to “support experimental and modeling work to deter-
mine the impacts of fuel properties on enhancing (or hinder-
ing) attainment of advanced combustion modes, such as LTC, 
over a greater portion of an engine map.”)

Status: A more detailed discussion of the fuels and lubricant 
research within the 21CTP is given in a separate section later 
in the chapter, so only general comments will be made here. 
The committee feels that fuel research is much more impor-
tant than what is stated or implied in Goal 3. As mentioned 
in the preceding summary of DOE engine research, FACE 
provides researchers with the ability to perform experiments 
with fuels of known characteristics, having property ranges 
that are within the range of variations that might be seen in 
future fuels. This is superior to running specific blends of 
research grade fuels that are not representative of what an 
engine will experience in the field. Using FACE also helps 
with the kinetic model development being pursued in the 
surrogate fuel simulation program. Researchers can now test 
their advanced kinetic models against realistic, but known, 
fuels in real engines, an important step in developing simu-
lation capabilities for predictive behavior. The committee 
believes a more detailed understanding of the impact of fuel 
characteristics on engine operation and potential facilita-
tion of advanced combustion will also enable the high-level 
objective of maximizing the utility of our fossil fuels, thus 
reducing their use.

Partnership Responses to NRC Phase 2 
Recommendations: Engine Systems

NRC Phase 2 Recommendation 3-1. The 21CTP fun-
damental research program should continue to provide 
important enablers for the 55 percent BTE goal, and DOE 
should continue to look for leverage opportunities with other 
government- and industry-funded projects.

21CTP Response: The Partnership agrees with the need to 
continue research toward the 55 percent thermal efficiency 
goal, and has included this as a research goal for the Super-
Truck partners (with technology scoping toward this goal 
being the major activity). 
The Partnership will continue to look for new opportunities 
to work together: one possible new collaborative arena is 
the recently announced partnership between DOE and the 
U.S. Army (the Advanced Vehicle Power and Technology 
Alliance). DOE is working with the U.S. Army to identify 
areas of common interest that could result in collaborative 
research efforts.

NRC Phase 2 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.

21CTP Response: Participating SuperTruck companies 
are also involved in the rest of the VTP R&D program (the 
advanced combustion MOU, the advanced engine crosscut 
team, and the Annual Merit Review), and are thus made 
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aware of the DOE-funded advanced engine combustion 
programs. DOE’s Annual Merit Review included the Super-
Truck team members as active participants, and presented 
the entire research portfolio to them. This ensures that Su-
perTruck teams are aware of the portfolio and can harvest 
breakthrough results for their use

NRC Phase 2 Recommendation 3-3. The DOD and the 
DOE should increase their awareness of one another’s pro-
grams and look for opportunities to share technologies on 
areas of joint interest, such as thermal efficiency. One way to 
encourage interaction is for the DOE to invite DOD program 
participants to present their findings at the DEER (Diesel 
Engine-Efficiency and Emissions Research) Conference.

21CTP Response: In 2011, DOE and the U.S. Army an-
nounced the formation of a research collaboration, the 
Advanced Vehicle Power and Technology Alliance. DOE is 
working with the U.S. Army to identify areas of common 
interest that could result in collaborative research efforts. 
This partnership should enhance the interaction between 
these federal departments: some areas of collaboration have 
already been identified. The U.S. Army also participates in 
meetings of the Diesel Crosscut Team and the light-duty 
USCAR partnership with DOE and industry partners. Incor-
poration of DOD presentations at the yearly DEER meeting 
will also be considered: DOD has presented papers at DEER 
in the past, and DOE’s role as the chair for the meeting will 
ensure that DOD can have access to presenter slots as needed.

Committee Comment on 21CTP Responses

The committee is pleased with the responses by 21CTP 
to the NRC Phase 2 recommendations. Unfortunately there 
has not been a DEER Conference since the Phase 2 review, 
so DOD participation has not been possible. The committee 
commends DOE and DOD for the formation of the Advanced 
Vehicle Power and Technology Alliance.

Findings and Recommendations: Engine Systems

Finding 3-1. The 21CTP has successfully met Goal 1, to 
develop and demonstrate an emissions-compliant diesel 
engine system for Classes 7 and 8 highway trucks that 
achieves 50 percent brake thermal efficiency in an over-the-
road cruise condition. The engine uses a waste heat recovery 
system.

Finding 3-2. The projects in the engine systems portion of 
21CTP represent a closely coordinated set of research activi-
ties that are pursuing a better fundamental understanding of 
processes critical to efficient engine operation. Fundamentals 
associated with fuel injection, sprays, gas exchange, in-
cylinder flows, advanced combustion processes, plus com-
prehensive yet robust kinetic routines for realistic fuels are 
being investigated. The learning from these activities is being 
incorporated into models, both detailed and phenomenologi-

cal, which serve as tools for advanced engine development. 
Integral to this effort is the continued advancement of the 
base computer program itself and the solvers that facilitate 
rapid computational turnaround time. The program is well 
managed and interfaces well with industry stakeholders.

Finding 3-3. The 21CTP has realized the importance of 
transferring the new knowledge generated in its research 
programs into the stakeholder community and is active in dis-
seminating this learning via appropriate forms and forums, 
such as the development of computer submodels that can 
be used by other researchers in the field, and through user 
groups such as the Engine Combustion Network, to maxi-
mize leverage and learning obtained from the research by 
encouraging broad base participation within the scientific 
community. 

Finding 3-4. Increased emphasis has been placed on issues 
such as numerical algorithm development, advanced com-
puter architectures, and CFD code development. The Part-
nership’s awareness of the importance of these activities was 
evinced by the high-performance computing workshop DOE 
sponsored in August 2014.

Recommendation 3-1. With the increased importance of 
advanced CFD for developing the engines and operating 
scenarios necessary for minimum fuel consumption and in 
light of DOE’s role in the generation of new knowledge that 
gets incorporated into these CFD codes as submodels, a criti-
cal review of the Partnership’s program to develop the next-
generation code (KIVA 4) should be performed. Feedback 
from the participants of the high-performance computing 
workshop should be matched against the current code devel-
opment activities, and the adequacy of the current program 
should be assessed. If necessary, the next-generation code 
development should be adjusted.

Finding 3-5. Achieving Goal 2, 55 percent BTE in a labora-
tory engine, will be very challenging. This is a high-risk, 
high-reward fundamental research program. It is an impor-
tant stretch goal because it will facilitate identifying the 
potential of different advanced engine, fuel, and combustion 
concepts for increased engine efficiency, even though these 
concepts may not be commercially viable in the near future. 

Recommendation 3-2. The fundamental diesel engine 
research program pursuing advanced technologies and 
combustion processes and engine architectures to achieve 
55 percent BTE should continue to be a focus of the 21CTP 
engine activities. However, the experiments and modeling 
should maintain a focus on dynamometer R&D, as opposed 
to attempting to build a demonstration vehicle. The achieve-
ment of this goal should be extended from 2015 to 2020, in 
order to have sufficient time to carry out R&D on this stretch 
goal. Also, this activity should not be at the expense of efforts 
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to reduce load-specific fuel consumption via system integra-
tion and road load reductions.

AFTERTREATMENT SYSTEMS

Introduction

HD diesel aftertreatment systems have evolved worldwide 
as separate systems. Europe was developing and optimizing 
the SCR systems to meet Euro IV and V regulations (2005, 
2008 respectively), while Japan and the United States were 
developing diesel particulate filter (DPF) technology. Both 
technologies came together to meet the US2010 and Euro VI 
(2013) HD regulations. New U.S. regulatory requirements 
went into effect in 2013 and 2014, when OBD (2013) and 
the first phase of the medium- and heavy-duty vehicle fuel 
efficiency and GHG regulations (2014) were introduced. 

More-efficient SCR systems allow higher engine-out 
NOx, resulting in further reduction in fuel consumption and 
low engine-out PM levels. The NO2 levels coming out of the 
diesel oxidation catalyst (DOC) are sufficient in many 2013 
engines to oxidize the PM retained on the filter without the 
need for high-temperature active regeneration. This resulted 
in filters with less PM mass and lower back pressure. An 
example of a modern emission control system architecture 
is shown in Figure 3-6.

The required OBD system adds significant complexity, 
with upwards of 18 control points, as illustrated in Figure 3-7 

(Stanton, 2013). The OBD system is needed to diagnose 
deficiencies in the emissions control system and allow the 
defective parts to be identified to facilitate remediation. 
Major industry efforts are being expended on OBD, and 
emissions control system choices are always made in the 
context of OBD requirements. 

The results of these efforts to date are quite impressive. 
In many cases the tailpipe concentration of fine particles is 
less than that of ambient air. NOx reductions are approaching 
98 percent from engine-out levels. In Europe, trucks have 
lower NOx emissions per kilometer than modern diesel cars 
(Bergmann, 2013). 

California is now independently considering another 
90 percent reduction of the HD NOx tail pipe standard for 
around 2020 (CARB, 2015). EPA may consider following 
with similar tightening depending on the level of the new 
National Ambient Air Quality Standard (NAAQS) ozone 
standard, proposed in December 2014 to be in the range of 
65 to 70 ppb. To have minimal impact on fuel consumption, 
these new tail pipe NOx levels (~0.02 g/bhp-hr) will require 
nominally 99.5 percent NOx reductions on the hot federal test 
procedure (FTP) cycle and 96 percent reductions on the cold 
FTP cycle, both of which depend on additional innovations in 
emissions control technology. The California initiative will 
stimulate new approaches to HD NOx aftertreatment, particu-
larly related to cold start emissions. Some technologies being 
considered are SCR filters (SCR catalyst coated on DPF) to 

Figure 3-6
Bitmapped

FIGURE 3-6 Layout of a modern HD diesel emission control system. SOURCE: D. Stanton, “Systematic Development of Highly Efficient 
and Clean Engines to Meet Future Commercial Vehicle GHG Regulations,” SAE Int. J. Engines 6(3): 1395-1480. Reprinted with permission 
from SAE paper 2013-01-2421Copyright © 2013 SAE International.
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Figure 3-7
Bitmapped

FIGURE 3-7 Example of OBD layout for a 2013 HD aftertreatment system. SOURCE: D. Stanton, “Systematic Development of Highly 
Efficient and Clean Engines to Meet Future Commercial Vehicle GHG Regulations,” SAE Int. J. Engines 6(3): 1395-1480. Reprinted with 
permission from SAE paper 2013-01-2421 Copyright © 2013 SAE International.

add SCR catalyst closer to the engine, and low-temperature 
NOx adsorbers that release the NOx at higher temperatures 
when the SCR is functional. Further, at such high deNOx 
efficiencies, proper management of the diesel emission fluid 
(ammonia) will be critical to prevent the formation of N2O, 
a powerful greenhouse gas. Expected OBD requirements at 
these very low tail pipe NOx levels are not achievable with 
today’s sensor and modeling technology.

Although 21CTP has no specific aftertreatment goals, in 
the February 2013 Roadmap (21CTP, 2013, p. 45), 21CTP 
listed several aftertreatment elements to the overall techni-
cal strategy:

•	 High-efficiency SCR.
•	 Resolve remaining issues on DPF regeneration, ash 

loading and removal, and aging.
•	 Mitigate sulfur effects.
•	 Improve the catalyst materials and systems for lean 

NOx catalysis with urea and other reductants for 
performance over a wider temperature range while 
minimizing reductant slip.

•	 Develop monitors and thresholds for sensors in 
controls and diagnostics in conjunction with OBD. 
Develop and use fundamental knowledge of catalysts 
and sensors for OBD methods.

•	 Materials for catalysts and filters that have high effi-
ciency, low back pressure, and minimal space require-
ments for at least 1 million miles of durability.

•	 Robust sensors with direct sensing of emissions con-
stituents (e.g., PM, N2O).

Aftertreatment Projects

The NRC Phase 2 report (2012) put the total spending 
during the previous 7 years of 21CTP heavy-duty truck 
aftertreatment work (through FY 2010) at about $37 mil-
lion. Spending FY 2011 through FY 2014 was about $13 
million, for a total of about $50 million of aftertreatment-
related funding over 11 years ($4.5 million per year average). 
Table 3-5 describes the expenditures on active aftertreatment 
projects reported to the committee by 21CTP since the NRC 
Phase 2 review.

The aftertreatment research and development community 
is quite active, with upwards of 400 technical papers and 
presentations annually presented worldwide on industry- and 
government-funded work. In the opinion of the committee, 
the body of work sponsored by 21CTP ought to comple-
ment, not duplicate, the industrial programs. Following is a 
summary of the 21CTP project progress with comments on 
corollary work from outside the DOE projects.
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Crosscut Lean Exhaust Emission Reduction Simulation 
(CLEERS) Program

The Joint Development and Coordination of Emissions 
Control Data and Models (ACE022 and ACE023) is a project 
managed by ORNL with subprojects managed by the Pacific 
Northwest National Laboratory (PNNL). The core activities 
are to support and coordinate emissions control research, 
which evolves with DOE priorities and industry needs. 
Efforts are communicated to the 22 industrial partners, 11 
universities (including three in Europe), and two national 
laboratories through monthly teleconferences and an annual 
workshop that is open to the public. The 2014 workshop 
had more than 100 attendees, 39 technical papers, and 12 
posters. Topics most pertinent to the 21CTP included diesel 
particulate characterization and filtration; SCR catalysts, 
reaction mechanisms, and modeling of urea spray; oxidation 
and reforming catalysts; passive adsorbers and traps; mul-
tifunctional catalysts and aftertreatment devices; emissions 
controls and engine integration; low-temperature catalysis; 
interpretation of experimental aftertreatment measure-
ments; development of microkinetic and global reaction 
mechanisms; drive-cycle simulations of conventional and 
hybrid vehicles; and engine exhaust speciation. Examples 
of recent accomplishments of CLEERS are the provision 
of basic data in support of vehicle systems aftertreatment 

modeling; the establishment of a new online database for 
references relevant to modeling of emissions control devices; 
the analysis and reporting of results from a 2013 industry 
priority survey; the measurement of NH3 storage isotherms 
on a commercial small pore Cu zeolite; the development and 
application of analytical techniques for extracting adsorption 
enthalpies from isotherm data; and the development of reac-
tion mechanisms for NO SCR reactions that are consistent 
with reaction rate measurements and diffuse reflectance 
infrared spectroscopy (DRIFTS) observations. Future work 
will continue mechanistic investigations into small pore Cu 
zeolite and candidate NOx adsorber materials, with emphasis 
on low-temperature operating conditions and will initiate the 
characterization of passive adsorber materials and protocols 
for their development.

Emissions Projects

Project ACE026. The CRADA project “Enhanced High 
and Low Temperature Performance of NOx Reduction Mate-
rials” focuses on determining factors that limit low- and 
high-temperature NOx performance, including mechanisms 
for deactivation for candidate materials due to hydrothermal 
aging and poisoning mechanisms. NOx adsorber work that 
ended in 2014 shows enhanced potassia-titania high-temper-
ature NOx storage catalysts deactivated through irreversible 

TABLE 3-5 Expenditures on 21CTP Aftertreatment Projects (dollars)

Public Review Project No./Title Recipient
2012  
Funding

2013  
Funding

2014  
Funding Note

ACE022 Joint development and coordination 
of emissions control data and models 
(CLEERS analysis and coordination) 

 ORNL 350,000 712,000
(700,000)*

558,000
(650,000)*

*According to 2014 AMR

ACE023 CLEERS aftertreatment modeling 
and analysis 

Pacific Northwest 
National Laboratory 
(PNNL)

750,000 750,000 750,000

ACE026 Enhanced high- and low-
temperature performance of NOx reduction 
materials 

PNNL 300,000 300,000 300,000 Funding matched by 
Cummins in CRADA

ACE028 Experimental studies for CPF 
and SCR model, control system, and OBD 
development for engines using diesel and 
biodiesel fuels 

Michigan 
Technological 
University

607,000 Project completed in FY 
2012; 323,000 matched 
funding

ACE032 Cummins/ORNL-FEERC CRADA: 
NOx control and measurement technology 
for heavy-duty diesel engines, self-
diagnosing smart catalyst systems 

 ORNL 450,000 595,000
(400,000)*

232,000
(350,000)*

*According to 2014 
AMR; funding matched by 
Cummins in CRADA

ACE089 Development of radio frequency 
diesel particulate filter sensor and controls 
for advanced low-pressure drop systems to 
reduce engine fuel consumption

Filter sensing 
technologies

487,000 386,000* 836,000* *From 2014 AMR; 
total private share 
adds 565,000

Totals 2,944,000 2,743,000 2,676,000
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reaction of the two oxides. Work is now focused on preparing 
and modeling three emerging SCR catalysts with improved 
low-temperature and high-temperature performance. Model 
Cu/SAPO-34, Fe/SSZ-13, and SSZ-13 with various Si/Al 
ratios have been prepared for a number of studies of low- and 
high-temperature performance of commercial Cu-chabazite 
(CHA)-based SCR catalysts. These studies led, in part, to 
the identification of SCR catalyst materials with significantly 
lower (up to 20°C lower) “light-off” temperatures than the 
contemporary Cu-SSZ-13 catalyst. Future work will focus 
on limitations of low- and high-temperature performance of 
CHA-based SCR catalysts. 

Project ACE028. The project “Experimental Studies for 
CPF and SCR Model, Control System, and OBD Develop-
ment for Engines Using Diesel and Biodiesel Fuels” was 
completed in September 2012. A core aspect of the project 
was communication and collaboration between stakeholders 
to facilitate the achievement of emissions regulations with 
minimal fuel penalty for a wide range of engines, includ-
ing those operating on diesel or biodiesel fuel. The project 
developed DOC, catalyzed particulate filter (CPF), and SCR 
reduced-order models and estimator strategies that were vali-
dated on engines for use in calibration efforts. Importantly, 
an industrial consortium was formed in 2014 to continue 
this work.

Project ACE032. The Cummins/ORNL-FEERC CRADA, 
“NOx Control & Measurement Technology for Heavy-Duty 
Diesel Engines, Self-Diagnosing Smart Catalyst Systems,” is 
aimed at developing diagnostics to promote the understand-
ing of both the SCR catalyst and the impact of aging on 
catalyst performance, focusing on distributed NH3 storage 
and NOx conversion performance. Accomplishments include 
assessment of impacts of hydrothermal laboratory aging on 
commercial SCR catalyst functions of NH3 capacity, the SCR 
reaction, parasitic NH3 oxidation, NH3 oxidation character-
ization, and determining that the common approach using 
capillary sampling was noninvasive. Future work will be to 
extend the work to field aging and assess aging impacts via 
experimental correlations and comparison to catalyst models.

Project ACE089. “Development of Radio Frequency 
Diesel Particulate Filter Sensor and Controls for Advanced 
Low-Pressure Drop Systems to Reduce Engine Fuel Con-
sumption,” has the objectives of developing radio frequency 
(RF) sensors and controls for direct, in situ measurements of 
DPF soot and ash levels; quantifying associated fuel savings; 
exploring additional efficiency gains with advanced combus-
tion modes, alternative fuels, and advanced aftertreatment via 
RF sensing and control; and developing production designs 
and commercialization plans. The investigators completed 
preproduction RF sensors and antennas; demonstrated 
combined DPF soot and ash measurements; benchmarked 
RF transient response with an established microsoot sensor; 
evaluated RF performance over 240,000-mile equivalent 
DPF aging; and quantified fuel savings potential via extended 
regeneration intervals and reduced regeneration duration 

of about 50 percent relative to stock original equipment 
manufacturer (OEM) controls in a fleet test. Future work 
will focus on developing optimized calibrations and controls 
to quantify performance relative to baseline conditions in a 
wide range of engine and vehicle applications.

Materials Work at ORNL Related to Catalysts/Emissions

ORNL makes use of capabilities that are hard to maintain 
at universities and difficult to justify in industry, given the 
need for experienced researchers to operate and to maintain 
state-of-the-art equipment. One example is the aberration-
corrected electron microscope (Project ID 18865), which 
provides atomic-level imaging to better than 1 Å resolution. 
Samples can be heated in situ up to 1,000°C and follow a 
catalytic reaction in a controlled atmosphere. Basic research 
studies have been followed using catalysts such as Au/CeO2 
and Pt/Rh on a perovskite. In other work (Narula et al., 2010) 
scientists at ORNL are using theoretical models to explore 
catalyst materials via first principles for low-temperature 
operation. Materials being explored are bimetallic zeolites 
such as CuFe ZSM-5.

Project PM055. In this project, “Biofuels Impact on 
Aftertreatment Devices,” ORNL is investigating the impact 
of biodiesel fuel on aftertreatment devices. Impurities (Na, 
Ca, and Mg) in biofuels have been found to accumulate on 
the aftertreatment devices. The sources of these impurities 
are NaOH and KOH from the transformation of the feedstock 
and Ca/Mg from the washing.

Project PM009. This project, “Materials Issues Associ-
ated with EGR Systems,” concerns soot in the exhaust that 
can deposit and interfere with the EGR system, causing the 
engine to lose BTE. Advanced engines EGR will be required 
to operate over a wider range of engine speed and loads. 
Low-temperature combustion will increase this problem 
and also hinder waste heat recovery. One approach is to 
identify the optimum operating temperature for the system. 
Imaging technologies are being applied to characterize the 
deposits. Strategies being explored include deposit removal 
techniques. U.S. diesel engine manufacturers are collaborat-
ing on this project with ORNL.

Project PM010. In a CRADA with Cummins, “Durability 
of Diesel Engine Particulate Filters,” ORNL is characterizing 
properties of ceramic diesel particulate filters and develop-
ing tools to assess durability and reliability. One goal is to 
be able to reduce the fuel economy penalty associated with 
the DPF by 25 percent relative to the baseline 2009 vehicle. 
The regeneration of the filter that is the focus of this work 
must be reliable and the filter durable. A new zeolite-based 
support with a finer pore structure is being investigated. The 
Cummins test rig is being used to do simulated measure-
ments of filter lifetimes. Data generated will be used as input 
to models to predict the behavior of the DPF. 
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Project PM049. ORNL worked on this project, “Catalyst 
Characterization and Deactivation Mechanisms,” in two 
separate stages from 2009 through 2013. In one it partnered 
with Cummins and on the other with Ford, University of 
Michigan, and Protochips. The overall objective was cost-
effective emission control using new engine operating 
conditions that minimize emissions. The approach was to 
increase understanding of the deactivation mechanisms and 
address durability requirements for light-duty diesel after-
treatment: ammonia oxidation (AMOX) and SCR materials. 
Hydrothermal aging was done at elevated temperatures for 
lifetime prediction and to evaluate degradation mechanisms. 
Transmission electron microscopy (TEM) provided atomic 
resolution of rhodium nanoparticles on a CaTiO3 support 
over a wide temperature range and in an oxidizing-reducing 
atmosphere. 

Other Emissions-Related Work Outside 21CTP

Fundamental or characterization work outside the 21CTP 
has been reported on many pertinent aspects of emissions 
control. Improvements in SCR catalyst formulations have 
been reported on Mn zeolites (Kim et al., 2012), improved 
Cu zeolites (Walker, 2012; Reith et al., 2013), SCR filter 
catalysts (Rohe et al., 2012), and advanced substrates and 
LT urea injection methods (Strots et al., 2014). SCR system 
durability and aging studies are reported by SwRI (Bartley 
et al., 2012), and Cummins (Yezerets et al., 2014; Chen et 
al., 2013; Kumar et al., 2013). Daimler and Milano Politec-
nico investigators showed NOx can adsorb on SCR cata-
lysts upon engine start-up, until water reaches the catalyst 
(Schmeisser et al., 2013). Dioxin emissions are minimal and 
not a concern, as reported by EPA (Laroo et al., 2013). Ten-
neco reported engineering and fundamental work on silver-
alumina catalysts that use E85 as a reductant instead of urea 
(Patel, 2012). The University of Wisconsin (Viswanathan et 
al., 2012) and MIT (Kamp et al., 2013; Sappok et al., 2013) 
reported fundamental characterization of ash-soot interac-
tions in DPFs. Soot regeneration by NO2 on DPFs with 
SCR catalyst coatings is characterized by Liebherr (Hohl, 
2014) and modeled by BASF (Tang et al., 2013). PGM-free 
DOCs were reported by Honda (Ishizaki et al., 2012) and 
Nanostellar (Wang et al., 2012). Heesung (Kim et al., 2013) 
and University of Pennsylvania (Cargnello et al., 2012) 
described new LT methane catalysts. Regarding technologies 
pertinent to California’s low-NOx regulatory initiative, Theis 
and Lambert (2014) reported some work on the performance 
of low-temperature NOx adsorbers, showing that the NOx is 
stored on the base-metal storage material as a nitrite (from 
NO) using palladium as a catalyst, and the device is relatively 
resistant to sulfur poisoning and durable to 740°C. Not much 
is known about fundamental reaction mechanisms or the 
materials used in these components, and calibration studies 
are lacking on how they should be implemented. Michigan 

Technological University recently completed a thorough lit-
erature review on SCR+DPF system integration (Song et al., 
2014). They identified several needs, including developing 
a testing protocol and a better understanding of ash-soot-
catalyst interactions as they pertain to soot regeneration and 
SCR performance. 

There are gaps in the literature pertaining to understand-
ing or even reporting secondary or unregulated emissions, 
such as CH4 or N2O. Fundamental understanding on the 
formation mechanisms of the greenhouse gas N2O from 
advanced combustion and emission control systems is lack-
ing. This will become increasingly important as the GHG 
regulations tighten. Also, developments ought to be put into 
the context of the tightening HD regulations emerging in 
California and perhaps the EPA/NHTSA rulemaking in 2015.

Health-Related Studies

“Advanced Collaborative Emissions Study (ACES)” was 
a $15.5 million 7-year consortium program (2007-2013) in 
which the DOE was one of many partners. Completed in 
FY 2013, it characterized the emissions of US2007- and 
US2010-compliant HD engines and health effects of 2007 
engines using a rat model. The emissions results are impres-
sive. Particle number (PN) emissions on the FTP certifica-
tion cycle for US2010 engines were reduced 99.9 percent 
from 2004 levels and 40 percent from US2007 levels, with 
this latter improvement attributed to the lack of active DPF 
regenerations in the 2010 engines (Khalek et al., 2015). On a 
custom 16-hour drive cycle, relative to 2007 engines, PM and 
PN emissions were reduced 71 percent, NOx and NO2 by 94 
percent, hydrocarbons by 99+ percent, highly toxic dioxins 
and furans by 88 percent, and CO2 by 3 percent. As reported 
in the final ACES health effects study (2015), health effects 
observed in rats after long-term exposure to diesel exhaust 
from new technology engines (compliant with 2007 regula-
tions) were consistent with effects observed after exposure 
to NO2 (NO2 was reduced 94 percent in 2010 engines). 
Importantly, there was no increase in tumor formation over 
the background in the lung or any other organ compared to 
control animals; this was a major difference in long-term 
exposures to “traditional” diesel exhaust containing high lev-
els of PM. Genotoxic endpoints showed no exposure-related 
changes. Some histopathologic changes observed in the 
gas-exchanging region of the lung were similar to changes 
after long-term exposures to oxidizing pollutant gases, such 
as NO2 and ozone. There were few changes in respiratory 
function endpoints, which occurred more in females than 
males. Effects in the respiratory tract were mild and generally 
seen only at the highest exposure level. There were also few 
changes in inflammatory endpoints in blood, bronchoalveo-
lar lavage, or lung tissue. Vascular endpoints were mostly 
unchanged, with a few scattered exposure-related changes 
(again mostly in females).
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21CTP Response to Recommendations from NRC Phase 2 
Review

The NRC Phase 2 review committee commented that 
significant progress was being achieved on emissions control 
understanding either through formal work in the program or 
through industry efforts. The only specific comments con-
cerned researching CO2 reduction pathways and character-
izing particle number emissions to support future regulatory 
initiatives.

NRC Phase 2 Recommendations: Aftertreatment Program 
Activities

NRC Phase 2 Recommendation 3-7. The aftertreatment 
program within the 21CTP should be continued, and DOE 
should continue to support the activities of CLEERS that 
interface with the activities of the aftertreatment technical 
community at large.

21CTP Response: The Partnership agrees with this assess-
ment to continue the aftertreatment programs. Combus-
tion and aftertreatment activities are continuing under the 
SuperTruck projects, which are looking to achieve stretch 
efficiency goals while meeting current stringent emission 
standards: this produces a need for continuing aftertreat-
ment research.

NRC Phase 2 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 emis-
sions, the 21CTP should incorporate studies of particulate 
number emissions into their research portfolio.

21CTP Response: The Partnership is aware of the evolving 
interest in particulate number regulation (number of particles 
and size distribution), especially in Europe. We are currently 
measuring these parameters in several projects with the na-
tional laboratories, universities, and industry.

Committee Comment on 21CTP Responses 

In general, the committee thought the progress was sub-
stantial and the effort should continue. The exception was a 
need for more work on characterizing PN emissions.

Findings and Recommendations: Aftertreatment Systems

Finding 3-6. The research agenda for 21CTP is focused 
on a wide diversity of heavy duty (HD) emissions control 
work. There are impressive fundamental studies on SCR 
catalysts, DPF fundamentals, low-temperature SCR and 
oxidation catalysts, passive NOx adsorbers, multifunctional 
components, emissions measurement and modeling, system 
models, fuel effects, aging, and sensor development. Work is 
not continuing in 21CTP on lean-NOx traps but has become 

part of the light-duty vehicle programs. These programs are 
delivering valuable results, but there are no program goals 
to guide future directions.

Recommendation 3-3. The Partnership should continue 
work on aftertreatment and emissions control, but the DOE 
should develop specific aftertreatment goals for the 21CTP. 
These goals will serve as a focal point for researchers to 
submit proposals and for the DOE to assess them.

Finding 3-7. Lacking are fundamental studies or even 
reported results on unregulated emissions, such as CH4 and 
N2O. Also lacking are projects or objectives aimed at post-
2010 regulations, specifically supporting the CARB low-NOx 
initiatives, in particular cold-start NOx control using, for 
example, low-temperature NOx adsorbers and SCR filters. 

Recommendation 3-4. The Partnership should continue to 
fund work on improved SCR NOx efficiency (mainly at low 
temperature, without compromising high-temperature effi-
ciency) and aging and poisoning effects. California’s and, 
potentially, EPA’s move toward further HD NOx reductions 
to meet National Ambient Air Quality Standards (NAAQS) 
for ozone will be critical. These new targets need to be set 
for the research efforts. 

Recommendation 3-5. New fundamental emphasis on N2O 
formation to support lower NOx emissions should be added, 
as there is an apparent trade-off between low NOx and higher 
N2O caused by the need to inject more urea. 

Finding 3-8. To achieve 50 percent BTE in the SuperTruck 
Program (Chapter 8), the engine compartment has limited 
space for the cooling system, the waste heat recovery system, 
and the aftertreatment system. The aftertreatment system 
volume, weight, and cost are important for the design of the 
engine compartment for trucks that are developed for 50-55 
percent BTE.

Recommendation 3-6. Technologies such as an SCR cata-
lyst on a DPF or others that have the potential to reduce the 
volume, weight, and cost of the aftertreatment system should 
be a part of the program to develop a 55 percent BTE engine.

Finding 3-9. OBD is a key industry need. It is a primary 
consideration in emissions control design and architecture 
and a major cost component. OBD technology is not avail-
able to meet the expected California low-NOx regulations. 

Recommendation 3-7. DOE should determine the gaps in 
OBD understanding and in sensor technology, especially to 
meet the tight California regulations, and should implement 
programs to help fill these gaps. 
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FUEL PROGRAMS

This review of fuel programs affecting the 21CTP begins 
where the NRC Phase 2 review finished (NRC, 2012). 
Some of the findings and recommendations regarding fuel 
technologies in the NRC Phase 2 report are still valid and 
will be briefly mentioned. New fuel issues, many reviewed 
in the 2013 21CTP Roadmap and Technical White Papers 
(21CTP, 2013), are described, and additional research is 
recommended. 

The most significant change in the hydrocarbon petroleum 
resource pool since the NRC Phase 2 report has been the 
substantial increase in the supply of crude oil derived from 
directional drilling and hydraulic fracturing (“fracking”) 
(Harvey and Loder, 2013). The properties and characteristics 
of hydraulically fractured crude oil samples from shale are 
generally different than those of crude samples pumped from 
large pools or deposits of oil. Crude oil from shale tends to 
be lighter than crude from many other sources (GAO, 2014). 
The blending of light crude oil derived from fracking opera-
tions with heavy crude oil streams (such as from tar sands 
deposits) creates an unusual blend of hydrocarbon compo-
nents (sometimes referred to as a “dumbbell” oil blend) that 
can be challenging for some refineries trying to produce a 
complete slate of fuel products (Gonzalez, 2014). Although 
crude oil from shale is increasing the national energy sup-
ply, its characteristics are more suited for producing gasoline 
rather than middle distillates such as diesel fuel. This could 
impact the properties of diesel fuel in the future as well 
as force refiners to make capital upgrades to their refinery 
operations (Gonzalez, 2014). 

Efforts to produce greater amounts of biodiesel (fatty acid 
esters) and to create renewable diesel derived from biomass 
have increased modestly since the NRC Phase 2 review.7 

The use of natural gas as a fuel for medium- and heavy-
duty trucks is increasing slowly based mostly on increased 
gas supplies generated from new extraction techniques and 
the resulting lower fuel costs. A discussion of the pros and 
cons of natural gas as a transportation fuel was recently pub-
lished by the NRC (2014). Natural gas has been suggested 
as a method to reduce transportation sources of greenhouse 
gases (GHGs), although this conclusion requires further 
validation. 

Advanced Petroleum Fuels

The DOE has active research programs that address diesel 
fuel properties, whether they are petroleum-derived or not. 
As explained earlier in the discussion on engine systems 
research, cooperative work between the DOE and the CRC 
(2012) has created a well-characterized, petroleum-based 
fuel matrix called FACE. This fuel matrix is specifically 
designed so that “researchers evaluating advanced combus-

7 See biodiesel production statistics at http://www.biodiesel.org/ 
production/production-statistics.

tion systems may compare results from different laboratories 
using the same set (or sets) of petroleum fuels for consis-
tency” (CRC, 2005). For diesel fuel, the matrix consists of 
nine fuel blends varying in cetane number, aromatic content, 
and T90 values (temperature at which 90 percent of the fuel 
is distilled). A graphic depicting the matrix is shown in 
Figure 3-8. 

The fuels described by this matrix are designed around the 
fuel properties and characteristics likely to affect advanced 
combustion system performance. They are not “an implied 
or explicit recommendation or endorsement for the adop-
tion of any of these research fuels as implied or explicit fuel 
standards” (CRC, 2005). They do serve a valuable purpose, 
however, by providing a basis for comparison of test results 
from research programs intended to evaluate the performance 
of advanced combustion engine technology. The use of these 
fuels has already been described in some of the projects 
reviewed in the Engine Systems portion of this chapter and 
will be described further in some of the fuels projects.

Petroleum-based diesel fuel properties could become an 
issue in future years because of the production of greater 
amounts of light crude oils from fracking. As previously 
stated, crude oils from hydraulic fracturing processes con-
tain significant amounts of highly volatile, low-molecular-
weight hydrocarbons (GAO, 2014). When blended with other 
heavier crude sources either produced in or imported into 
the United States, the result is a crude oil blend with large 
amounts of light distillates and of heavy distillates but fewer 
components in the middle of the distillation range. Although 

Figure 3-8
Bitmapped

FIGURE 3-8 Fuels for advanced combustion engines (FACE) 
diesel fuel set. SOURCE: B. Zigler, “Fuels for Advanced Combus-
tion Engines,” DOE Annual Merit Review FJ002, May 15, 2012. 
National Renewable Energy Laboratory.
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such crude blends can be handled within modern refineries, a 
potential impact could be a decline in middle-distillate yields 
(Gonzalez, 2014). 

The United States has for many years been a large 
importer of crude oil, mainly to meet the needs of transporta-
tion. Recent increases in domestic production have largely 
alleviated the concerns over crude supplies (GAO, 2014). If 
the demand for diesel fuel continues to increase and demand 
for gasoline for light-duty vehicles decreases due to fuel 
economy and emissions regulations, an adequate diesel fuel 
supply may become the most important future transportation 
energy concern. Research targeted at utilizing renewable 
fuels in spark-ignition engines may not be as critical as that 
targeted at diesel engine fuel efficiency strategies and the use 
of biodiesel or renewable diesel fuel blending components in 
advanced combustion engines. 

The cost of producing petroleum-based fuels and the price 
of commercial fuels at the pump reached new highs during 
the last decade. Today, due to greater crude production, fuel 
costs have dropped substantially. This is important to OEMs 
in determining the cost of new technology they would be 
willing to invest in to improve efficiency and reduce fuel 
consumption. It is also important in determining the extent 
to which alternative fuels will be economically competitive 
with petroleum-based fuels. If the cost of petroleum-based 
fuels remains low, and if alternative or renewable fuels are 
desired for reduced GHG emissions, the use of such alter-
native fuels will be realized only through application of 
regulatory initiatives.

Biofuels

For many years, biofuels have been promoted by some 
government agencies for four reasons:

(1) To extend petroleum resources, 
(2) To reduce petroleum imports,
(3) To reduce GHG emissions, and
(4) To increase domestic jobs.

Given the increase in domestic oil and gas supplies in 
recent years, the first two justifications for greater biofuel 
generation and sale are much less significant than at the 
beginning of the twenty-first century, when future oil sup-
plies were thought to be limited. 

The biofuels industry has continued to grow since the 
NRC Phase 2 review, but the use of biofuels in commercial 
fuel formulations is still limited. DOE has contributed to 
the development of technology and processes for producing 
cellulosic ethanol and biodiesel fuels, with the ultimate goal 
of commercialization. Congress established the Renewable 
Fuel Standard (RFS) in 2007, which set a goal of using 36 
billion gallons of biofuels per year by 2022. Congress has 
provided tax credits and incentives for biofuels production, 
including that of renewable, ester-based diesel fuels. These 

credits and incentives generally remain in effect. An NAS-
NAE-NRC (2009) report concluded that sufficient resources 
for biomass were available in the United States, and that 
substantial amounts of biofuels could be produced by 2020.

Despite the plans for increased production promoted by 
federal agencies, the only significant source of biofuels today 
is corn-based ethanol. This ethanol is added to gasoline in 
the United States, mostly at a concentration of 10 percent, 
although the EPA in 2010 allowed as much as 15 percent 
ethanol in gasoline for use in 2007 and later-model-year, 
light-duty vehicles. In early 2011, the EPA expanded its 
waiver to allow up to 15 percent ethanol in gasoline used 
to fuel 2001 through 2006 model-year, light-duty vehicles. 
The EPA cannot force fuel stations to provide gasoline 
blends containing 15 percent ethanol without the approval 
of Congress, which at this time it does not have. The use of 
15 percent ethanol has been opposed by automotive OEMs 
due to concerns over durability in engines designed for 10 
percent ethanol in gasoline (Shepardson, 2010), and to date 
only limited amounts of gasoline containing 15 percent etha-
nol have been sold at U.S. commercial fuel pumps.

The commercial production of cellulosic-derived ethanol 
is only now beginning to be realized. Three companies, 
Abengoa, Poet, and DuPont, announced plans to produce 
ethanol from cellulosic materials in either 2014 or 2015 
(Abengoa, 2014; Poet, 2014; DuPont, 2015). The combined 
production of denatured ethanol from these three plants 
could reach 81.6 million barrels per year (ca. 0.61 percent of 
total denatured ethanol consumption in 2014). Commercial 
production of ethanol derived from cellulose has been sup-
ported by DOE (2014).

The production of biodiesel (essentially fatty acid methyl 
ester [FAME] and other esters) and renewable diesel (a 
pyrolyzed/hydrotreated, biomass-derived feedstock used in 
refineries for diesel fuel production) has been minimal but 
continues to increase.8 In 2013, the EPA concluded that the 
industry was not going to be able to produce the amount of 
biofuels called for by the RFS (EPA, 2013). Thus, the total 
2014 requirement for biofuel for use in transportation appli-
cations was temporarily set at 15.21 billion gallons per year 
(EPA, 2013). In 2013, ethanol production in the United States 
(virtually all corn-based) amounted to 13.31 billion gallons 
per year (RFA, 2014). Based on Energy Information Admin-
istration (EIA) estimates for U.S. gasoline consumption in 
2013 of 135 billion gallons and distillate fuel consumption 
in 2013 of 58.7 billion gallons, this amount of ethanol is 
roughly equivalent to its use in gasoline at 10 percent (EIA, 
2014b). By 2022, the RFS has a requirement for the use of 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 would still meet only a relatively 
small percentage of diesel fuel demand.

8 Ibid.
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To meet future RFS requirements, advances in manufac-
turing processes and reductions in manufacturing costs are 
needed for ensuring growth in the use of biofuels. Looking 
ahead, biofuels for use in petroleum-based diesel fuel could 
be manufactured in one of two ways:

(1) Make a biodiesel fuel, such as FAME or another 
ester, from a specific feedstock, such as soybeans, 
and blend it into existing diesel fuel.

(2) Make a bio-based, renewable bio-crude oil by pyrol-
ysis or hydrotreatment that can be used at a refinery 
in the production of conventional diesel fuel. 

Much of the early effort to develop biofuels for blending 
with diesel fuel was for the development of ester-based fuels 
such as FAME, as described in the first option. The process 
for making simple, ester-based biofuels is well documented 
and has been in use for many years. In the biodiesel pro-
duction process, triglyceride oils derived from biomass are 
reacted with methanol to produce a fatty acid alkyl ester 
and glycerin as a by-product. The quality of such biodiesel 
components is defined by ASTM standard D6751. These 
biofuels are now blended into diesel fuels in some regions of 
the United States and, to a greater extent, in Europe. 

Significant commercial effort has been directed toward 
the production of renewable diesel fuels, as described by the 
second option, although such fuels are currently not much 
used in the United States (Peckham, 2014a). Renewable 
diesel fuel uses feedstocks from gasified biomass to generate 
a hydrocarbon stream that is processed at a refinery during 
the production of petroleum-based diesel fuel.

Renewable diesel fuel is viewed by the oil industry as a 
better option than biodiesel (Peckham, 2014a) for the fol-
lowing reasons: 

(1) It is all hydrocarbon and is chemically more like 
diesel fuel; 

(2) It is more compatible with diesel fuel infrastructure 
and engines than biodiesel and in many instances 
provides a fuel blend that meets ASTM D975 speci-
fications; and 

(3) It avoids unwanted effects associated with ester-
based biodiesel fuels (e.g., FAME), such as lower 
volumetric energy content, instability, hygroscopic-
ity, injector fouling, and low-temperature operability, 
among others. 

Alternative Fuels

One of DOE’s original 21CTP goals was to replace some 
of the petroleum fuels used for transportation with nonpetro-
leum-sourced alternatives. Other than ethanol from corn and 
natural gas, use of other alternative fuels has been limited. 
The status of ethanol use as an alternative fuel is discussed in 
the preceding section. A detailed review of the use of natural 

gas in medium- and heavy-duty trucks has been published 
by the NRC (2014). The reader is referred to this review for 
information on issues related to the use of natural gas.

In 2012 there were still only 127,000 natural gas vehicles 
(NGVs) of all classes in the United States, or 0.05 percent 
of the total vehicle population (NGV Global, 2012). Despite 
this small percentage, the EIA predicts that medium- and 
heavy-duty trucks will be the largest transportation con-
sumer of natural gas by 2040. This natural gas consumption 
will most likely be divided between compressed natural gas 
(CNG)-fueled, medium-duty trucks and liquefied natural gas 
(LNG)-fueled, heavy-duty trucks. Even in 2040, however, 
the use of natural gas will represent only 3 percent of total 
transportation energy consumption (EIA, 2014b).

The NRC (2014) report provides a good explanation of 
the changes in the natural gas supply in the United States 
that are due to the development of new processes for fractur-
ing shale deposits. Since the publication of that report, the 
recovery of natural gas has grown significantly, such that the 
United States is currently the world’s leading gas producer. 
In addition to there being greater amounts of natural gas 
available, this increased production is also being driven by 
potential GHG regulations. It has been estimated in some 
well-to-wheel (WTW) energy and emissions analyses that, 
even taking into account increased methane emissions from 
natural gas vehicles, total GHG emissions will be lower than 
from pure gasoline- or diesel-fueled vehicles (NRC, 2014). 
However, lower GHGs with use of natural gas will have to 
be balanced against the greater energy consumption that 
occurs due to lower engine efficiencies when using natural 
gas as a fuel. 

Additional calculations are needed to demonstrate the 
GHG emissions reduction benefits and the drawbacks of new 
manufacturing facilities and technologies for production of 
liquid hydrocarbon fuels from natural gas. It is well known 
that large-scale gas-to-liquid (GTL) manufacturing plants are 
planned for the United States (Berman, 2014). In addition, 
new technology has been proposed and developed that uses 
mini gas-to-liquid processing equipment (Peckham, 2014b). 
Such equipment could be employed at stranded gas deposits 
for which there is no connection to a gas pipeline. The liquid 
fuel produced would be transported by truck, eliminating the 
need for gas pipeline construction. The resulting GTL fuel 
would be subsequently blended with conventional petroleum 
fuels at a refinery, creating a blend that meets commercial 
fuel standards. If commercially profitable, these mini GTL 
facilities could further expand the use of natural gas for the 
production of synthetic hydrocarbon fuels.

As pointed out in the NRC (2014) report, there is a need 
for developing lower cost, smaller natural gas fuel storage 
systems. A Class 8 natural gas truck can cost $50,000 to 
$100,000 more than its diesel fuel counterpart. The cost of 
installing a refueling facility is extra (the cost will depend 
on the number of trucks that must be refueled in a given 
time period). Much of the increased truck cost is associated 
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with the fuel storage system: high-pressure tanks for CNG 
or cryogenic tanks for LNG. 

Biomass-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. This fuel would require 
minor engine and fuel system modifications, but would 
necessitate a dedicated infrastructure for production, distri-
bution, and storage, which is expected to be a major hurdle 
for its commercialization in the United States. 

Review of 21CTP Fuel Technology Objectives

In the NRC Phase 2 report, it was pointed out that DOE 
had established three different sets of goals for the fuels 
research program from 2008 to 2011 (NRC, 2012). It was 
further noted that changing goals during that period made it 
difficult to assess progress against those goals. In fairness, it 
must be said that significant fuel research has been conducted 
and much important information gained at the DOE labora-
tories and by academic institutions and industrial research 
facilities since 2010. It is not of value to recount past changes 
in goals for fuel research. Instead, it will be assumed that 
the goals identified in the 21CTP Roadmap and Technical 
White Papers published in 2013 accurately reflect the current 
technology goals for the program (21CTP, 2013).

In the 2013 Roadmap and Technical White Papers, three 
specific technology goals are listed under Engine Systems. 
Goals 1 and 2 have already been reviewed in the engine 
systems section of this chapter. Goal 3 (21CTP, 2013) is as 
follows:

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

Progress on fuel technology in order to meet Goal 3 is 
as follows: A series of FACE diesel fuels has been selected 
and defined in cooperation between DOE and the CRC. 
These fuels have a selection of specific physical and chemi-
cal properties (cetane number, aromatics content, and T90) 
and are commercially available for laboratories to purchase 
for individual research projects. FACE fuels and other sur-
rogate diesel fuels are being used in several DOE laboratory 
programs designed to quantify advanced combustion engine 
performance and efficiencies when using fuels having well-
defined characteristics. 

This most recent version of Goal 3 is unrealistic in its 
currently stated objective of identifying “essential” fuel 
properties given the ongoing research on a wide variety of 
different combustion strategies. The committee believes that 
identification of a range of fuel properties that could enhance 
the performance of advanced combustion modes, such as 
LTC, would be a more realistic objective. FACE provides 

researchers with the ability to perform experiments with 
fuels of known characteristics, having property ranges that 
are within a range of variations that might be seen in future 
fuels. This is superior to running specific blends of research-
grade fuels that are not representative of what an engine will 
experience in the field.

Although not specified as goals for Engine Systems 
within the 21CTP Roadmap and Technical White Papers, it 
is important to note that the document also listed a number 
of needed fuel research efforts that would help the 21CTP 
meet its overall objectives. Some of these include the fol-
lowing (21CTP, 2013):

•	 Develop [a] fundamental understanding of fuel effects 
on in-cylinder combustion and emissions formation 
processes in advanced combustion regimes;

•	 Develop predictive tools that relate molecular structure 
to ignition behavior and heat release for fuels used in 
advanced combustion engines;

•	 Evaluate new fuels and fuel blends for efficiency, emis-
sions, and operating stability with advanced combus-
tion regimes;

•	 Evaluate the potential of reforming small amounts of 
fuel to generate additives that can be used to achieve 
fast control in LTC modes;

•	 Identify renewable and synthetic fuel blending compo-
nents that provide enhanced efficiency, performance, 
and emissions characteristics; and

•	 Evaluate performance of traditional lubricant formula-
tions in engines using advanced combustion regimes.

21CTP, DOE, and DOD Fuel Projects

The DOE provided the committee with a list of 22 DOE, 
DOD, and NSF research programs investigating advanced 
fuel technologies that the committee believes should be 
considered as part of the 21CTP. The fuel projects, which 
are listed in Table 3-6, amount to a total budget in 2014 of 
$7,669,000. 

The fuel research projects identified as linked with the 
21CTP span the gamut from fundamental research (analytic 
modeling and laboratory-scale experiments), to fired single- 
cylinder, to full-scale dynamometer engine tests. Many of the 
fuel projects have the objective of evaluating the effects of 
fuel composition (including both hydrocarbons and biofuels) 
on advanced combustion strategies and emissions control 
systems performance (McCormick and Ratcliff, 2014; 
Mueller, 2014; Kurtz, 2014; Szybist et al., 2014; Reitz, 2014; 
Toops et al., 2014b). For example, Mueller at SNL (Project 
FT004) has utilized FACE fuels, surrogate fuels, and other 
diesel fuels to improve understanding of fuel effects on 
advanced-mixing, controlled-combustion strategies such as 
leaner-lifted flame combustion (LLFC). Surrogate fuels are 
well-defined formulations of specific chemical compounds 
for which models can more easily be derived in order to 
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TABLE 3-6 Major 21CTP-Related Projects Funded in FY 2014 Addressing Advanced Fuels (federal dollars)

Public Review Project No. / Title Recipient
2012  
Funding

2013  
Funding

2014  
Funding Note

FT001 Fuel and Lubricant Effects ORNL 1,400,000 1,250,000 1,465,000

FT002 Advanced Combustion and Fuels NREL 935,000 822,000 697,000

FT003 Performance of Biofuels and Biofuel Blends NREL 800,000 700,000 400,000

FT004 Fuel Effects on Mixing-Controlled 
Combustion Strategies for High-Efficiency Clean-
Combustion Engines

SNL 800,000 800,000 800,000

FT007 Fuel and Lubricant Effects on Emissions 
Control Technologies

ORNL 1,445,000 700,000 825,000

FT008 Gasoline-Like Fuel Effects on Advanced 
Combustion Regimes

ORNL 615,000 400,000 450,000

FT010 Chemical Kinetic Modeling of Non-
Petroleum Based Fuels

LLNL 750,000 – 500,000

FT011 Impact of Biodiesel Metals on Aftertreatment 
System Durability

NREL 400,000 – – Project ended in 2012

FT015 Demonstration/Development of RCCI 
Combustion for High Efficiency, Low Emissions 
Vehicle Applications

Univ. of 
Wisconsin-
Madison

500,000 640,000 360,000 Project ends in 2015

FT016 High Compression Ratio Turbo Gasoline 
Engine Operation Using Alcohol Enhancement

MIT 408,000 235,000 320,000

FT017 Fuel Properties to Enable Lifted‐Flame 
Combustion 

Ford Motor 
Company

436,904 406,000 694,000

FT022 CFD Simulations and Experiments to 
Determine the Feasibility of Various Alternate Fuels 
for Compression Ignition Engine Applications

ANL 150,000 150,000 –

Natural Gas Engine Development with CEC and 
SCAQMD

NREL – – – No project number. 
Last funding for this 
project in 2010.

PNNL Unconventional Fuels PNNL 450,000 – 220,000 No project number

WTW analysis, refinery modeling of high-octane, 
NG pathways analysis, FT fuels, XTL fuels 
pathways.

ANL 500,000 500,000 575,000 No project number

Validation of JP-8 Surrogates in an Optical Engine TARDEC – – 123,000 No project number 

Ignition Models for Heavy Hydrocarbons Fuels TARDEC/SNL 200,000 – – No project number

Fuel Bulk Modulus TARDEC 551,000 30,000 10,000 No project number

Bulk Modulus of Compressibility Measurements of 
Conventional and Alternative Military Fuels

TARDEC – – 110,000 No project number

Reaction Pathway and Elementary Ignition Behavior 
of Surrogates for JP-8 and Alternative JP-8 Fuels

TARDEC – – 120,000 No project number

Potential for Dimethyl Ether to Yield Low Gaseous 
Emissions and Improve Efficiency under Lean-Burn 
Conditions

Michigan Tech 
University 

– 650,000 – No project number

Sooting Characteristics of Surrogate Fuels Yale University – 600,000 – No project number 

Total 7,669,000

NOTE: Acronyms are defined in Appendix E. Some of the projects included in Table 3-6 for the fuels budget apply to both light- and heavy-duty vehicles. 
Dash denotes no funding. SOURCE: U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy. 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

52 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, THIRD REPORT

describe combustion under different operating conditions. 
This work has led to the development of a new “soot diag-
nostic” (Vertical Sheet Laser Induced Incandescence of Soot, 
VLII) for measurement of fuel effects on in-cylinder soot 
distributions and for assessment of soot models (Mueller, 
2014). In a related study, Kurtz at Ford (Project FT017) 
demonstrated that increasing oxygen content in the diesel 
fuel increased the flame lift-off length and led to less soot 
formation (Kurtz, 2014). McCormick and Ratcliff (2014) at 
NREL (Project FT003) are investigating the use of biofu-
els containing minimum amounts of oxygen as “drop-in,” 
nonpetroleum fuel components. Eight different oxygenates 
have been evaluated. Aromatic oxygenates were found to 
lower cetane number and increase premixed burn fractions, 
while di-isoamyl ether was found to raise diesel cetane 
number and reduce ignition delay and premixed burn frac-
tions (McCormick and Ratcliff, 2014). At ORNL, Szybist 
et al. (2014) (FT008) are evaluating different biofuel blends 
in conventional spark ignition (SI), dilute SI, homogeneous 
charge compression ignition (HCCI), and reactivity con-
trolled combustion ignition (RCCI) engines. In a downsized, 
downspeeded SI engine, a renewable super premium (RSP or 
E30) gasoline demonstrated improved efficiency relative to 
regular gasoline over limited operating cycles (the efficiency 
improvement outpaced the energy density loss). The RCCI 
operating range was expanded to 75 percent of its theoretical 
maximum while maintaining low soot and NOx emissions 
when using the combination of B20 (20 percent biodiesel 
in petroleum diesel) and gasoline (Szybist et al., 2014). A 
research project at the University of Wisconsin partially 
funded by the DOE (FT015) is developing prototype light-
duty and heavy-duty vehicles using RCCI engine technology 
employing a combination of gasoline and diesel fuel (Reitz, 
2014). Toops et al. (2014b) (Project FT007) have investi-
gated the effects of fuel and lubricant formulations on both 
gasoline and diesel emissions control system components. 
As a follow on to the work of Szybist et al. (2014), Toops 
and his team at ORNL have demonstrated that E30 ethanol/
gasoline blends produce particulates with a higher reactiv-
ity (oxidize at lower temperatures) than regular gasoline in 
gasoline direct-injection (GDI) engines. The ORNL team 
is also developing accelerated laboratory diesel emissions 
durability tests in order to identify the effects of metals in 
biodiesel formulations on catalyst degradation. Currently, the 
focus is on creating a correlation between emissions control 
components that have been subjected to commercial long-
term, heavy-duty service and those that have been subjected 
to severe laboratory tests (Toops et al., 2014b). 

In addition to these experimental research programs, 
efforts are being conducted to develop comprehensive chemi-
cal kinetic mechanisms for petroleum-based and bio-derived 
fuels (Zigler, 2014; Som et al., 2014). For example, Som et 
al. at ANL (Project FT022) is using a three-component diesel 
surrogate fuel to develop models for biodiesel that predict 
both in-nozzle flow and spray characteristics, as well as com-

bustion kinetics used in CFD simulations (Som et al., 2014). 
Zigler at NREL (Project FT002) has combined laboratory 
experiments with modeling efforts to identify combustion 
characteristics of specific fuel components and blends. This 
work has developed an ignition quality test (IQT) that allows 
the calculation of a derived cetane number (DCN) using as 
little as 25 ml of fuel. The IQT also provides data for calcu-
lation of Arrhenius parameters, used in combustion kinetics 
modeling. Importantly, the IQT is capable of measuring igni-
tion performance and providing kinetic data for fuels ranging 
from gasoline to jet fuel to diesel to associated biofuels. 

Based on the fuels project portfolio provided by the 
DOE, there is only one project that involves research on the 
development of natural gas engine technology. This project, 
conducted in cooperation with the South Coast Air Quality 
Management District (SCAQMD) and the California Energy 
Commission (CEC), was last funded in 2010. The committee 
received no update on the results or status of this program 
during any of its meetings. 

Although the fuels research portfolio covers critical 
issues related to improving engine efficiency needed to meet 
21CTP goals, the organization of DOE fuels projects rela-
tive to each other appears only loosely coordinated. Many 
useful fuel experiments are being conducted at different 
DOE laboratories, but the research is being conducted on 
a variety of advanced combustion engines using different 
fuels. It is not clear what the downselect process for focus-
ing future (beyond 2015) engine/fuel research will be. How 
will DOE identify the most promising engine/fuel combi-
nations for improving engine efficiency or reducing GHG 
emissions? How will DOE identify the most promising 
projects for future funding? Admittedly, some projects need 
to be completed before their full value is determined, but at 
this point the research path forward is unclear. Today, fuel 
projects seem to be generated by a bottom-up process based 
on recommendations of individual researchers at different 
laboratories. A top-down process via DOE management 
or peer review that identifies good options for commercial 
success would help focus limited resources on potential best 
outcomes.

The military fuels program has had a consistent set of 
objectives throughout the life of the 21CTP. Those objectives 
are to (1) minimize the number of fuel types that the military 
must purchase and transport, (2) minimize the amount of 
fuel used in operation through engine and vehicle efficiency 
improvements, and (3) increase the amount of non-petro-
leum-based fuels used in both tactical and combat applica-
tions. The military would prefer to use the same fuel (the 
most desired fuel is JP-8) in all of its vehicles. As described 
in the NRC Phase 2 report (NRC, 2012), the Army, through 
TARDEC, has the unique role of qualifying alternative fuels 
for use in tactical and combat vehicles having diesel engines. 

The Army would like to use fewer petroleum-derived 
fuels, although there is a realization that it will be difficult 
to do so. It is exploring biodiesel fuels, but the lower energy 
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density of most biofuels is a drawback. The military has 
a rigorous procedure for qualifying alternative fuels. This 
procedure could prevent some bio-based fuels from being 
accepted based on technical specifications. However, it is 
possible that federal military fuel procurement regulations 
could be written to require the military to develop technolo-
gies that are compatible with bio-based fuels. For that rea-
son, the military continues to conduct and support research 
projects (at national laboratories and universities) to develop 
advanced diesel engine technologies that deliver improved 
efficiency and vehicle range when using bio-based fuels. 

The fuels portfolio in Table 3-6 includes five such 
research projects managed by TARDEC. Research topics 
include development of new methods for determining fuel 
bulk modulus, development of ignition models for heavy 
hydrocarbon fuels, and development of combustion models 
using surrogate fuels for alternative JP-8 fuel formulations. A 
new method for measuring bulk modulus is needed because 
this parameter can vary greatly between biofuel samples and 
hydrocarbon fuels, affecting high-pressure injector flows. 

Response to Recommendations from the NRC Phase 2 
Report

NRC Phase 2 Recommendation 3-4. The DOE should re-
instate its program for advanced petroleum-fuels (they will 
be transportation’s primary fuels for many years to come) 
with the objective of maximizing the efficiency of their use.

21CTP Response: The new consolidated line incorporates 
the activities of both previous lines. Advanced petroleum-
based fuels are already the subject of a large portion of the 
projects supported under the new line.

Committee Comment on Response to 3-4

The committee is satisfied with the total research effort 
directed at understanding the effects of petroleum-based 
fuels on advanced combustion technologies. However, at 
this time, the different research laboratories do not appear to 
have a coordinated research plan on how to identify the fuel 
properties that are most appropriate for the varied combus-
tion strategies being investigated. Current research directions 
and test fuel formulations seem to be selected by individual 
laboratories without coordination. 

NRC Phase 2 Recommendation 3-6. The DOE fuels goals 
should be re-evaluated in line with the FY 2012 budget and the 
recommendations of this report. Specific plans for achieving 
these goals should be established.

21CTP Response: We are continually open to re-evaluation of 
our goals in light of budget changes. Recent budgets have been 
volatile, which complicates the effort—e.g., between the FY12 
Omnibus appropriation and the FY13 marks there has been a 
greater-than-40%-cut—but we will continue to re-evaluate as 
appropriate.

Committee Comment on Response to 3-6

Other than the development of a FACE fuels set, the 
committee is not aware of any other specific 21CTP fuels 
goals. In view of laboratories seeming to select the fuels 
for their individual research projects, it would benefit DOE 
to improve the coordination of fuel sets used by different 
research groups. In addition, specific combustion objectives 
should be assigned to each fuel set in order to determine the 
benefits that are available from various fuel compositions.

Findings and Recommendations: Future Fuel Research

Finding 3-10. A series of fuels for advanced combustion 
engines (FACE) and surrogates have been identified in coop-
eration between the DOE and the Coordinating Research 
Council (CRC). These fuels have specific physical and 
chemical properties and are being used in several advanced 
combustion research programs, including the evaluation of 
various LTC concepts (e.g., LLFC, RCCI), the development 
of CFD models for in-nozzle flow, spray formation, and com-
bustion, and the development of new analytical techniques 
(e.g., IQT, VLII). 

Finding 3-11. Currently, fuel projects appear to be generated 
by a bottoms-up process based on recommendations of indi-
vidual researchers at different laboratories without guidance 
from DOE management on the practical ramifications of spe-
cific fuel choices or on the chances of commercial success.

Recommendation 3-8. The DOE should continue to explore 
how the United States might use its abundant petroleum, nat-
ural gas, and biofuel resources in the most efficient manner. 
Studies, some of which are under way that contribute to this 
objective, should strive to answer the following questions:

(1) What fuel properties (e.g., ignition characteristics, 
volatility, composition) of diesel fuel and gasoline 
maximize the efficiency of various advanced com-
bustion engines? FACE and a common set of sur-
rogate fuels should be utilized by all DOE facilities 
involved in combustion research programs in order to 
provide consistent fuel characteristics when evaluat-
ing laboratory experiment and engine test results. 

(2) Based on well-to-tank analyses, what fuel properties 
and processing procedures result in the lowest GHG 
emissions for hydrocarbon-based and bio-based fuel 
components? 

Finding 3-12. Goal 3 in the Engine Systems chapter of the 
21CTP 2013 Roadmap and Technical White Papers identi-
fies the objective of determining the essential fuel properties 
required to enable advanced combustion systems that can 
achieve 55 percent BTE. This 2014 goal as currently stated 
seems unrealistic to the committee. It suggests that there are 
specific fuel properties and values that will expand the oper-

***
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ating range of advanced combustion strategies, such as vari-
ous LTC concepts. The committee feels that the importance 
of fuel research is much broader than this. The FACE fuels 
provide researchers with the ability to perform experiments 
with fuels of known characteristics, having property ranges 
that are within a range of variations that might be seen in 
future fuels. This is superior to running specific blends of 
research-grade fuels that are not representative of what an 
engine will experience in the field. Using FACE fuels also 
helps with the kinetic model development being pursued 
in the surrogate fuel simulation program. Researchers can 
now test their advanced kinetic models against realistic, but 
known, fuels in real engines, an important step in developing 
simulation capabilities for predictive behavior. The commit-
tee believes a more detailed understanding of the impact of 
fuel properties on engine operation and potential facilitation 
of advanced combustion operation will also facilitate the 
high-level objective of maximizing the utility of our fossil 
fuels, thus reducing their use.

Recommendation 3-9. The Partnership should consider 
revising Goal 3 in its 2013 White Papers to make it more con-
sistent with what the committee observes it is doing within 
the current fuel research programs—for example, facilitating 
the development of kinetic models for realistic fuels that 
could embody a range of properties and understandings of 
how fuel characteristics either probably, or even just possibly, 
will impact or facilitate current and potential combustion 
strategies. Also it is suggested that consideration should be 
given to whether enhanced understanding of the interplay 
between fuel characteristics and engine performance can 
suggest powertrain–fuel system combinations that further 
reduce fossil fuel consumption.

Finding 3-13. Despite past efforts to increase the use of 
renewable fuels, petroleum will remain the primary source 
for light-duty and heavy-duty vehicle fuel for the foreseeable 
future. U.S. gasoline demand is expected to decrease dur-
ing the next 25 years, while diesel fuel demand is expected 
to grow. If regulators continue in their efforts to meet the 
Renewable Fuel Standard goals, production of biodiesel and 
renewable diesel will need to increase. 

LUBRICANT PROGRAMS

Over the last 35 years, low-viscosity, low-friction engine 
oils, transmission fluids, and axle lubricants have contributed 
to improvements in light-duty vehicle fuel economy (Swed-
berg, 2012). Owing to their higher loads and lower speeds, 
it is not clear whether similar efficiency gains attributable to 
lubricant formulations can be achieved in heavy-duty diesel 
operation, but it is important to conduct the research that will 
define the benefits of such lubricants. Although the DOE has 
sponsored research on new lubricant additive technologies 

for reducing friction and thus fuel consumption, most of this 
work has focused on light-duty vehicle applications.

Traditionally, lubricants for truck engines have been 
developed and qualified for commercial sale through the 
combined efforts of the American Petroleum Institute (API), 
the American Chemistry Council (ACC), the American 
Society for Testing and Materials (ASTM), and the Truck 
and Engine Manufacturers Association (EMA). These orga-
nizations have developed test methods and labelling that 
ensure that oils meeting engine manufacturers’ needs for 
durability, low emissions, and fuel efficiency are available 
in the U.S. market. The DOE has recently become active in 
developing new lubricant additive and base stock chemis-
tries that might help in meeting the goals of the 21CTP. For 
example, it participated in the Collaborative Lubricating Oil 
Study on Emissions (CLOSE) project. Of particular concern 
in the development of new lubricant additives is any effect 
of sulfur from the engine oil (and the fuel), and any effect 
of phosphorus and ash from the engine oil on emissions 
control system performance, especially in regard to PM and 
NOx reduction.

Relative to light-duty vehicles, not as much progress has 
been made in reducing friction through the use of advanced 
lubricants in heavy-duty vehicles, although low-friction, 
low-viscosity oils from the petroleum industry are being 
tested in the SuperTruck Program (see Chapter 8). Most com-
mercial heavy-duty engine oils continue to be SAE 15W-40 
viscosity grades. The use of these higher viscosity grades has 
generally been justified by the claim that greater viscosity 
provides better film thicknesses in heavily-loaded contacts 
within high-powered diesel engines.

Early industry tests have focused on improving MHDV 
truck fuel efficiency through the implementation of new, 
high-temperature, high-shear (HTHS) viscosity recom-
mendations. HTHS viscosity specifications were introduced 
into the SAE J300 Engine Oil Classification in the 1980s in 
order to ensure that engine oil was viscous enough to pro-
tect heavily-loaded, fluid-film bearings. Tests with reduced 
HTHS viscosity oils instead of SAE 15W-40 oils have 
shown modest reductions in fuel consumption while other 
traditional additive components continue to protect durability 
and performance. Fuel consumption results are shown to be 
duty-cycle specific (NRC, 2012).

Review of 21CTP Lubricant Technology Objectives

As with the other goals related to fuel technologies, goals 
for improved lubricant technologies for the benefit of the 
21CTP have changed over the years. The NRC Phase 2 report 
(2012) stated the following: 

The DOE has a target objective of reducing parasitic losses 
in system efficiency by developing improved engine and 
transmission lubricants. The target benefits are as follows: 
for 2016, 10% engine/15% drivetrain friction reduction lead-
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ing to approximately 1.5% fuel economy benefit; for 2030, 
25% engine/35% drivetrain friction reduction leading to 
approximately 3 to 4% fuel economy benefit.

Recently, the 21CTP Roadmap and Technical White 
Papers (21CTP, 2013) stated in Goal 5 for Vehicle Power 
Demands that DOE’s objective is to “develop and demon-
strate parasitic friction reduction technologies that reduce 
driveline losses by 50%, thereby improving Class 8 fuel 
efficiencies by 3%.” Based on experience in the light-duty 
vehicle industry beginning in the 1980s and until today, this 
is an ambitious but achievable target. If it is accepted that this 
statement of achievability for a lubricant goal reflects DOE’s 
current objective for the 21CTP, progress toward meeting this 
goal is described below.

A research portfolio consisting of projects whose objec-
tives are the development of new friction-reducing/antiwear 
additive, base oil, and viscosity index technologies has been 
created. The projects are being conducted at the national 
laboratories and by universities and private companies. 
Recent results have shown promise in reducing friction 
in heavily-loaded laboratory contacts and in improving 
fuel economy in limited vehicle tests, but almost all of the 
results have been collected in light-duty vehicles, or under 
laboratory conditions designed to mimic light-duty service. 
Collaborations have been established between OEMs and oil 
and additive companies that are participating in the “Super-
Truck” program, but no data on the specific benefits of the 
advanced lubricants used in the program have been provided 
to the committee.

As previously mentioned in the discussion of fuel technol-
ogy, it is important to note that the 2013 Roadmap and Tech-
nical White Papers also lists needed lubricant and tribology 
research efforts that would help the 21CTP meet its overall 
objectives. These include the following:

•	 Evaluate performance of traditional lubricant formula-
tions in engines using advanced combustion regimes.

•	 Determine tribological limits of current materials and 
sensors.

DOE and DOD Lubricant Programs

The 21CTP provided the committee with a list of 10 DOE 
and DOD projects related to the development of advanced 
lubricant technologies. The lubricant projects are listed in 
Table 3-7 and amount to a total budget in 2014 of $3,653,000 
(see Appendix D). 

The lubricant research projects identified as linked with 
the 21CTP also range from fundamental research (analytic 
modeling and laboratory-scale experiments), to single-
cylinder engine tests, to full-scale dynamometer engine tests. 

At ORNL, Toops et al. (2014b) and Qu et al. (2014a) 
are studying the use of ashless, ionic fluid, friction modi-
fiers/antiwear additives in engine oils (Projects FT001 

and FT014). The ionic fluid additive has been shown to 
reduce catalyst poisoning slightly relative to the commonest 
phosphorous-containing antiwear additive. In addition, this 
additive has demonstrated a 2 percent improvement in fuel 
economy relative to a commercial SAE 5W-30 engine oil in 
light-duty vehicle service. There are no data at this time from 
tests in heavy-duty vehicle service. This research project 
includes representatives of a major additive company who 
could help identify other commercial opportunities for this 
technology, such as use in axle lubricants. 

Work at ANL (Erdemir, 2014) has focused on research 
using nanoparticles suspended in engine oils to reduce fric-
tion (Project FT018). Boron-containing additives have been 
the most effective. In low-speed, high-load diesel engine 
screening tests, boron-containing lubricants improved fuel 
economy 1.5 to 2.5 percent. Emissions catalyst poisoning 
tests need to be conducted. 

Additional research (Projects FT021, VSS058) on 
advanced lubricants includes the development of low-
friction, hard-surface coatings (Qu et al., 2014b; Ajayi et 
al., 2014). Further research results (preferably in heavy-
duty engines) are needed to evaluate these lubricants more 
thoroughly.

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 and injector life can be an issue with low-lubricity 
fuels. Research on new technologies such as ashless antiwear 
and lubricity additives could provide oil and fuel formula-
tions that are compatible not only with advanced engines but 
also with existing engines in operation today. For this reason, 
the Army, in its facilities at TARDEC, manages and conducts 
fundamental studies of lubricant additive technology.

Response to Recommendation from the NRC Phase 2 
Report

NRC Phase 2 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. 

21CTP Response: The lubricants activity is relatively new, but 
the DOE has always strived to work with vehicle and engine 
OEMs, as well as oil and additive companies. DOE is currently 
partnered directly with vehicle OEMs such as Ford and GM on 
projects looking at next generation oils. DOE also has partner-
ships on projects with engine manufacturers such as Cummins 
to look at advanced engine oil additives. The program also in-
teracts with OEMs to develop lower-friction engine components 
through participation in the MIT Lubrication in Internal Com-
bustion Engines which includes Daimler, Volkswagen, Volvo, 
Toyota, PSA, Renault, and Mahle. DOE intends to continue and 
expand these collaborations in the future. It is also important to 
note lubricants will likely never drive major decisions at either 
engine companies or oil companies; therefore a government 
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TABLE 3-7 Major 21CTP-Related Projects Funded in FY 2014 Addressing Advanced Lubricants (Federal Dollars)

Public Review Project Title Recipient
2012  
Funding

2013  
Funding

2014  
Funding Note

FT012 Engine Friction Reduction 
Technologies

ANL 500,000 1,140,000 500,000

FT 014 Ionic Liquids as Anti-Wear Additives 
for Next-Generation Low-Viscosity Fuel-
Efficient Engine Lubricants

ORNL 400,000 400,000 400,000

FT018 Advanced Nanolubricants for Improved 
Energy Efficiency and Reduced Emissions in 
Engines

ANL     – 268,000 267,000

FT019 Lubricant Formulations to Enhance 
Engine Efficiency (LFEEE) in Modern Internal 
Combustion Engines

MIT 630,000 870,000     –

FT021 Can Hard Coatings and Lubricant Anti-
wear Additives Work Together?

ORNL     – 250,000 250,000

NWU/ANL Novel Lube Formulations ANL     –     – 286,000 No project number

Hyperbranched Polymers as Lubricants PNNL     – 519,375 200,000 No project number

Lubricant Formulations to Enhance Fuel 
Efficiency

TARDEC     – 500,000 500,000 No project number

Advanced Lubricants TARDEC     –     – 900,000 No project number

VSS058 Development of High Power Density 
Driveline for Vehicles

ANL 350,000 300,000 350,000

Total 3,653,000

NOTE: Acronyms are defined in Appendix E. Some of the projects included in Table 3-7 for the fuels budget are applicable to both light- and heavy-duty 
vehicles. Dash denotes no funding. SOURCE: U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy. 

role is essential in assuring this social good, i.e., a 2% increase 
in fuel economy. 

Committee Comment on Response to 3-5

The committee supports DOE’s basic research efforts 
related to development of low-friction additive technology 
and concepts as long as they are targeted at improved fuel 
efficiency in medium- and heavy-duty driveline applications 
and if they are carried out in cooperation with commercial oil 
and representatives from the additive companies. 

Findings and Recommendations: Future Lubricant 
Research

Finding 3-14. There is a DOE 21CTP lubricant goal, but 
the current lubricant research portfolio appears to focus 
more on light-duty vehicle applications than on heavy-duty 
powertrain applications. Since the evaluation of advanced 
lubricant technology in Class 8 trucks is only occurring 
in the SuperTruck program in cooperation with private oil 
and additive companies, it is not possible to quantitatively 

separate out lubricant benefits and judge progress against 
the 21CTP goal. 

Recommendation 3-10. A greater portion of the labora-
tory lubricant development projects should be redirected 
at meeting the requirements and test conditions associated 
with heavy-duty truck use. Tests in HD vehicles or in full 
powertrain dynamometer tests should be conducted in order 
to verify friction reduction benefits of advanced lubricant 
technologies relative to conventional lubricants and to judge 
progress against the 21CTP goal. This work should be con-
ducted in close coordination and involvement with OEMs 
and with companies in the additive and petroleum industry.

PROPULSION MATERIALS–MATERIALS PROCESSING

Current heavy-duty engines have demonstrated the long-
term reliability and durability required for use in Class 8 
trucks. The next generation of HD engines will pose new 
materials challenges that are being addressed in the 21CTP. 
HD engine development has as its objective to improve per-
formance and engine efficiency. Furthermore, these engines 
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must be lightweight, cost-effective, and meet all emission 
requirements. The materials challenge includes the devel-
opment of propulsion materials that can withstand the high 
temperatures and pressures found in the engine environment. 
Manufacturing and inspection methods are an integral part of 
materials development. The advanced materials must enable 
cost-effective fuel savings. Several DOE projects address 
the critical need for propulsion materials, motors, and 
components that meet the constraints for HD transportation 
applications. Given the long time needed for the identifica-
tion, development, and implementation of new materials, 
continuity of R&D is essential. Work is under way at the 
national laboratories on new alloys and on overcoming the 
mechanical property limitations of materials at high cylinder 
pressures and temperatures (see Table 3.8).

High-temperature materials work at ORNL involves the 
development of exhaust valve materials with high fatigue 
life for use in advanced engines. Computational methods are 
being used to predict alloy compositions with desired proper-
ties, including oxidation resistance up to 900oC. Other work 
at ORNL in advanced materials development for advanced 
turbocharger designs is under way. These materials have the 
high temperature capability and strength needed for sus-
tained operation at high operating temperatures. The modi-
fication of surfaces is aimed at reducing friction between 
contacting surfaces in the engine. This work addresses the 
goal of 50 to 55 percent BTE.

PNNL work on materials for advanced diesel engines 
aims to develop and deploy engineered surfaces with 
improved thermal and mechanical properties using friction 
stir processing. To date, fatigue life has been improved by 
a factor of two. Materials projects at PNNL also include 
manufacturing technologies for high-power induction and 
permanent magnet motors. The goal is lower manufactur-
ing cost and lighter weight assemblies. In other work, new 
aluminum alloy compositions are being developed with high 
strength at elevated temperatures.

The National Energy Technology Laboratory (NETL), 
together with Caterpillar, is exploring HD-high performance 
cast steels for crankshafts. Microstructure and processing 
parameters are being explored in an investigation of dura-
bility requirements. A related project has as its objective to 
improve component strength of new ferrous materials by 25 
percent.

In summary, these materials projects address the following:

•	 Alloys for engines with improved strength, reduced 
friction, and better thermal and mechanical properties, 

•	 Improved high-temperature performance for exhaust 
valve materials,

•	 Turbocharger designs,
•	 New cast steels for crankshafts, 
•	 Alloy development for extrusions and forgings, and
•	 Permanent magnet electric motors.

It is beyond the scope of this report to review all projects 
in detail. However a few of the materials projects related to 
propulsion are summarized below. 

ORNL Project PM053 (High Temperature Materials for 
High Efficiency Engines) began in September 2013 and is 
scheduled to end in August 2016. This project is 100 percent 
funded by DOE, and ORNL leads the project. Anticipated 
funding for FY 2014 is $200,000. This project has as its 
objective to develop cost-effective exhaust valve materials 
for use in advanced engines operating at temperatures up to 
950oC. Computational methods are being used to predict new 
alloy compositions with needed oxidation resistance, fatigue 
properties, and stability. Recently, the effect of composition 
on oxidation resistance at 800oC was addressed and work 
is on track for evaluation of selected alloys up to 900oC. 
Alloying elements that enable the desired microstructural 
characteristics are being identified for new Ni-based alloys. 
Current low Ni alloys do not have good strength at 950oC, 
and alloys used in aerospace applications are expensive 
owing to both high Ni content and the use of expensive 
alloying elements. The goal of this work is to provide high 
cycle fatigue life comparable to that with the high Ni alloys 
but at lower Ni levels.

PNNL Project PM004 (Tailored Materials for Advanced 
CIDI Engines [through FY 2013]). This project, which began 
in FY 2008, is a CRADA with Caterpillar and PNNL. Its 
objective is to develop and deploy engineered surfaces via 
friction stir processing (FSP) in traditional engine materials 
and to develop FSP in aluminum. Treated engine materials 
exhibited better thermal and mechanical properties. Friction 
stir processing can selectively modify an area of a part for 
better properties. Project milestones reached include the 
demonstration of a twofold improvement in fatigue life and 
reduction in thermal crack initiation and growth. Results 
have been documented. Process parameters, prototype parts, 
and knowledge have been transferred to Caterpillar.

PNNL Project PM004 (Novel Manufacturing Tech-
nologies for High Power Induction and Permanent Magnet 
Electric Motors [FY 2014]). This project, which began in FY 
2011, was scheduled to have ended in September 2014. It is 
a CRADA with General Motors and PNNL. The objective 
of the project is to develop and deploy high-power induction 
rotors and stators that are lightweight and less expensive to 
manufacture than current assemblies. The approach is to 
apply friction stir welding as a low-cost method to join the 
bars to the end caps. Process parameters are being developed. 
The microstructure and mechanical properties of Cu/Cu 
joints was examined. A welding fixture was developed for 
friction stir welding of Al and Cu rotor parts.

PNNL Project PM044 (High Temperature Aluminum 
Alloys). This project, which also began in 2011, is a CRADA 
between Cummins and PNNL. Its objective is to develop 
aluminum alloy compositions with high strength at elevated 
temperatures (300 MPa tensile strength at 300oC) using a 
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melt spinning process to produce flakes, which are then 
consolidated by extrusion. Laboratory-scale extrusion tool-
ing was developed for use in consolidation and extrusion. 
The mechanical properties of the extrusions and forgings 
were evaluated. Test results on three alloy compositions 
showed that two compositions, (AFCT [Al-Fe-Cr/Ti] and 
AFM-11 [Al-Fe-Mn]) had higher tensile strengths at 300oC 
than Al-8.5 Fe alloy. The AFM-11 alloy had a tensile strength 
exceeding 250 MPa. Full-scale components will be tested 
in the future. 

ORNL Project PM057 (Applied ICME for New Propul-
sion Materials). This project, led by ORNL, began in FY 
2013 and will run through FY 2017. The project makes use 
of integrated computational materials engineering (ICME) to 
address the need for more efficient, faster, and less expen-
sive materials development for propulsion applications. The 
project is totally funded by the DOE. Funding received in 
FY 2013 was $70,000, and the FY 2014 budget is $580,000. 

Specific applications addressed are the development of 
ceramic perovskites composed of lead-zirconium-titanate 
(PZT). High-ZT thermoelectric materials are of interest 
for waste heat recovery and climate control; piezoelectrics 
for high-performance fuel injection; low-cost permanent 
magnets, eliminating rare earth elements for electric drive 
systems; and durable low-temperature catalysts for exhaust 
emission control that operate near 150°C. Progress reported 
to date includes the prediction of high-p-type thermoelectric 
performance in PbSe. Work is currently under way on first-
principle exploration of alloys near PZT, and two alloys have 
been selected for further development. Hf2Co11B and Fe5PB2 
were identified to be promising materials for permanent mag-
net applications. Work is progressing on a hydrothermally 
stable CuFe-SSZ-13 catalyst composition with good low 
temperature activity for NH3-SCR.

NETL Project PM058 (HD-High Performance Cast 
Steels for Crankshafts). This project, led by Caterpillar, 

TABLE 3-8 21CTP Projects Related to Propulsion Materials and Materials Processing and Federal Budgets (dollars)

Public Review Project Title Proj. No. Recipient
2012  
Funding

2013  
Funding

2014  
Funding Note

Tailored Materials for Advanced 
CIDI Engines (through FY 13)/ 
Novel Manufacturing Technologies 
for High Power Induction and 
Permanent Magnet Electric Motors 
(FY 14)

PM004 PNNL 350,000 300,000 225,000

Friction and Wear Enhancement of 
Titanium Alloy Engine Components

PM007 ORNL 125,000 – – Project ended 
FY 2012

HD-Cast Fe Alloys for High PCP 
Engines 

N/A NETL – 3,477,000 – Fully funded 
FY 2013,  
3 yr project

Materials for HCCI Engines PM018 ORNL 225,000 – – Project ended 
FY 2012

Materials for Advanced 
Turbocharger Designs

PM038 ORNL 300,000 – 250,000

High-Temperature Aluminum Alloys PM044 PNNL 395,000 300,000 125,000

Design-Optimization of 
Piezoceramic Multilayer Actuators 
for Heavy-Duty Diesel Engine Fuel 
Injector

PM051 ORNL 300,000 190,000 175,000

Friction Reduction through Surface 
Modification

PM052 ORNL – 260,000 150,000 Project end 
FY 2014

High-Temperature Materials for 
High Efficiency Engines 

PM053 ORNL – 200,000 –

Applied ICME for New Propulsion 
Materials 

PM057 ORNL – 68,711 825,176

HD, High-Performance Cast Steels 
for Crankshafts (CAT/GM)

PM058 (ANL)/ 
PM059 (Cat)

NETL – 2,100,000 – Fully funded 
in FY 2013,  
3 yr project

NOTE: CAT, Caterpillar; CIDI, compression-ignition direct injection. Dash denotes no funding.
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started in March 2014, and the DOE budget for FYs 2014-
2017 is $300,000. Partners include General Motors, ANL, 
Northwestern University, and the University of Iowa. The 
objective of the project is to develop cast steel alloys and 
processing techniques for high-performance crankshafts 
with as-cast properties of 800 MPa ultimate tensile strength 
and 615 MPa yield strength. ANL will apply high-energy 
x-ray imaging and diffraction techniques to correlate micro-
structure with processing parameters. Fatigue tests will be 
used to establish durability requirements.

NETL Project PM059 (Development of Advanced High 
Strength Cast Alloys for Heavy-Duty Engines). This proj-
ect, led by Caterpillar, was started in December 2012 and 
is scheduled to end December 2016. Total project funding 
is $5.08 million, with a DOE share of $3.48 million and a 
contractor share of $1.6 million. The objective of this project 
is new high-strength ferrous materials with at least 25 percent 
improvement in component strength relative to components 
made with A842. At the same time, targets are set for cost 
that will speed the adoption of new materials. As of June 
2014, 16 prototype casting samples had been designed and 
produced. Materials properties of prototype castings alloys 
are being evaluated. X-ray tomography was found to be 
capable of identifying graphite structures in the iron matrix, 
and fluorescence analysis provided chemical information. 
During FYs 2013-2014, work progressed on identifying and 
modeling critical mechanisms that govern microstructure 
development during cast iron solidification.

ORNL Project PM038 (Materials for Advanced Turbo-
charger Designs). This project began in September 2009 and 
was scheduled to end September 2014. The budget for FY 
2014 was $150,000. This project is a CRADA with 50/50 
cost sharing by DOE and Honeywell. The project supports 
the Advanced Combustion Engine goal for the 2015 com-
mercial engine with a 20 percent improvement in efficiency 
over the 2009 baseline efficiency. Turbocharging improves 
fuel efficiency, but the higher temperatures (>750oC, diesel; 
>950oC, gasoline) exceed the strength and temperature capa-
bility of current materials. Turbocharger housing and other 
components with more temperature capability and strength 
are needed for higher sustained operating temperatures. The 
alloy being investigated is CF8C-Plus cast stainless steel, 
which has more strength than HK30Nb stainless alloy at 
750oC and is 33 percent less expensive. This alloy was com-
mercialized by Caterpillar in 2006 for its Cat Regeneration 
System (CRS), used to regenerate the diesel particulate fil-
ter. Recent progress on this CRADA includes diesel engine 
exhaust testing of CF8C-Plus steel at 800oC and evaluation 
of oxidation resistance of CF8C-Plus in diesel exhaust. The 
CRADA was not extended by DOE and Honeywell contin-
ued on its own.

ORNL Project PM007 (Friction and Wear Enhancement 
of Titanium Alloy Engine Components). This project started 
in October 2009 and had a project end date of September 

2011. The project was funded by DOE at $350,000 per year 
for FYs 2010-2012. Informal collaborators on this project 
were Cummins, Greenleaf Corporation, and NASA Glenn 
Research Center. This project addressed the goal of 50 per-
cent improvement in freight efficiency by substituting strong, 
durable corrosion-resistant alloys for steel components. Spe-
cifically, the goal was to increase the use of titanium alloys 
in friction-and-wear critical engine components such as con-
necting rods, valves and valve guides, pistons, movable vanes 
in turbochargers, and bushings in EGR systems. Initially, 
a test method was selected for baseline friction-and-wear 
tests, and reciprocating pin-on-flat tests were conducted on 
materials, coatings, and surface treatments in order to select 
materials/treatments for the second phase of this project. No 
information was available to the committee beyond the 2011 
project review.

ORNL Project PM052 (Friction Reduction through 
Surface Modification). This project started in October 2010 
and was scheduled to end September 2014. The total project 
funding was $1,135,000. The objective of the project was to 
improve the fuel efficiency of HD diesel-powered vehicles 
by reducing the friction between contacting surfaces of the 
engine. It is estimated that in an HD engine, 10-15 percent 
of energy is lost to parasitic friction and that a 20-40 per-
cent friction reduction would improve fuel efficiency by 
2-6 percent. The target components include piston rings, 
connecting rod ends bearings/bushings, and cam follow-
ers. The method for reducing friction was a combination 
of surface texturing and coating technology. Milestones 
reached are (1) a report was produced describing the dura-
bility test procedure to be used for textured surfaces, (2) 
studies were completed on the effects of texturing on fric-
tion in a reciprocating piston ring/liner configuration, (3) 
wear-resistant thin coatings for textured bearing surfaces 
were selected, and (4) friction test specimens of textured 
and coated specimens were obtained.

NETL Project PM059 (HD-Cast Fe Alloys for High PCP 
Engines). The goal of this project is to develop new high-
strength ferrous alloys for enabling increased peak cylinder 
pressures for improved performance and efficiency of heavy-
duty engines. The project uses an integrated computational 
materials engineering (ICME) approach to computationally 
engineer new material compositions and manufacturing 
processes to achieve improved material performance, with 
a goal of a 25 percent improvement in component strength 
relative to A842 compacted graphite iron. At the time of the 
committee’s meetings, the project, conducted with Caterpil-
lar, had been under way for about a year, so it was not pre-
sented at the DOE 2014 AMR. It was presented at the DOE 
2015 AMR, however. Accomplishments during the first year 
focused on establishing baselines for properties, structure, 
and machinability.
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Response to Recommendation from the NRC Phase 2 
Report

NRC Phase 2 Recommendation 3-10. The DOE should fund 
programs in the areas outlined in its “21CTP White Paper on En-
gines 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 EGR systems), and exhaust manifold sealing materials.

21CTP Response: The Partnership agrees with this finding. 
The U.S. Department of Energy continues to fund research in 
materials that will enable improved efficiency in HD engines 
and after treatment devices.

Committee Comment on Response to 3-10

The committee is satisfied with this response.

High Temperature Materials Laboratory

The High Temperature Materials Laboratory (HTML) at 
ORNL is no longer operating as a national user facility as 
a result of federal budget reductions. The facility remains 
available, however, for project work under a CRADA that 
provides cost-recovery. The NRC Phase 2 report noted that 
this laboratory is a valuable resource for materials research 
for 21CTP in view of its specialized instrumentation and 
professional expertise.

Response to Recommendation from the NRC Phase 2 
Report

NRC Phase 2 Recommendation 3-11. The DOE should con-
tinue to provide 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 fund-
ing for HTML, and for the research specialists who oversee and 
operate the facility, to enable continued research collaboration 
with the academic community, other government laboratories, 
and industry. In particular, HTML support should not be reduced 
to a level that allows only maintenance of the equipment for 
paying users. 

21CTP Response: The Partnership agrees with this finding stat-
ing that the HTML is a valuable resource to 21CTP researchers. 
The prioritization of funding for DOE programs resides with 
Congressional budget authority and is beyond the scope of the 
21CTP.

Committee Comment on Response to 3-11

The committee agrees the HTML is a valuable resource 
for industry collaboration. For future collaboration, the DOE 
needs to maintain the facility and associated expertise and to 
review whether the budget changes have affected the state-of-
the-art of the HTML capabilities, including staff expertise.

REFERENCES
21CTP (21st Century Truck Partnership). 2013. Roadmap and Technical 

White Papers. U.S. Department of Energy Office of Energy Efficiency 
and Renewable Energy. http://energy.gov/sites/prod/files/2014/02/
f8/21ctp_roadmap_white_papers_2013.pdf. Accessed March 14, 2015.

Abengoa. 2014. Abengoa Celebrates Grand Opening of Its First Commer-
cial-Scale Next Generation Biofuels Plant. Abengoa Bioenergy. http://
www.abengoabioenergy.com/web/en/prensa/noticias/historico/2014/
abg_20141017.html?q=when%20did%20the%20hugoton%20plant%20
start%20production/. Accessed August 20, 2015.

Advanced Collaborative Emissions Study (ACES). 2015. Advanced Col-
laborative Emissions Study (ACES): Lifetime Cancer and Non-Cancer 
Assessment in Rats Exposed to New-Technology Diesel Exhaust. Re-
search Report 184. Boston, Mass.: Health Effects Institute.

Ajayi, O., C. Martin, A. Greco, and G. Fenske. 2014. Development of High 
Power Density Driveline for Vehicles (Developing Enabling Tribological 
Technologies). Argonne National Laboratory. DOE Annual Merit Re-
view VSS058, Washington, D.C., June 19. http://energy.gov/sites/prod/
files/2014/07/f17/vss058_ajayi_2014_o.pdf. Accessed March 14, 2015.

Amar, P. 2014. Development and Demonstration of a Fuel-Efficient Class 8 
Highway Vehicle. Volvo Technology of America. DOE Annual Merit Re-
view VSS081, Washington, D.C., June 19. http://energy.gov/sites/prod/
files/2014/07/f17/vss081_amar_2014_o.pdf. Accessed March 7, 2015.

Bartley, G.J., C.J. Chadwell, T.W. Kostek, and R. Zhan. 2012. SCR De-
activation Kinetics for Model-Based Control and Accelerated Aging 
Applications. SAE Technical Paper 2012-01-1077. doi:10.4271/2012-
01-1077.

Bergmann, D. 2013. Developing the Technology Innovation Process for 
Further Emissions Reduction. Presentation at Integer Emission Confer-
ence, Atlanta, Ga., October 22.

Berman, D. 2014. As fracking keeps pumping, A Qatar grows on the bayou. 
Wall Street Journal, May 28.

CARB (California Air Resources Board). 2015. DRAFT Heavy-Duty Tech-
nology and Fuels Assessment: Overview. www.arb.ca.gov/msprog/tech/
report.htm. Accessed September 16, 2015.

Cargnello, M., J.J. Delgado Jaén, J.C. Hernández Garrido, K. Bakhmutsky, 
T. Montini, J.J. Calvino Gámez, R.J. Gorte et al. 2012. Exceptional 
activity for methane combustion over modular Pd - CeO2 subunits on 
functionalized Al2O3. Science 337(713). doi: 10.1126/science.1222887.

Carrington, D. 2014. 2014 KIVA Development. Los Alamos National 
Laboratory. DOE Annual Merit Review ACE014, June 17. http://
energy.gov/eere/downloads/vehicle-technologies-office-merit-review-
2014-2014-kiva-development. Accessed March 13, 2015.

Caton, J. 2000. A Review of Investigations Using the Second Law of Ther-
modynamics to Study Internal-Combustion Engines. SAE Technical 
Paper 2000-01-1081. doi:10.4271/2000-01-1081.

Charlton, S.J. 2010. Meeting the US Heavy-Duty EPA 2010 Standards and 
Providing Increased Value for the Customer. 6th AVL International 
Exhaust Gas and Particulate Emissions Forum. Ludwigsburg, Germany, 
March 9-10.

Chen, X., N. Currier, A. Yezerets, and K. Kamasamudram. 2013. Mitigation 
of platinum poisoning of Cu-zeolite SCR catalysts. SAE Int. J. Engines 
6(2). doi:10.4271/2013-01-1065. 

CRC (Coordinating Research Council). 2005. Fuels for Advanced Combus-
tion Engines (FACE) Working Group Mission Statement, November 16. 
http://www.crcao.org/publications/advancedVehiclesFuelsLubricants/
FACE/. Accessed February 28, 2015. 

CRC. 2012. Methodology for formulating diesel surrogate fuels with ac-
curate compositional, ignition-quality, and volatility characteristics. 
American Chemical Society. Energy & Fuels 26: 3284-3303. http://
www.crcao.org/reports/recentstudies2012/AVFL-18/AVFL-18%20
Final%20Report%20[E&F%20Journal%20Article].pdf. Accessed 
March 14, 2015.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

ENGINE SYSTEMS, AFTERTREATMENT, FUELS, LUBRICANTS, AND MATERIALS 61

Khalek, I.A., M.G. Blanks, P.M. Merritt and B. Zielinska. 2015. Regulated 
and unregulated emissions from modern 2010 emissions-compliant 
heavy-duty on-highway diesel engines. Journal of the Air and Waste 
Management Association 65(8): 987-1001.

Kim, J., E. Kim, J. Han, and H. Han. 2013. Pt/Pd Bimetallic Catalyst with 
Improved Activity and Durability for Lean-Burn CNG Engines. SAE Int. 
J. Fuels Lubr. 6(3), doi:10.4271/2013-01-2591.

Kim, Y.J., H.J. Kwon, I. Heo, I-S. Nam, B.K. Cho, et al. 2012. Mn–Fe/
ZSM5 as a low-temperature SCR catalyst to remove NOx from diesel 
engine exhaust. Applied Catalysis B: Environmental 126 (2012) 9-21.

Koeberlein, D. 2014. Cummins SuperTruck Program: Technology and 
System Level Demonstration of Highly Efficient and Clean, Diesel 
Powered Class 8 Trucks. DOE Annual Merit Review ACE057, June 20. 

Kumar, A., K. Kamasamudram, and A. Yezerets. 2013. Hydrocarbon stor-
age on small-pore Cu-zeolite SCR catalyst. SAE Int. J. Engines 6(2). 
doi:10.4271/2013-01-0508.

Kurtz, E. 2014. Fuel Properties to Enable Lifted Flame Combustion. Ford 
Motor Company. DOE Annual Merit Review FT017, June 19. http://
energy.gov/sites/prod/files/2014/07/f17/ft017_kurtz_2014_o.pdf. Ac-
cessed April 6, 2015.

Laroo, C., C. Schenk, J. Sanchez, J. McDonald, et al. 2013. Emissions of 
PCDD/Fs, PCBs, and PAHs from a modern diesel engine equipped 
with selective catalytic reduction filters. SAE Int. J. Engines 6(2). 
doi:10.4271/2013-01-1778.

McCormick, R., and M. Ratcliff. 2014. Performance of Biofuels and Biofuel 
Blends. National Renewable Energy Laboratory. DOE Annual Merit 
Review FT003, June 19. http://energy.gov/sites/prod/files/2014/07/f17/
ft003_mccormick_2014_o.pdf. Accessed March 14, 2015.

McNenly, M.J., S.M. Aceves, D.L. Flowers, N.J. Killingsworth, G.M. 
Oxberry, G. Petitpas, and R.A. Whitesides. 2014. Improved Solvers for 
Advanced Engine Combustion Simulation. Lawrence Livermore Na-
tional Laboratory. DOE Annual Merit Review ACE076, June 17. http://
energy.gov/eere/vehicles/downloads/vehicle-technologies-office-merit-
review-2014-improved-solvers-advanced. Accessed March 13, 2015.

Mueller, C. 2014. Fuel Effects on Mixing-Controlled Combustion Strate-
gies for High-Efficiency Clean-Combustion Engines. Sandia National 
Laboratories. DOE Annual Merit Review FT004, June 19. http://energy.
gov/sites/prod/files/2014/07/f17/ft004_mueller_2014_o.pdf. Accessed 
March 14, 2015.

Musculus, M. 2014. ACE001: Heavy-Duty Low-Temperature and Diesel 
Combustion & Heavy-Duty Combustion Modeling. Sandia National 
Laboratories. DOE Annual Merit Review ACE001, June 17. http://
energy.gov/eere/vehicles/downloads/vehicle-technologies-office-merit-
review-2014-heavy-duty-low-temperature-and. Accessed March 13, 
2015.

Narula, C.K., M. Moses-DeBusk, X. Yang, L.F. Allard, X. Chen, and M.G. 
Stocks. 2010. Catalysts via First Principles. DOE Annual Merit Re-
view PM011, June 10. http://energy.gov/sites/prod/files/2014/03/f12/
pm011_narula_2010_o.pdf. Accessed August 19, 2015.

NAS-NAE-NRC (National Academy of Sciences-National Academy of 
Engineering-National Research Council). 2009. Liquid Transportation 
Fuels from Coal and Biomass: Technical Status, Costs, and Environmen-
tal Impacts. Washington, D.C.: The National Academies Press.

NGV (Natural Gas Vehicle) Global. 2012. http://www.iangv.org/current-
ngv-stats/. Accessed March 14, 2015.

NRC (National Research Council). 2012. Review of the 21st Century 
Truck Partnership – Second Report. Washington, D.C.: The National 
Academies Press.

NRC. 2014. Reducing the Fuel Consumption and Greenhouse Gas Emis-
sions of Medium- and Heavy-Duty Vehicles, Phase Two: First Report. 
Washington, D.C.: The National Academies Press.

Daw, S., J. Szybist, J. Pihl, D. Splitter, V. Kalaskar, C. Xie, G. Fisher, 
and C. Chiangmai. 2014. Stretch Efficiency for Combustion Engines: 
Exploiting New Combustion Regimes. Oak Ridge National Laboratory 
and University of Michigan. DOE Annual Merit Review ACE015, June 
18. http://energy.gov/eere/vehicles/downloads/vehicle-technologies-
office-merit-review-2014-stretch-efficiency-combustion. Accessed 
March 13, 2015.

Dec, J. 2014. Low-Temperature Gasoline Combustion (LTGC) Engine 
Research – Previously known as HCCI/SCCI. Jeremie Dernotte and 
Chunsheng Ji, Sandia National Laboratories. DOE Annual Merit Review 
ACE004, June 17. http://energy.gov/eere/vehicles/downloads/vehicle-
technologies-office-merit-review-2014-low-temperature-gasoline. Ac-
cessed March 13, 2015.

Delgado, O., and N. Lutsey. 2014. The U.S. Super Truck Program Expe-
diting the Development of Advanced Heavy-Duty Vehicle Efficiency 
Technologies. ICCT White Paper, June.

DuPont. 2015. The DuPont Cellulosic Ethanol Facility in Nevada, Iowa: 
Leading the Way for Commercialization. DuPont.com. http://www.
dupont.com/products-and-services/industrial-biotechnology/advanced-
biofuels/cellulosic-ethanol/nevada-iowa-cellulosic-ethanol-plant.html. 
Accessed August 20, 2015.

EIA (Energy Information Administration). 2014a. Short-Term Energy Out-
look (STEO), September. http://www.eia.gov/forecasts/steo/archives/
Sep14.pdf. Accessed February 28, 2015.

EIA. 2014b. Annual Energy Outlook with projections to 2040. U.S. Depart-
ment of Energy. http://www.eia.gov/forecasts/aeo/pdf/0383(2014).pdf. 
Accessed March 14, 2015. 

EPA (Environmental Protection Agency). 2000. Heavy-Duty Engine and 
Vehicle Standards and Highway Diesel Fuel Sulfur Control Require-
ments. EPA420-F-00-057, December. Washington, D.C. http://www.
epa.gov/otaq/highway-diesel/regs/f00057.pdf.

EPA. 2013. EPA Proposes 2014 Renewable Fuel Standards, 2015 Biomass-
Based Diesel Volume. Regulatory Announcement, November. http://
www.epa.gov/otaq/fuels/renewablefuels/documents/420f13048.pdf. 
Accessed March 14, 2015.

Erdemir, A. 2014. Advanced Nanolubricants for Improved Energy Efficien-
cy and Reduced Emissions in Engines. Argonne National Laboratory. 
DOE Annual Merit Review FT018, Washington, D.C., June 19. http://
energy.gov/eere/vehicles/downloads/vehicle-technologies-office-merit-
review-2014-advanced-nanolubricants. Accessed March 14, 2015.

GAO (Government Accounting Office). 2014. Changing crude oil markets. 
http://www.gao.gov/assets/670/666274.pdf. Accessed February 28, 
2015.

Goldsborough, S., M. Johnson, and D. Banyon. 2014. Collaborative Com-
bustion Research with BES. Argonne National Laboratory. DOE Annual 
Merit Review ACE054, June 18. http://energy.gov/eere/vehicles/down-
loads/vehicle-technologies-office-merit-review-2014-collaborative-
combustion. Accessed March 13, 2015.

Gonzalez, R. 2014. Blending the Optimal Cocktail. FUEL, September: 
20-22.

Harvey, C., and A. Loder. 2013. Fracking Boom Pushes U.S. Oil Output 
to 25-Year High. Bloomberg Business, December 11. http://www.
bloomberg.com/news/2013-12-11/fracking-boom-pushes-u-s-oil-
output-to-25-year-high.html. Accessed March 14, 2015. 

Hohl, Y. 2014. SCR on Filter-The Future for Construction Machinery. 10th 
International CTI Conference, SCR Systems, Stuttgart, July 8.

Ishizaki, K., N. Mitsuda, N. Ohya, H. Ohno, T. Naka, A. Abe, et al. 2012. 
A Study of PGM-Free Oxidation Catalyst YMnO3 for Diesel Exhaust 
Aftertreatment. SAE Paper 2012-01-0365.

Kamp, C., A. Sappok, and V. Wong. 2012. Soot and ash deposition charac-
teristics at the catalyst-substrate interface and intra-layer interactions in 
aged diesel particulate filters illustrated using focused ion beam (FIB) 
milling. SAE Int. J. Fuels Lubr. 5(2). doi:10.4271/2012-01-0836.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

62 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, THIRD REPORT

Oefelein, J., G. Lacaze, and L. Hakim. 2014. Large Eddy Simulation (LES) 
Applied to Advanced Engine Combustion Research. With contributions 
from R.N. Dahms and A. Ruiz. Sandia National Laboratories. DOE An-
nual Merit Review ACE007. http://energy.gov/eere/vehicles/downloads/
vehicle-technologies-office-merit-review-2014-large-eddy-simulation-
les. Accessed March 13, 2015.

Partridge, W.P., M.-Y. Kim, J.A. Pihl, R.M. Connatser, J.-S. Choi, N. 
Currier, A. Yezerets, and K. Kamasamudram. 2014. Cummins-ORNL\
FEERC Emissions CRADA: NOx Control and Measurement Technol-
ogy for Heavy-Duty Diesel Engines, Self-Diagnosing SmartCatalyst 
Systems. DOE Annual Merit Review ACE032, June 19. http://energy.
gov/eere/vehicles/downloads/vehicle-technologies-office-merit-review-
2014-cummins-ornlfeerc-emissions. Accessed March 13, 2015.

Patel, B. 2012. Innovative NOx Abatement Alternatives to Liquid Urea 
SCR–A Technical Update on Hydrocarbon LNC. Integer Diesel Emis-
sions Conference and ARLA32 Forum, Brazil, June.

Peckham, J. 2014a. Rivals to biofuels emerge. FUEL, June: 36-40.
Peckham, J. 2014b. Gas-to-liquids breakthrough. FUEL, June: 54-56.
Picket, L., and S. Skeen. 2014. Spray Combustion Cross-Cut Engine 

Research. Sandia National Laboratories. DOE Annual Merit Review 
ACE005, June 17. http://energy.gov/eere/vehicles/downloads/vehicle-
technologies-office-merit-review-2014-spray-combustion-cross-cut. 
Accessed March 13, 2015.

Pitz, W., M. Mehl, and C.K. Westbrook. 2014. Chemical Kinetic Models 
for Advanced Engine Combustion. Lawrence Livermore National 
Laboratory. DOE Annual Merit Review ACE013, June 17. http://energy.
gov/eere/vehicles/downloads/vehicle-technologies-office-merit-review-
2014-chemical-kinetic-models. Accessed March 13, 2015.

Poet. 2014. The Project: POET’s Project Liberty. http://www.renewableen-
ergyworld.com/articles/print/volume-17/issue-6/bioenergy/the-project-
poets-project-liberty.html. Accessed August 20, 2015.

Powell, C. 2014. Fuel Injection and Spray Research Using X-Ray Diag-
nostics. Argonne National Laboratory. DOE Annual Merit Review 
ACE10, June 18. http://energy.gov/eere/vehicles/downloads/vehicle-
technologies-office-merit-review-2014-fuel-injection-and-spray. Ac-
cessed March 13, 2015.

Qu, J., P. Blau, H. Luo, S. Dai, T. Toops, B. West, B. Bunting, M. Viola, G. 
Mordukhovich, and D. Smolenski. 2014a. Ionic liquids as anti-wear ad-
ditives for next-generation low-viscosity fuel-efficient engine lubricants. 
http://energy.gov/eere/vehicles/downloads/vehicle-technologies-office-
merit-review-2014-ionic-liquids-anti-wear. Accessed March 14, 2015.

Qu, J., H. Meyer, Y. Zhou, Z. Cai, C. Ma, M. Chi, and H. Luo. 2014b. 
http://energy.gov/sites/prod/files/2014/07/f17/ft021_qu_2014_o.pdf. 
Accessed March 14, 2015.

Reith, C., F. Dornhaus, and A. Geisselmann. 2013. System Optimization and 
Integration for Heavy Duty Emissions Control Systems. FAD Emissions 
Conference, Dresden.

Reitz, R. 2014. Demonstration/Development of Reactivity Controlled 
Compression Ignition (RCCI) Combustion for High Efficiency, Low 
Emissions Vehicle Applications. Wisconsin Engine Research Consul-
tants. DOE Annual Merit Review FT015, June 16-20. http://energy.gov/
sites/prod/files/2014/07/f17/ft015_reitz_2014_o.pdf. Accessed March 
14, 2015.

RFA (Renewable Fuels Association). 2014. Monthly U.S. Fuel Ethanol 
Production/Demand. http://ethanolrfa.org/pages/monthly-fuel-ethanol-
production-demand. Accessed March 14, 2015.

Rohe, R., R. Marques, D. Harris, and C. Jones. 2012. New Acidic Zirconia 
Mixed Oxides for NH3-SCR Catalysts for Better Passenger Cars Integra-
tion. Presented at IAV MinNOx Conference, Berlin.

Sappok, A., I. Govani, C. Kamp, Y. Wang, and V. Wong. 2013. In-situ optical 
analysis of ash formation and transport in diesel particulate filters during 
active and passive DPF regeneration processes. SAE Int. J. Fuels Lubr. 
6(2). doi:10.4271/2013-01-0519.

Schmeisser, V., M. Weibel, L. Sebastian Hernando, I. Nova, E. Tronconi, 
and M.P. Ruggeri. 2013. Cold start effect phenomena over zeolite SCR 
catalysts for exhaust gas aftertreatment. SAE Int. J. Commer. Veh. 6(1). 
doi:10.4271/2013-01-1064.

Shenk, M. 2014. U.S. Oil Output Surges to Highest Since 1986 on 
Shale. Bloomberg, September 17. http://www.bloomberg.com/news/
print/2014-09-17/u-s-oil-output-surges-to-highest-since-1986-on-shale.
html. Accessed March 14, 2015.

Shepardson, D. 2010. Higher ethanol blend gets OK, The Detroit News, 
October 14.

Singh, S. 2014. SuperTruck Program: Engine Project Review. Recovery 
Act–Class 8 Truck Freight Efficiency Improvement Project. Detroit 
Diesel Corporation, Project ID ACE058. http://energy.gov/sites/prod/
files/2014/07/f17/ace058_singh_2014_o.pdf. Accessed March 7, 2015.

Sjoberg, M. 2014. Advanced Lean-Burn DI Spark Ignition Fuels Research. 
Sandia National Laboratories Combustion Research Facility. DOE An-
nual Merit Review FT006, Washington, D.C., June 19. http://energy.
gov/sites/prod/files/2014/07/f17/ft006_sjoberg_2014_o.pdf. Accessed 
March 7, 2015.

Som, S., D. Longman, A. Ramirez, and Z. Wang. 2014. CFD Simulations 
and Experiments to Determine the Feasibility of Various Alternate Fuels 
for Compression Ignition Engine Applications. Argonne National Labo-
ratory. DOE Annual Merit Review FT022, Washington, D.C., June 19. 
http://energy.gov/sites/prod/files/2014/07/f17/ft022_som_2014_p.pdf. 
Accessed March 14, 2015.

Som, S., Q. Xue, M. Battistoni, Y. Pei, J. Kodavasal, and D. Longman. 
2014. Advancement in Fuel Spray and Combustion Modeling for 
Compression Ignition Engine Applications. Argonne National Labora-
tory. DOE Annual Merit Review ACE075, June 18. http://energy.gov/
eere/vehicles/downloads/vehicle-technologies-office-merit-review-
2014-advancement-fuel-spray-and. Accessed March 13, 2015.

Song, X., J.H. Johnson, and J.D. Naber. 2014. A review of SCR catalysts 
integrated into diesel particulate filters. Int. J. of Engine Research.

Stanton, D. 2013. Systematic development of highly efficient and clean 
engines to meet future commercial vehicle GHG regulations. SAE Int. 
J. Engines 6(3): 1395-1480.

Swedberg, S. 2012. The ups and (mostly) downs of viscosity. Lubes ‘n’ 
Greases, April: 6-11.

Strots, V., G. Nicol, M. Weibel, E. Tronconi, et al. 2014. Advanced NOx 
Exhaust Aftertreatment Development for Long-Distance Transport. 
Presentation at IAV MinNOx Conference, June 2014, Berlin.

Szybist, J., S. Curran, D. Splitter, V. Kalaskar, A. Dempsey, S. Sluder, B. 
West, and R. Wagner. 2014. Gasoline-Like Fuel Effects on Advanced 
Combustion Regimes. Oak Ridge National Laboratory. DOE Annual 
Merit Review FT008, Washington, D.C., June 19. http://energy.gov/
sites/prod/files/2014/07/f17/ft008_szybist_2014_o.pdf. Accessed 
March 14, 2015.

Tang, W., D. Youngren, M. SantaMaria, and S. Kumar. 2013. On-engine 
investigation of SCR on filters (SCRoF) for HDD passive applications. 
SAE Int. J. Engines 6(2). doi:10.4271/2013-01-1066.

Theis, J., and C. Lambert. 2014. Assessment of Passive NOx Adsorbers for 
Diesel Applications. 8th International Conference on Environmental 
Catalysis, August 24-27, Asheville, N.C.

Toops, T., C.E.A. Finney, and E. Nafziger. 2014a. Neutron Imaging of 
Advanced Transportation Technologies. Oak Ridge National Labora-
tory. DOE Annual Merit Review ACE052, June 18. http://energy.gov/
eere/vehicles/downloads/vehicle-technologies-office-merit-review-
2014-neutron-imaging-advanced. Accessed March 13, 2015.

Toops, T., J. Storey, M. Eibl, S. Lewis, J. Pihl, C. Xie, M. Debusk, V. Prik-
hodko, J. Parks II, and M. Lance. 2014b. Fuel and Lubricant Effects 
on Emissions Control Technologies. Oak Ridge National Laboratory. 
DOE Annual Merit Review FT007, Washington, D.C., June 19. http://
energy.gov/sites/prod/files/2014/07/f17/ft007_toops_2014_o.pdf. Ac-
cessed March 14, 2015.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

ENGINE SYSTEMS, AFTERTREATMENT, FUELS, LUBRICANTS, AND MATERIALS 63

Viswanathan, S., N. Rakovec, and D.E. Foster. 2012. Microscale Study of 
Ash Accumulation Process in the DPF Walls Using the Diesel Exhaust 
Filtration Analysis (DEFA) System. Proceedings of the ASME 2012 In-
ternal Combustion Engine Division Fall Conference, Paper ICEF2012-
92104, September, Vancouver.

Walker, A. 2012. Current and Future Trends in Catalyst-Based Emission 
Control System Design. Presentation at the SAE Heavy-Duty Diesel 
Emission Control Symposium, September 2012, Gothenburg.

Wang, W., G. McCool, N. Kapur, G. Yuan, B. Shan, M. Nguyen, U.M. 
Graham, B.H. Davis, G. Jacobs, K. Cho, and X. Hao. 2012. Mixed-phase 
oxide catalyst based on Mn-mullite (Sm, Gd)Mn2O5 for NO oxidation in 
diesel exhaust. Science 337: 832. doi: 10.1126/science.122509.

Whitesides, R., N. Killingsworth, G. Petitpas, M. McNenly, and D. Flowers. 
2014. Model Development and Analysis of Clean & Efficient Engine 
Combustion. Lawrence Livermore National Laboratory. DOE An-
nual Merit Review ACE012, June 17. http://energy.gov/eere/vehicles/
downloads/vehicle-technologies-office-merit-review-2014-model-
development-and-analysis. Accessed March 13, 2015.

Yezerets, A., N. Currier, K. Kamasamudram, and J. Li. 2014. Understand-
ing Various Deactivation Mechanisms of Cu-Zeolite SCR Catalysts. 
Presentation at IAV MinNOx Conference, June, Berlin. 

Zigler, B. 2012. Fuels for Advanced Combustion Engines. National Renew-
able Energy Laboratory, Project ID FJ002, May 15.

Zigler, B. 2014. Advanced Combustion and Fuels. National Renewable 
Energy Laboratory, Project ID FT002, June 19. http://energy.gov/sites/
prod/files/2014/07/f17/ft002_zigler_2014_o.pdf. Accessed August 20, 
2015. 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

64

4

Hybrid Vehicles

INTRODUCTION

The hybridization of medium- and heavy-duty vehicles 
(MHDVs) is given a high priority among the technology 
objectives of the 21st Century Truck Partnership (21CTP). 
The roadmap and technical white papers document issued by 
21CTP in 2013 (21CTP, 2013) states that “Hybrid electric 
vehicle (HEV) technology is a key enabler that will help 
21CTP achieve its goals” by allowing MHDV manufacturers 
“to simultaneously improve fuel economy, emissions, and 
performance.” The objective of this chapter is to (1) review 
the progress that the 21CTP has made toward accomplish-
ing its ambitious technology objectives in the hybridization 
of medium- and heavy-duty vehicles; (2) identify the areas 
where its efforts to date have fallen short of these objectives; 
and (3) to provide recommendations for actions that should 
be taken to enhance the effectiveness of its coordinated proj-
ect efforts in this area.

Hybrid propulsion systems for MHDVs exhibit both simi-
larities and differences when compared to the more mature 
versions of this hybrid technology that are available in a 
growing number of hybrid electric light-duty vehicle (LDV) 
passenger models. Broadly speaking, the overall objectives 
of the hybrid drive propulsion equipment are the same in 
both vehicle classes. That is, hybrid drives are supplementary 
propulsion drives that augment the core internal combustion 
engine (ICE) powertrain in order to accomplish one or more 
of the following objectives:

•	 Recover braking energy that would otherwise be dis-
sipated as heat and convert it instead to either electrical 
or hydraulic energy that can be stored and then used 
later for propulsion or vehicle auxiliary purposes. In 
addition to reducing fuel consumption and emissions, 
this approach can dramatically reduce brake wear in 
some MHDV classes such as urban buses, yielding 
significant maintenance savings.

•	 Provide additional acceleration that is added to the 
baseline ICE acceleration, making it possible to down-
size the engine in some cases, resulting in lower fuel 
consumption and emissions.

•	 In some hybrid configurations, allow the ICE to spend 
much more of its operating time in its sweet spot range 
of torque and speed for maximum efficiency, thereby 
reducing its fuel consumption and emissions.

•	 Create opportunities for MHDVs to operate with their 
engines off (i.e., zero emissions operation) either for 
operating over some distance in an all-electric mode 
with zero emissions or for stop/start-mode operation in 
heavy traffic to eliminate unnecessary fuel consump-
tion and emissions when the vehicle is temporarily 
stopped. 

•	 Provide a source of stored auxiliary electric or hydrau-
lic power that can be valuable to MHDV operators 
for a variety of purposes that include the powering of 
tools and lifts in vocational trucks or the powering of 
electric generators in long-haul Class 8 trucks in order 
to achieve idle reduction objectives (see Chapter 6).

Although this list is not exhaustive, it captures the most 
important operational objectives for incorporating hybrid 
drives into MHDVs. In many of the demonstration versions 
of hybridized MHDV trucks that have been designed and 
built to date, a conscious effort has been made to incorporate 
as many of the special functions listed above as possible in 
order to maximize the value extracted from the hybrid pro-
pulsion equipment.

Since the details of many alternative hybrid propulsion 
drive configurations developed for MHDVs have been pro-
vided in another NRC report (NRC, 2010), no attempt will 
be made to reproduce this valuable tutorial information here. 
However, it does deserve to be pointed out that two major 
types of hybrid propulsion drives are being developed that on 
the one hand are complementary and on the other, competi-
tive. The most widely adopted hybrid drive architecture is 
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based on electric power, using a combination of generators 
and electric motors and electrical energy storage devices 
(typically batteries) as the basic building blocks. Since all 
hybridized passenger LDVs now in production use some 
version of hybrid electric propulsion drives, this approach 
is becoming well established in the vehicle manufactur-
ing industry. However, a second type of hybrid propulsion 
drive has been developed based on hydraulic power, using 
a combination of hydraulic pumps, motors, and hydraulic 
energy storage in pressurized accumulators. Although the 
hybrid hydraulic vehicular drive technology is less mature 
than its hybrid electric counterpart, the hydraulic hybrid 
drive exhibits some noteworthy characteristics, including 
the ability to store short bursts of energy more economically 
than batteries in electric-based drives. This feature makes the 
hybrid hydraulic drive appealing for medium-duty delivery 
and refuse trucks that undergo large numbers of start/stop 
cycles during a typical day, with short total travel distances.

CURRENT STATUS AND CHALLENGES FOR MHDVS

The commercialization of hybrid propulsion drives for 
MHDVs has been focused on a few specific segments of the 
MHDV market that are particularly well-suited to benefit 
from the performance advantages of the hybrid powertrains. 
These include

•	 Class 2b pickup trucks and vans,
•	 Classes 4-6 box-and-bucket trucks,
•	 Class 8 refuse trucks, and
•	 Class 8 urban transit buses (see Annex at the end of 

this chapter for discussion)

One of the key features that nearly all of these MHDVs 
share is a typical duty-cycle that includes frequent stops and 
starts that are well-suited for braking energy recovery using 
a hybrid powertrain. As a result, each of these vehicles can 
achieve significant improvements in fuel consumption from 
hybridization. Several manufacturers have been actively 
participating in the commercialization of hybrid powertrains 
for these vehicles, including 21CTP partners Allison, BAE 
Systems, and Eaton. 

Despite the progress, some serious obstacles have impeded 
the growth of these markets, leading to notable setbacks. In 
particular, the lower cost of gasoline, diesel fuel, and natural 
gas and the disappearance of federal financial incentives have 
made it more difficult for MHDVs to succeed in competitive 
markets such as Class 4-6 delivery trucks. One notable recent 
example has been Eaton’s decision to discontinue sales of 
its diesel-electric hybrid drive system in North America, 
announced in September 2014 (Eaton, 2014). A year earlier, 
Eaton had decided to discontinue its mild hydraulic drive 
system aimed at refuse trucks (Eaton, 2013), and there 
are indications that other hybrid hydraulic powertrains are 
encountering similar cost competition problems in the mar-

ketplace (21CTP-1, 2014). Other major manufacturers have 
also encountered serious problems with commercialization 
of hybrid drive equipment for medium-duty trucks in North 
America, including Allison Transmission (see section titled 
“Overview of Medium-Duty Hybrid Vehicles in Classes 2b 
to 6” later in this chapter for more details).

These setbacks are particularly disappointing since stud-
ies and field data confirm that hybrid propulsion systems 
can make significant contributions to reducing both the 
fuel consumption and greenhouse gas (GHG) emissions of 
several different types of heavy-duty trucks (NRC, 2012). 
This takes on increased importance since Phase I of new 
federal standards limiting the maximum fuel consumption 
and GHG emissions of MHDVs became active for the first 
time in model year (MY) 2014 (EPA, 2011, 2013), and 
Phase II limits are being formulated by the Environmental 
Protection Agency (EPA) and the Department of Trans-
portation (DOT).1 Although these standards do not require 
manufacturers to adopt hybrid drives or any other specific 
technology, the substantial improvements made possible 
by hybridization of some classes of MHDVs are expected 
to become increasingly valuable in the future. As a result, 
there is a risk that decreases in fuel prices that are unlikely 
to last forever will retard the development of technology for 
achieving long-term improvements in the fuel consumption 
and GHG emissions of MHDVs that are 21CTP objectives.

The current marketplace challenges for hybrid power 
trains can be largely attributed to the basic problem of 
payback periods that are too long for MHDV customers to 
accept. Even though the trucks are expected to have lifetimes 
longer than 10 years, the payback periods that are acceptable 
to truck purchasers are often 2 years or less (CALSTART, 
2010), making it difficult for hybrid technology to compete 
for new business. This same CALSTART study includes 
analysis showing that the shorter the time that a hybrid truck 
is owned, the more difficult it is for an owner to recoup any 
premium for the hybrid propulsion equipment before the 
vehicle is sold. 

The payback period barrier to market acceptance of 
hybrid trucks is recognized by the 21CTP leadership, 
who have expressed an interest in exploring alternatives, 
including “regulatory pull, robust incentives, and, perhaps, 
alternative business models (e.g., battery leasing),” to make 
up for the cost disadvantage of current hybrid powertrains 
(21CTP-1, 2014). For example, one approach to addressing 
the payback period problem would be to extend prorated 
purchase incentives to the second and subsequent genera-
tions of MHDV hybrid truck purchasers, making it easier for 
vehicle sellers to recoup their investments in this fuel- and 
emissions-reduction technology. Finally, if the long-term 
goal of the 21CTP program—to significantly drive down 

1 See the National Highway Traffic Safety Administration (NHTSA)/
EPA Phase 2 Notice of Proposed Rulemaking for medium- and heavy-duty 
vehicle fuel efficiency and GHG standards, June 19, 2015, www.nhtsa.gov/
fueleconomy.
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the cost of MHDV hybrid equipment—is achieved, MHDV 
hybrid trucks will progressively compete more effectively 
in the international truck marketplace as the technology 
improves and matures.

Although the term “MHDV” covers a wide range of 
truck vehicles from Class 2b to Class 8 with a wide range of 
applications and duty cycles, the majority of the development 
effort for hybridized MHDVs has been focused on four areas: 
(1) medium-duty Class 3 to Class 6 delivery and electric 
utility trucks; (2) long-haul Class 8 trucks; (3) urban pas-
senger transit buses; and (4) Class 8 vocational trucks, most 
notably refuse trucks. The first two of these are addressed 
in the body of this report in the following two subsections 
since they focus on truck classes that have been the target 
of multiple 21CTP R&D projects since the beginning of the 
Partnership. A discussion of hybrid buses is provided in an 
Annex to this chapter.

Overview of Medium-Duty Hybrid Vehicles in Classes  
2b to 6 

While heavy-duty long-haul tractor-trailers may travel 
80,000 to more than 225,000 miles per year, medium-duty 
(MD) trucks in Class 6 are much more varied in configuration 
and often referred to as “work trucks” or, more specifically, 
as “vocational trucks” in regulations (see, e.g., Figure 4-1). In 
many cases, the specialized equipment on the truck (such as 
the bucket for an electric-utility vehicle or the suction pumps 
on specialized vehicles for cleaning sewers) can greatly 
exceed the cost of the truck itself. Since these vehicles are 
intended to perform work, often in stationary positions, their 
annual mileage may be as low as 20,000 miles (NRC, 2010). 
There are several vocational truck applications for which 
the same electric power converter equipment originally 
developed for use in hybrid power trains has been adapted 

to power the apparatus mounted on the vehicle for use in 
stationary operation. 

In addition to vehicles in the heavier classes, there is activ-
ity in battery-electric and hybrid vehicles (both electric and 
hydraulic) for package delivery vehicles and small commer-
cial vehicles. These are typically categorized in Classes 2b 
to 5 based on their weights. The CALSTART organization 
has published a useful collection of photos illustrating the 
many different types of MD hybrid vehicles (HTUF, 2014).

Similar to the case of heavy-duty (HD) hybrid trucks, 
the cost of the constituent powertrain parts and the resulting 
payback period have slowed the market acceptance of MD 
hybrid vehicles. Since many of these vehicles approach the 
size and weight of passenger vehicles, including sport utility 
vehicles and vans, the idea of leveraging technology devel-
oped for passenger cars becomes increasingly reasonable as 
the vehicle class number drops. However, the special needs 
of commercial vehicle operation, including vibration, higher 
lifetime miles traveled, longer hours of operation, and tem-
perature, need to be specifically factored into research and 
development activities aimed at these vehicles.

Previous studies have shown that hybrid powertrains in 
MD vocational trucks can provide as much as a 30 percent 
improvement in fuel consumption (NRC, 2010). Much of 
that savings comes from not idling the engine while operat-
ing the equipment on the vehicle. However, this drop in idling 
time can also be achieved in MD trucks with conventional 
ICE powertrains if the apparatus mounted on the vehicle does 
not depend on a running engine for operation. For example, 
the bucket of an electric-utility vehicle can be designed for 
operation without a running engine using power electronics, 
motors, and batteries that share a common heritage with the 
electric traction drive equipment that would be used in a 
hybrid-electric drivetrain. This type of MD vocational truck 
helps to reduce fuel consumption for the fleet but would not 
be classified as a hybrid vehicle, even though it benefits from 
the significant work done on components and subsystems 
developed for hybrid-electric powertrains. 

There are other benefits of applying this electric drive 
technology to truck-mounted apparatus, including quieter 
operation in residential areas. Effort has also been devoted to 
implementing remote control of the engine so that the vehicle 
can make limited movements under the control of the person 
in the raised bucket. This feature improves the efficiency of 
the vehicle’s operation, providing a tangible financial benefit 
that helps to pay for the technology.

Since many of the MD vehicles are operated in urban 
environments, there is an opportunity for turning off the 
engine whenever the vehicle is stopped in traffic, a feature 
commonly referred to as stop/start operation. Since the 
electric drive equipment in a stop/start system is used pri-
marily to start the internal combustion engine and to provide 
modest support for acceleration and regenerative braking, 
the power ratings and cost of the hybrid-electric equipment 
can be reduced from a “full” hybrid to a “mild” or “micro” 

FIGURE 4-1 Odyne Class 6 plug-in hybrid utility lift truck. 
SOURCE: Green Fleet Magazine (2008). Courtesy of Odyne 
Systems, LLC.
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hybrid configuration. For example, UPS (United Parcel Ser-
vice) previously worked with Eaton and Daimler to enable 
its package delivery vehicles to stop their engines in traffic 
whenever the vehicle’s brake is depressed and the vehicle 
is stopped for more than a preset short time. The system 
restarts the engine as soon as the driver releases the brake 
pedal in order to avoid any perceptible delay in accelerating 
the vehicle due to restarting the engine. This stop/start feature 
is commonplace in European passenger cars and is in the 
process of becoming available in passenger vehicles in the 
United States. This passenger car technology is expected to 
find its way into medium-duty and some heavy-duty com-
mercial vehicles.

One of the keys to applying hybrid drive technology in 
these MD vocational truck applications and to meeting the 
required commercial payback threshold is understanding 
how the vehicle is used. This understanding makes it pos-
sible for the hybrid equipment to be tailored to optimize 
the cost/benefit ratio. The SuperTruck program that has 
been supported by the 21CTP for HD trucks helped to bet-
ter understand fuel use in HD Class 8 long-haul trucks by 
standardizing based on a 24-hour duty cycle. Using this 
approach, fuel use required during off-hours to keep the 
driver comfortable and entertained is included in the fuel 
consumption calculations. (Interested readers are encour-
aged to read Chapter 8, which is devoted to the SuperTruck 
program as well as the “Class 8 Long-Haul Trucks” section 
in this chapter for more details.)

This fuel use issue is even more important for voca-
tional trucks because of their complicated and varied duty 
cycles, which include long periods of stationary operation. 
In November 2013,2 Allison Transmission presented to the 
National Research Council (NRC) an analysis of the duty 
cycles of vocational trucks. Southwest Research Institute 
presented the results of its analysis of various technologies 
for saving fuel in both MD and HD trucks to the NRC in 
April 2014, followed by a workshop with EPA in December 
2014.3 The duty cycles used for the various analyses included 
several that are tailored for Class 6 vocational and delivery 
trucks, such as Parcel Cycle High-Efficiency Truck Users 
Forum (HTUF) Class 6 and the California Air Resources 
Board (CARB) truck urban cycle (Heavy-Heavy Duty Diesel 
Truck [HHDDT] Phase 1 GHG).

Several funded projects are collecting real-world data on 
duty cycles for MD vocational and delivery trucks. Examples 
include monitoring programs for UPS hydraulic package-
delivery vehicles, FritoLay battery-electric package-delivery 

2 M. Howenstein, Allison Transmission, “Transmission Technology 
and Fuel Consumption.” Presentation to NRC Committee on Assessment 
of Technologies and Approaches for Reducing the Fuel Consumption of 
Medium- and Heavy-Duty Vehicles, Phase 2, on November 21, 2013.

3 T. Reinhart, Southwest Research Institute, “Technologies for MD/HD 
GHG and Fuel Efficiency,” Presentation to NRC Committee on Assessment 
of Technologies and Approaches for Reducing the Fuel Consumption of 
Medium- and Heavy-Duty Vehicles, Phase 2, on April 29, 2014.

vehicles, Smith Electric vehicles, and Odyne plug-in hybrid 
electric vehicles. A significant effort is the Fleet DNA project 
led by NREL,4 which is collecting information on hundreds 
of vocational vehicles in multiple locations around the coun-
try. This project is expected to deliver valuable information 
for understanding real-world operation of these MD vehicles, 
as well as to provide guidance for future hybrid system devel-
opment and fuel consumption regulations.

A case history that illustrates both the technology oppor-
tunities and market barriers encountered by manufacturers 
of hybrid drivetrain equipment for trucks is provided by the 
H 3000 hybrid transmission developed for commercializa-
tion by Allison Transmission (Allison, 2015). Allison is one 
of the major commercial developers of hybrid transmissions 
systems for installation in buses and medium-duty trucks (H 
40/50 EP series), with over 6,600 hybrid systems currently 
operating in transit buses. These transmissions are designed 
to recover braking energy from vehicles that have frequent 
stops and use this energy to reduce the vehicle’s fuel con-
sumption, power accessory equipment, and reduce brake 
wear (see Figure 4-2). Target applications for the H 3000 
transmission are MD vocational trucks for applications 
including pickup and delivery, shuttle buses, utility service, 
and small refuse trucks in the Class 5 to light Class 8 weight 
ranges. Fuel savings are projected to be up to 25 percent 
depending on the truck duty cycle. The U.S. Department 
of Energy (DOE) has made an investment of $68 million in 
this program using American Recovery and Reinvestment 
Act (ARRA) stimulus funds. This support has been used to 
help develop this technology and to help build a new factory 
capable of building as many as 20,000 units of the H 3000 
hybrid transmission annually. Although field demonstra-
tions have been successful, the H 3000 hybrid transmission 
has not yet officially been brought to market, reflecting the 
market barriers to commercial acceptance currently being 
encountered by hybrid drive equipment manufacturers such 
as Allison. Since the ARRA-funded H 3000 development 
was not carried out as a project in the 21CTP portfolio 
of funded projects, no further evaluation of this project is 
included in this report.

Despite the commercial barriers to greater use of MD 
battery-electric and hybrid vehicles of all types in Classes 2b 
to 6, there continues to be interest in the industry and incen-
tives to drive it forward. California provides a Hybrid and 
Zero-Emission Truck and Bus Voucher Incentive Project 
(HVIP) incentive and lists a number of MD vehicles available 
for this compensation through its website (HVIP, n.d.). New 
York also provides incentives; eligible vehicles are listed 
in NY Truck VIP (2015). The city of Chicago has provided 
incentives for battery-electric vehicles and buses, and new 
regulations are expected to extend the incentives to include 
MD hybrid trucks (Drive Clean Chicago, 2015). DOE main-

4 D. Anderson, “Vehicle Systems Simulation and Testing,” Presentation 
to the committee on September 3, 2014.
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tains a list of available vehicles in the Alternative Fuels Data 
Center (DOE, 2014). Some additional products can be found 
by looking at the member list for HTUF (HTUF, 2014).

HTUF, founded several years ago by CALSTART 
(CALSTART, n.d.), is a valuable source of information 
about the commercialization of MD hybrid vehicles. Bill 
Van Amburg, the senior vice president of CALSTART, has 
provided the committee with a list of 29 manufacturers from 
around the world that are currently actively involved in the 
development and production of MD hybrid and battery-
electric trucks5 Although the list is not reproduced here, the 
significant number of manufacturers reflects the continuing 
international interest in the development and commercializa-
tion of MD hybrid trucks. It should be noted that many of the 
manufacturers on this list are currently focused on research 
or development activities and are not yet offering their 
vehicles for sale, often attributable to the very soft market 
conditions that currently prevail for hybrid MDHVs in North 
America. This reflects the immature state of the MD hybrid 
technology in this field as well as the challenging market 
conditions noted earlier.

Class 8 Long-Haul Trucks

Heavy-duty Class 8 long-haul trucks present a challeng-
ing target for hybrid powertrain equipment. On the one hand, 
they do not fit the standard pattern for the other popular HD 
vehicle targets for hybrid drives. That is, the large majority of 
Class 8 long-haul trucks travel long distances without stop-
ping, preventing these vehicles from taking advantage of the 
hybrid drive’s special ability to recover energy from frequent 

5 Van Amburg, personal communication, 2014.

stops and starts. Studies have indicated that the potential fuel 
consumption reduction benefits from hybridization fall into 
a range of 2 to 8 percent depending on assumptions about 
the duty cycle and the frequency and amplitude of elevation 
changes (i.e., hilliness) along the truck route (NRC, 2010). 
These reductions are much smaller than comparable num-
bers for other MHDV candidates such as Class 6 delivery 
trucks. Nevertheless, the fact that the total fuel consumption 
of Class 8 long-haul trucks is higher than that of any other 
MHDV type means that even small percentage reductions in 
fuel consumption can yield impressively large total reduc-
tions in fuel use and emissions. 

The Daimler SuperTruck team chose to incorporate a 
hybrid-electric drive into its vehicle and is close to complet-
ing its evaluation. The Navistar SuperTruck team dropped 
its preliminary plans to include a full hybrid drive in its 
truck and is now evaluating microhybrid units for possible 
inclusion in its demonstrator truck (see Chapter 8 for more 
details). Despite the success of the Daimler SuperTruck 
demonstrator vehicle in achieving its goal of a 50 percent 
increase in freight efficiency (freight ton-miles per gallon), 
corresponding to a 33 percent reduction in its fuel consump-
tion per ton-mile, the net contribution of the hybrid drive to 
this reduction is modest, making it difficult to justify the 
cost of the hybrid drive in the Daimler demonstrator truck. 
As discussed earlier in this chapter, the payback period for 
the hybrid drive equipment is typically much longer than 
the short periods of 2 years or less demanded by vehicle 
owners for justifying their investments. As a result of expe-
riences such as this one in the Daimler Supertruck project, 
the future of the hybrid electric drive for Class 8 long-haul 
trucks is cloudy. 

Figure 4-2

FIGURE 4-2 Allison H 3000 hybrid transmission major components. SOURCE: Allison (2015). © Allison Transmission 2011. All rights 
reserved.
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One of the questions left unanswered by the Daimler 
SuperTruck program is whether the trade-off between 
vehicle performance (measured in terms of fuel consump-
tion, GHG emissions, and other metrics) and cost could be 
improved significantly by changing the ratings of the bat-
tery, electric motor, or power electronics. This is a serious 
question that applies not only to hybrid drive systems in 
Class 8 long-haul trucks, but also to a much wider range of 
vehicle sizes and applications, including vocational trucks 
and buses described in the preceding sections. In some cases, 
the adoption of mild hybrid systems having smaller motors 
and batteries, also referred to as microhybrids, can provide 
better performance vs. cost trade-offs than larger full hybrid 
drives. Since work on the simulation of MHDV hybrid trucks 
has already been carried out using federal funding at Argonne 
National Laboratory (ANL) (ANL, 2013) and the National 
Renewable Energy Laboratory (NREL) (NREL, 2014), the 
prospect of combining these simulations with real-world data 
collected from hybrid truck programs such as the Daimler 
SuperTruck demonstrator vehicle suggests some opportuni-
ties for investigating hybrid drive optimization.

An additional factor for consideration is the development 
by Daimler engineers of a vehicle speed control algorithm 
called eCoast, which modulates the truck speed on grades so 
that the vehicle mass becomes the energy storage means (via 
potential energy) for reducing the vehicle’s fuel consump-
tion without the need for expensive batteries or hybrid drive 
equipment (NACFE, 2014). This eCoast software algorithm 
is capable of delivering much of the value of the hybrid 
drive equipment at a fraction of the cost. On the other hand, 
the hybrid electric drive is tightly integrated into the overall 
vehicle propulsion drive, allowing it to play a role in enabling 
several advanced vehicle features. This fact complicates the 
engineering matter of deciding whether a hybrid drive can be 
justified or not. This example illustrates the challenges faced 
by truck vehicle designers in choosing which technologies to 
add or remove as they design new truck propulsion systems 
that can meet complex combinations of performance criteria 
in addition to achieving the demanded reductions in fuel 
consumption and emissions. 

REVIEW OF THE 21CTP HYBRID VEHICLE 
TECHNOLOGY PROGRAM

Overview

In its 2013 roadmap document (21CTP, 2013), the 21CTP 
states its strategic approach in five thrusts, summarized as 
follows: (1) Develop hybrid propulsion systems for MHDVs; 
(2) overcome the technical barriers that inhibit the tech-
nologies; (3) educate interested parties on the importance 
of MHDV hybrid systems; (4) stimulate market demand 
for MHDV hybrid products; and (5) establish confidence in 
MHDV hybrid technologies by providing unbiased testing 
and evaluation of hybrid MHDVs. 

The material presented to the committee by 21CTP indi-
cates that most of the Partnership’s effort has been focused 
on the first, second, and fifth thrust, with much less evidence 
of initiatives focused on either hybrid MHDV education or 
market stimulation.

In this same document, the top priority R&D areas that 
require government funding to meet 21CTP’s hybrid vehicle 
technology goals are identified as (1) drive unit optimization; 
(2) drive unit cost; (3) energy storage system reliability; and 
(4) energy storage system cost. It is notable that all four of 
these identified R&D areas focus on components or subsys-
tems in a hybrid propulsion unit and not on the integrated 
hybrid system. The implications of this intentional focus 
on component and subsystem R&D rather than integrated 
hybrid drive systems will be addressed in more detail later 
in this chapter.

Other key 21CTP initiatives that have a significant impact 
on MHDV hybrid drive systems include the following:

•	 The SuperTruck program for long-haul Class 8 trucks. 
The Daimler project includes a full hybrid drive sys-
tem and the Navistar team is investigating mild hybrid 
options. This is discussed in more detail in Chapter 8.

•	 Participation in development of test procedures for 
MHDV powertrains that include both conventional and 
hybrid powertrain configurations, using the Vehicle 
Systems Integration (VSI) Laboratory at Oak Ridge 
National Laboratory (ORNL) (Smith et al., 2014).

Review of 21CTP Hybrid Vehicle Technology Goals

In 2006 the 21CTP established three hybrid technology 
goals for 2012. These goals established design life and 
cost targets for the hybrid drive unit and the energy storage 
system, as well as fuel economy and emission improvement 
targets for a heavy hybrid propulsion system operating on an 
urban driving cycle. Progress toward achieving these goals 
was reviewed in the NRC Phase 2 report (NRC, 2012), and 
this discussion will not be repeated or updated here since the 
target date for those three goals has passed.

Instead, this report will focus its discussion on six stretch 
goals for MHDV hybrid propulsion technology that were 
defined by the 21CTP in February 2011 (DOE, 2011). The 
target areas for these stretch goals are generally the same as 
those targeted by the three 2006 goals, but the six stretch 
goals are updated and made more specific. The reason these 
goals were explicitly designated as “stretch” goals when they 
were created is that these goals “can only be accomplished 
with increased funding through the 21st Century Truck 
Partnership” (21CTP, 2013). Since little funding has been 
allocated to MHDV hybrid component R&D since FY 2007 
(NRC, 2012, Table 4-2), these stretch goals remain unful-
filled from the standpoint of 21CTP. As a result, a thorough 
discussion of each of the six stretch goals would not be 
meaningful under the circumstances.
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However, hybrid drive and energy storage R&D, primar-
ily for light-duty passenger vehicles, are being supported 
by DOE. The objectives of this R&D program overlap the 
needs of the MHDVs to some degree. As stated in the 21CTP 
roadmap document, “There is a common perception that 
investments in passenger car (LDVs) technology benefit 
HD trucks. This is not entirely true” (21CTP, 2013). In light 
of this observation, it makes sense to broadly address the 
relevance and impact of this DOE-sponsored R&D on the 
MHDV stretch goals. These six goals will be reviewed in 
sequence. (The goal text is summarized; the complete ver-
sion is available in the hybrid propulsion white paper dated 
February 28, 2011 (DOE, 2011)).

•	 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 appli-

cation) 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 tech-
nology in a commercial vehicle application that 
would equal or meet current hybrid system require-
ments by 2013.

•	 Goal 2—Inverter Design/Power Electronics. Develop 
technologies that will improve the cycle life of criti-
cal 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 and a top 
temperature higher than today’s 50°C and offers 
improved system life and durability. Develop this 
improved switching system and demonstrate ben-
efits by 2016.

—By 2016, reduce the overall weight of inverter 
designs by 20 percent through more efficient 
switching devices with higher operating tempera-
tures and potential integration with engine cooling 
systems.

Goals 1 and 2 focus on achieving significant improve-
ments in the performance, lifetime, and cost of the electric 
machine and power electronic inverter, respectively. The 
good news is that technology trends in these areas, sup-
ported in part by the DOE investments in R&D aimed 

at LDVs, are yielding improvements, in particular in the 
performance and power density of the power electronics. 
However, the likelihood of developing electric machines 
that do not contain high-grade rare earth magnets that 
exceed the performance and power density of the existing 
machines that use these magnets, as called for in the first 
goal, is low. Nevertheless, this R&D effort is spurring the 
development of so-called non-rare-earth traction machines 
that are likely to be attractive for some hybrid applications 
that do not need the weight and efficiency advantages pro-
vided by rare-earth magnets.

Progress toward achieving the cost targets and lifetimes 
called for in these first two goals is less clear and more dif-
ficult to evaluate. Project principal investigators employed 
by established suppliers of this equipment make positive 
claims about progress toward these objectives, but lifetime 
and cost are notoriously difficult to evaluate quantitatively. 
Indications are that the trends are in the right direction, but 
significant work still needs to be done to reach the aggres-
sive targets. It should be noted that the lifetime targets for 
MHDVs are more challenging than those for passenger 
vehicles, both because of the length of the MHDV life-
time goal (15 years, compared to <10 years for passenger 
vehicles), and the more challenging physical environment 
(e.g., temperature, vibration, corrosive agents) experienced 
by hybrid drive equipment in MHDV applications.

•	 Goal 3—Energy Storage Systems. Develop an energy 
storage system with 15 years of design life, a broader 
allowable temperature operating 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 the highway) or 15 years 
(vocational). Current state-of-the art energy storage 
systems are typically rated for 8 years of life.

—By 2017, extend the acceptable operating tempera-
ture range for lithium ion batteries, currently at 0°C, 
to 55°C.

—Develop battery technologies that will significantly 
increase power and energy densities.

—Proposed cost targets:
o $45/kW and/or $500/kWh for an energy battery 

by 2017;
o $40/kW and/or $300/kWh for a power battery by 

2020; and
o 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.
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The status of the third goal, which targets power density, 
cost, and lifetime targets, but for energy storage equipment 
(primarily batteries) rather than electric machines and power 
electronics. This has been the single largest area for R&D 
investment of any of the five stretch goals during the past 5 
years, although the focus has been on energy storage com-
ponents for LDVs, not MHDVs. Steady progress is being 
reported on increasing both the energy and power density 
of new batteries for propulsion applications, but their ability 
to meet the challenging lifetime and cost targets for hybrid 
MHDVs, as stated in the goals, is much less certain. The 
specialized aspects of the hybrid MHDV application that 
distinguish them from the LDV hybrid system, together with 
the much lower volumes associated with the MHDV market, 
combine to make these targets particularly challenging for 
commercial suppliers to meet.

•	 Goal 4—Hybrid System Optimization, Medium Duty. 
To develop and demonstrate medium-duty hybrid sys-
tem technology that can deliver substantial increases 
in fuel economy, beyond what is available with today’s 
systems:
—Potential applications for demonstration include 

MD shuttle buses, vocational trucks, and on/off 
highway MD work trucks.

—A vehicle demonstration program that provides a 
platform for developing these medium-duty tech-
nologies (similar to the SuperTruck program for 
heavy-duty technologies) is one potential approach, 
with development and demonstrations to be com-
pleted by 2017.

•	 Goal 5—Hybrid System Optimization, Heavy Duty. An 
overarching goal is to develop and demonstrate HD 
hybrid system technology 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 consumption) has been identified.

—For regional haul and line-haul applications, the 
percentage improvements would be more modest, 
with a stretch goal of 25 percent (20 percent reduc-
tion in fuel consumption).

—Additional review and development need to be con-
sidered for those vehicles that would possess alter-
native anti-idling devices that could be provided 
without additional infrastructure changes.

Stretch goals 4 and 5 are different from the first three goals 
by virtue of targeting hybrid system optimization objectives 
for MD and HD vehicles, respectively. The intent of these 
two stretch goals to focus R&D effort on system design 
issues rather than components is highly commended because 
the value proposition for hybrid systems in MHDVs can be 
significantly improved by carefully integrating such systems 

into the MHDV systems, where it can contribute to the 
implementation of several valuable and innovative features 
that support 21CTP objectives. As noted earlier, the Daimler 
SuperTruck team6 adopted this approach in its demonstrator 
truck. The specific targets included in these two goals were 
purposely chosen to extend well beyond the objectives of the 
current SuperTruck projects, and the cited target numbers 
(e.g., 20 percent fuel consumption reduction for line-haul 
trucks) are very ambitious, exceeding anything that has been 
demonstrated to date. As of this time, no funding has been 
allocated to achieving these goals. There is little sign that 
MHDV equipment or vehicle manufacturers will make these 
R&D investments on their own. The 21CTP program is in the 
process of revising its goals in this area, as discussed later in 
this chapter in the section “21CTP Hybrid Team Restructur-
ing,” and the committee supports these efforts, as reflected 
in its Recommendation 4-1.

•	 Goal 6—Electrified 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 
significantly reduce parasitic losses by powering 
them on-demand.

—Target date for availability of such improved acces-
sories: 2016.

The final stretch goal, Goal 6, focuses on the development 
of electrified power accessories such as power steering and 
air-conditioning compressors that are “robust, durable, [and] 
efficient.” Unlike the preceding five goals, there are no quan-
titative targets established for this goal because of its breadth. 
This goal is closely related to the preceding two because the 
MHDV system integration and optimization efforts associ-
ated with Goals 4 and 5 can be expected to extend into the 
areas of electric accessories, as was the case in the Daimler 
SuperTruck project.7 Although there has been no R&D 
funding invested in the development of electric accessories 
specifically for MHDVs, some of the results of R&D efforts 
that have been supported to advance accessory electrification 
technology in LDVs will broadly benefit MHDVs as well. 
However, as noted previously, the specialized nature of the 
MHDV specifications, the challenging physical environment 
for this equipment, and the longer lifetime targets make it 
difficult to directly apply the results from passenger vehicle 
R&D projects without significant additional effort tailored 
to MHDVs.

Before closing this section, it should be said that the 
21CTP leadership, in response to a committee question, 
answered that it had “not conducted a full planning effort 

6 D. Kayes, D. Rotz, and S. Singh, Daimler Truck North America LLC, 
“SuperTruck Team,” Presentation to the committee on May 15, 2014.

7 Ibid.
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for reviewing these goals and defining the specific budget 
required to meet each one. . .” (21CTP-1, 2014) even though 
this was a specific recommendation of the NRC Phase 
2 report. (See discussion on H-6 Revised Hybrid Goals, 
Recommendation 4-5, in the section “21CTP Response to 
Recommendations in NRC 2nd Review Report” near the end 
of this chapter for more details.) In this same response, the 
21CTP leadership said “the Hybrid team has been revisiting 
the goals in light of the current and near-term future outlook 
for hybrid technology in commercial trucks” (21CTP-1, 
2014). The latest information from the 21CTP leadership 
indicates that the hybrid team is in the process of undergo-
ing reorganization, and it is expected that this process, when 
completed, will have a significant impact on the future of 
these goals. More details about this reorganization can be 
found in the section “21CTP Hybrid Team Restructuring” 
later in this chapter.

Assessment of Progress and Key Accomplishments

The committee has reviewed available information about 
several projects funded by federal agencies in the Partnership 
that relate to battery-electric vehicles, hybrid-electric vehi-
cles, and hybrid-hydraulic vehicles. Information provided by 
21CTP leadership indicates that total expenditures by three 

of the 21CTP-affiliated federal agencies (DOE, DOD, and 
DOT) on hybrid electric drive technology for both LDVs 
and MHDVs during the 2012-2014 totaled $63.4 million. 
Table 4-1 lists all of the electric drive technologies projects 
identified by the 21CTP leadership as part of 21CTP project 
portfolio. This funding can be broken into two main portions, 
one consisting of projects that are specifically focused on 
MHDVs with hybrid and battery-electric drives. The other 
portion of the projects claimed by 21CTP is focused on 
developing electric drive technology for LDVs, accompanied 
by the claim that the technology targeted by these projects is 
applicable to larger MHDVs.

Closer examination of the projects that make up this 
inventory reveals that the dominant portion of this project 
funding (>75%) is directed at vehicle demonstration projects, 
and much of the funding was supplied by the ARRA stimu-
lus program. Although such demonstration (pilot) programs 
are valuable, it should be noted that less that 20 percent of 
this funding is associated projects that can be objectively 
categorized as R&D.

Attention will first be addressed to projects that specifi-
cally address MHDVs. A review of information available to 
the committee reveals that these 21CTP-affiliated MHDV 
projects, with only a couple exceptions, can be placed in one 
of four categories:

TABLE 4-1 Electric Drive Technologies Projects Identified as Part of 21CTP Inventory

Agency Subgrouping Internal Project Title Recipient 2012 Funding 2013 Funding 2014 Funding

DOD Non-Rare-Earth Materials for Motors N/A 1,500,000 500,000 500,000 

DOD Modeling and Optimization of 
Electrified Propulsion Systems

N/A 98,000 

DOD High Energy Density Asymmetric 
Capacitors

N/A 99,000 

DOD Powertrain Thermal Management - 
Integration and Control of a Hybrid 
Electric Vehicle Battery Pack, E-Motor 
Drive, and Internal Combustion Engine 
Multiple Loop Cooling System

N/A 50,000 

DOD Advanced Models for Electric 
Machines

N/A 78,000 

DOE Advanced 
Electric Drive 
Technologies 
R&D

Various (see Annual Report,  http://
energy.gov/sites/prod/files/2014/04/
f15/2013_apeem_report.pdf)

3 National 
labs (ORNL, 
NREL, Ames), 
universities, and 
industry partners

13,266,940 11,053,327 9,704,789 

DOE Electric Drive 
Technologies

Various (see Annual Report,  http://
energy.gov/sites/prod/files/2014/04/
f15/2013_apeem_report.pdf)

6 Industry 
(GE, UQM, 
GM, Sigma, 
APEI, Synthesis 
Partners) and 1 
lab (ANL)

5,500,000 9,587,357 11,500,000 

Annual totals 20,266,940 21,140,684 22,029,789 

Total for 
2012-2014

63,437,413
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 Category 1. Projects that support specific truck manufac-
turers to develop new MHDV hybrid or battery-electric 
trucks or improve existing models and then collect data 
about their performance during field tests. In some cases, 
the project involves building significant numbers of the 
vehicles. Examples of these projects include ARRA 
VT072, “Smith Electric Vehicles: Advanced Vehicle 
Electrification & Transportation Sector Electrification” 
(Mackie, 2014) and ARRA VT083, “Plug-In Hybrid Elec-
tric Commercial Fleet Demonstration and Evaluation” 
(Cox, 2014). These projects are by far the largest of all the 
projects associated with hybrid drive technology that are 
part of the 21CTP portfolio, representing a total federal 
funding commitment of $77 million over 5 years for these 
two named projects. They were both made possible using 
funding provided to DOE under the 2009 ARRA, and they 
are the only current 21CTP projects that use federal fund-
ing to design and construct new MD hybrid trucks (780 
total vehicles for the two projects) that are then placed 
in the field for testing and data collection. (One of the 
ARRA-funded SuperTruck projects also includes a hybrid 
drive as part of its drivetrain; see Chapter 8.) Both projects 
have suffered setbacks that have delayed their completion, 
but progress is being made by each toward meeting their 
truck delivery targets during 2015. Preliminary field test 
results look promising for achieving reduced fuel con-
sumption and emissions, but more field testing is neces-
sary to provide a more complete evaluation. 

 Category 2. Projects that support work at the national 
laboratories or third-party organizations to evaluate the 
performance of several different types and models of 
MHDV hybrid or battery-electric trucks (or buses) with-
out requiring government funding to directly support 
the development and manufacturing of those vehicles. 
Examples of these projects include NREL VSS001, 
“MHDV Field Evaluations” (Walkowicz, 2014), and 
the project led by the South Coast Air Quality Manage-
ment District (SCAQMD), VSS115, “Zero Emissions 
HD Drayage Truck Demonstration”) (Choe, 2014). Both 
projects involve agreements with multiple truck manufac-
turers who are responsible for developing and building 
the hybrid trucks, which are field-tested by an indepen-
dent third-party organization, which collects extensive 
data. Federal funding for projects in this group is typi-
cally $600,000 or less per year, approximately ten times 
smaller than annual federal expenditures for projects in 
the first group. The skills of the funded researchers are 
applied primarily to directing the data collection, fol-
lowed by rigorous evaluation. Results from these projects 
range from very promising in the case of VSS001, cited 
above, to disappointing in the case of another project, 
VSS116, “Hydrogen Fuel Cell Electric Hybrid Truck and 
Zero-Emission Delivery Vehicle Deployment” (Carr and 

Williams, 2014), which has been significantly delayed 
by problems with the manufacturers that were originally 
selected to provide the vehicles. It should be noted that 
this last-mentioned project included funding to provide 
financial incentives for customers to purchase the fuel-
cell-powered vehicles for field testing, contributing to 
its larger total DOE budget of $2.4 million over 3 years.

 Category 3. Projects that involve a closer relation-
ship between one or more national laboratories and a 
manufacturer of hybrid or battery-electric MHDVs to 
pursue the development of improved vehicle technology 
involving the architecture, subsystems, or control of the 
drivetrain. Examples of this group of projects include 
VSS133, “Cummins MD & HD Accessory Hybridization 
CRADA,” which combines the efforts of Cummins and 
ORNL (Deter, 2014), and VSS134: “Vehicle Thermal 
System Modeling in Simulink,” which represents a col-
laboration between NREL and three truck industry part-
ners (Lustbader and Kiss, 2014). Typically, these projects 
are organized so that the national laboratory focuses its 
efforts on modeling, analyzing, and, in some cases, test-
ing the new technology while the industry partner takes 
responsibility for implementing the new technology in 
hardware and/or software, as appropriate. The key dif-
ference between this project group and the preceding 
one is that, in this group, national laboratory researchers 
are more directly involved in technical activities such as 
modeling, analysis, and laboratory testing that directly 
influence the development of the new technology that is 
being conducted under the leadership of the industry part-
ners. Annual funding levels for these projects are typically 
$600,000 or less per year, again far less than the annual 
budgets for projects in the first group. These projects are 
particularly appealing since they provide opportunities to 
harness the special technical skills of researchers at the 
national laboratories to provide valuable assistance to the 
manufacturers in areas that complement the skills of their 
in-house technical staffs. Of the two projects, the first one, 
involving the Cummins-ORNL cooperative research and 
development agreement (CRADA), is further along due 
to its earlier start date, and the technical results to date 
from the modeling and simulation work appear to be very 
promising. 
  The plans to test prototype hardware and software 
developed during the course of the Cummins-ORNL 
project on dynamometers in the new Vehicle Systems 
Integration (VSI) Power Train Test Laboratory at ORNL 
will provide a welcome opportunity to demonstrate the 
unique strengths and features of this impressive new 
facility (Smith et al., 2014). The facility includes two 
high-power (500 kW), high-performance dynamometers 
that can be used to test large truck engines and hybrid 
drivetrains using sophisticated controls and instrumenta-
tion that can apply any desired drive cycle to the engine 
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system while a thorough set of measurements are being 
made, including fuel usage and exhaust emissions (see 
Figure 4-3). The VSI Laboratory also includes high-speed 
computers and high-quality real-time control equipment 
that make it possible to conduct tests that combine actual 
equipment with simulated components or controllers in 
the same experiment. There are very few test facilities like 
this in the world today specifically designed for testing 
MHDV truck engines and powertrain equipment.

 Category 4. Projects that address issues associated with 
the introduction of MHDV hybrid and battery-electric 
trucks from a higher level by developing models to ana-
lyze and project the performance, cost, market opportuni-
ties, and the resulting reductions in fuel consumption and 
emissions of these vehicles for several years in the future 
on a regional and national scale. 
  Examples of this last group of projects include VAN001, 
“Impact Analysis: VTO Baseline and Scenario (BaSce) 
Activities,” led by ANL (Stephens, 2014), and VAN012, 
“Modeling for Market Analysis: HTEB, TRUCK, and 
LVChoice,” led by an ANL contractor, TA Engineering, 
Inc. (Birky, 2014). Although the number of projects in 

this group and the total annual funding (<$700,000 for 
the two projects listed above) are lower than for the 
other three groups, these modeling studies can play an 
important role in helping 21CTP leadership to evaluate 
the areas in which their future project funding can have 
the largest positive impact for achieving the Partnership 
objectives of reducing fuel consumption and emissions. 
This effort takes on special importance because of the 
challenging conundrums associated with evaluating the 
trade-offs between the national benefits of hybridiza-
tion in MD trucks (higher percentage benefits per truck 
but lower total fleet fuel savings) and HD trucks (lower 
percentage benefits per truck but higher total fleet fuel 
savings). Unfortunately, the validity and credibility of 
these models is heavily dependent on the quality of the 
input data which, in some cases, requires detailed cost and 
sales data that manufacturers are traditionally hesitant to 
provide. Regardless of the inevitable debates about the 
accuracy of their future projections, the models devel-
oped as a result of these projects play a useful role by 
encouraging leaders in both government and industry to 
consider the high-level impact issues when deciding on 
future technology investments.

Figure 4-3

FIGURE 4-3 500 kW dynamometer with diesel engine-under-test in ORNL VSI Laboratory with truck outline overlay. SOURCE: Smith 
et al. (2014).
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In addition to the projects that are specifically focused 
on MD and HD trucks discussed above, a number of other 
projects are being funded by DOE and DOD to develop 
technology for automobiles and combat vehicles that may 
be applicable to hybrid and battery-electric MHDVs in the 
future. Although the specific objectives and status of these 
projects will not be discussed in detail here, it should be 
stated that none of the DOE-funded projects are defined 
to directly address the technical demands that distinguish 
light-duty automobiles from medium- and heavy-duty trucks. 
However, there are some projects that address these issues 
indirectly. For example, there are a few projects, such as 
APE063, “Performance and Reliability of Bonded Interfaces 
for High-Temperature Packaging” (DeVoto, 2014), and 
APE061, “Cost-Effective Fabrication of High-Temperature 
Ceramic Capacitors for Power Inverters” (Balachandran, 
2014), that address important technical challenges associ-
ated with achieving rugged and reliable power electronics in 
hostile high-temperature environments with semiconductor 
junction temperatures up to 200°C, conditions that are rel-
evant to the longer lifetimes expected for power electronics 
operating in future hybrid/electrified trucks. Several of the 
other projects, such as those focused on developing traction 
motors that do not use expensive rare-earth magnetic mate-
rial, could eventually lead to scaled-up versions that would 
be useful in hybrid drives for trucks, but when this might 
happen is uncertain. 

There are also a few projects identified by DOD that 
could yield electric drive technology that matches or exceeds 
the power ratings and ruggedness requirements for electric 
drives in commercial MHDVs. One example is a project 
funded by the U.S. Army Tank Automotive Research, 
Development and Engineering Center (TARDEC) named 
“Integrated Starter Generator (ISG)” (DOD, 2014) that is 
developing high-performance electric machines and inverters 
with ratings of 120 kW and 160 kW for use in future combat 
vehicles—power ratings that fall within the range required 
for hybrid drive systems in HD trucks. This is a multiyear 
project led by General Dynamics Land Systems (GDLS) 
that began in FY2013 with a planned duration of 6 years 
and a total budget of $26.9 million. The project is planned 
to include significant efforts to build prototype ISG hardware 
that will be tested in both the laboratory and actual combat 
vehicles (the Army’s Stryker). Although the technical details 
provided by DOD about this project are quite limited, it is 
interesting to note that the project leaders specifically call 
out “Intelligent Engine Start/Stop” as one of the target oper-
ating modes, highlighting its potential relevance to MHDV 
hybrid trucks.

Before closing this section, it is worth noting that the 
ARRA-funded projects that comprise the dominant share 
of the 21CTP projects in the hybrid electric drives area are 
due to end in FY2015. As a result, the annual expenditures 
in the future 21CTP budgets associated with hybrid electric 

drive technology are likely to drop significantly for FY2016 
and beyond unless hybrid-related projects emerge to take the 
place of the ARRA-funded projects. The committee supports 
investments by 21CTP in longer-term R&D projects focused 
on promising approaches that might lead to significant 
improvements in hybrid-related technology, as reflected in 
Recommendation 4-2.

Summary of Key Barriers and Future Opportunities

The environment for the hybridization of MHDVs has 
changed significantly during the past 5 years. Some of the 
factors influencing these changes include (1) experience is 
being gained with hybrid drives in MHDVs for a variety 
of vehicle classes and applications that has been clarifying 
the real-world fuel consumption improvements that can 
be achieved and (2) natural gas and petroleum prices have 
dropped considerably, reducing the economic attractive-
ness of commercially offered hybrid drivetrains. Against 
this backdrop, the key barriers and issues that are slowing 
the commercial acceptance of hybrid trucks include the 
following:

•	 While the prices of key components—including the 
power electronics, motors, and batteries—in hybrid 
drivetrains for light-duty passenger cars are decreas-
ing, the rate of decrease is not been sufficiently fast to 
allow hybrid drivetrains to meet payback period crite-
ria set by the truck purchasers under current conditions 
of falling fuel prices and the absence of any direct price 
for emissions other than regulatory limits. The cost 
of batteries or alternative energy storage components 
has been particularly troublesome despite continuing 
progress on reducing battery costs.

•	 Despite claims that the significant investment by the 
federal government in hybrid drive technology R&D 
for LDVs is directly applicable to MHDVs, there are 
substantive differences between the requirements of 
LDVs and MHDVs that create important gaps in the 
technology readiness of commercial hybrid drive com-
ponents for truck drivetrain applications.

•	 The truck manufacturing industry is characterized by 
a significant number of small- to medium-size firms 
compared to the smaller number of much bigger pas-
senger vehicle manufacturers. This difference makes 
it much less likely that truck manufacturers will invest 
in the long-term R&D needed to develop mature and 
cost-effective hybrid drivetrain technology for their 
future truck products.

•	 One of the biggest conundrums is that while hybrid 
technology is most beneficial for MD trucks that 
experience large numbers of start/stop cycles, collec-
tively, these Classes 3 to 6 trucks combined consume 
less than half of the total fuel consumed by long-haul 
Class 8 trucks, which do not benefit as much from the 
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introduction of hybrid drivetrains (NRC, 2010). This 
has made it more difficult for the 21CTP to justify 
R&D investments in hybrid technology for any of the 
MD truck classes.

•	 Federal test procedures for evaluating fuel consump-
tion and emissions are still incomplete for hybrid 
truck drivetrains, complicating the process of quanti-
tatively evaluating their performance for the purpose 
of qualifying for regulatory credits or state tax incen-
tives. Historically, these fuel consumption and emis-
sions tests for conventional MHDVs have always been 
conducted using the diesel engine alone. More details 
are provided in the subsection “Hybrid Vehicle Fuel 
Consumption and Emissions Certification,” later in this 
chapter.

•	 The early years of hybrid truck manufacturing, the past 
10-15 years, have been marked by a number of imma-
ture products that resulted in poor vehicle experiences 
for the buyers, as well as orphaned products caused by 
manufacturers who prematurely left the market or went 
out of business. This checkered history has hurt resale 
values and discouraged fleets from adopting hybrids.

The net impact of these barriers on the current market 
for hybrid trucks has been summarized by Deborah Gordon, 
executive director of Regulatory Issues and Hybrid Programs 
at Allison, as follows:

When considering volume production over the next 10 years 
for commercial truck hybrids, Allison believes that fleet 
operators and vehicle manufacturers currently lack a viable 
business case to support widespread deployment. At least a 
few considerable barriers remain; the technology is consid-
ered somewhat unproven in terms of ‘real world’ reliability 
in truck vocations, a lack of significant financial incentives 
to offset costs, and the current impact of low fuel prices 
(Gordon, personal communication, 2015).

Despite this discouraging assessment of the hybrid truck 
market in North America, it should be noted that the mar-
ket for hybrid trucks is much stronger in other parts of the 
world, including China and Europe, where concern about 
air pollution is high, particularly in densely populated urban 
environments. For example, a recently completed study by 
Frost & Sullivan predicted that global sales of MD hybrid 
and electric trucks will grow from 2,200 annually in 2013 
to 84,000 annually in 2022, corresponding to a compound 
annual growth rate (CAGR) of nearly 50 percent (Frost & 
Sullivan, 2014). The projections of that same study for HD 
hybrid and electric trucks are even more attention-grabbing, 
predicting global annual sales growth from 300 in 2013 to 
51,000 in 2022, corresponding to a CAGR value of 77 per-
cent. The study predicts that the largest purchaser of these 
hybrid and electric trucks will be China, with sales driven 
primarily by government mandates. Consistent with these 
predicted trends, Dr. Mihai Dorobantu, the Eaton representa-

tive on the 21CTP hybrid team, has noted that Eaton’s sales 
of hybrid truck drivetrain equipment are very strong in China 
for MHDV applications such as city buses (see Figure 4-4), 
despite the fact that Eaton’s U.S. sales dropped to the point 
of causing it to suspend market activities in North America, 
as noted earlier in this chapter (Dorobantu, personal com-
munication, 2015). 

These sharply countervailing trends suggest that, while 
the technology and market barriers to hybrid MHDVs are 
currently high, particularly in North America, the long-
term international market opportunities are substantial. In 
this situation, the role of the 21CTP in applying its R&D 
resources to achieve positive long-term objectives could have 
a significant impact on the prospects for U.S.-based manu-
facturers to succeed in the future domestic and international 
markets for hybrid MHDVs.

21CTP Hybrid Team Restructuring

The 21CTP organization includes a hybrid team that con-
sists of representatives of 21CTP industry partner companies 
that have a commercial interest in hybrid drive components, 
subsystems, or complete vehicles. This hybrid team provides 
advice to the 21CTP executive committee and to the leader-
ship of the overall 21CTP program inside DOE. 

During its recent meetings in July and November 2014, 
members of the hybrid team reviewed the special challenges 
associated with the commercialization of MHDV hybrid 
drive equipment and the vehicles in which they are installed. 
An important topic of discussion during those meetings was 
that, beyond hybrid drives, “there are opportunities for effi-
ciency gains in the remainder of the drivetrain (conventional, 
automatic, or AMT transmissions, axles, etc.)” (21CTP-1, 
2014). Members of the hybrid team are now in the midst 
of reorganizing the group to broaden its focus to include 
advanced drivetrains. To this end, the currently proposed 
name of this reorganized team is the Hybrid and Drivetrain 

Figure 4-4
FIGURE 4-4 HD hybrid city buses in Jining City, China, built 
with Eaton hybrid drives. SOURCE: Eaton Corporation, “Eaton 
drops hybrids in North America,” Fleets & Fuels, June 26, 2013. 
http://www.fleetsandfuels.com/fuels/hybrids/2014/06/eaton-drops-
hybrids-in-north-america/.
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Working Group. Although the changes are not official, it 
is expected that the terms of the team restructuring will be 
worked out with the 21CTP leadership and completed by 
midyear in 2015. 

Some valuable insights into the objectives and future 
directions of this reorganized working group have been pro-
vided by Mihai Dorobantu, director of Technology Planning 
and Government Affairs in the Eaton Vehicle Group, who 
is a member of the current hybrid team (Dorobantu, 2014, 
personal communication). He has been actively involved 
in the team restructuring process and is well versed in the 
current status of hybrid MHDV technology and markets. 
According to Dr. Dorobantu, the current hybrid team mem-
bers collectively have a much better understanding of the 
capabilities of today’s hybrid technology in MHDVs as well 
as the commercial obstacles that it currently faces. At the 
same time, there is a much better understanding of the need 
to take a more integrated systems view of future MHDVs, 
including the role of the powertrain beyond the engine as 
well as the broader electrification trends that are affecting 
all forms of land transportation, including LDV automo-
biles. Armed with their years of collective experience in the 
hybrid MHDV field, the team members are proposing that 
the scope of the new working group should be broadened 
to include a wider variety of technologies that can provide 
cost-effective reductions in truck fuel consumption and 
GHG emissions. 

Questioned about the role of hybrids in the scope of the 
new working group, Dr. Dorobantu indicated that it was 
not the intention of the team members to eliminate hybrid 
technology from the 21CTP program since there are specific 
market segments (e.g., urban buses) and market locations 
(e.g., China) where hybrid technology is experiencing 
considerable market success. Instead, a goal of the new 
working group will be to determine how hybrid technology 
can be utilized in innovative ways as part of a broader pow-
ertrain electrification process to achieve critical technology 
breakthroughs that will be commercially successful in a 
wider range of MHDV classes and application categories. 
For example, Dr. Dorobantu expressed optimism about the 
longer-term market opportunities for advanced power train 
technology in HD Class 8 long-haul trucks because of emerg-
ing market trends toward regional-haul trucks with smaller 
engines that spend considerably more of their operating time 
in congested urban environments requiring frequent stops 
and starts.

Based on this discussion and other information provided 
by the 21CTP leadership cited above, it is apparent that 
one of the important achievements of this hybrid team 
restructuring, when completed, will be a greater focus on 
the interactions and potential integration of several key 
subsystems in the vehicle, starting with the engine. This 
proposed system focus contrasts with the current 21CTP 
strategy of focusing on the development of component 

technology, a topic that will be addressed in more detail 
later in this chapter.

Hybrid Vehicle Fuel Consumption and Emissions 
Certification

The fuel consumption and emissions certification of a con-
ventional diesel-powered MHDV is currently accomplished 
by running the engine over a combination of transient and 
steady-state operating conditions on an engine dynamometer. 
The certification process is considerably more complicated 
for hybrid trucks since the emissions cannot be accurately 
determined unless the complete hybrid powertrain, includ-
ing both the engine and the electric machine(s), is tested as 
an integrated unit. Progress has been made by the National 
Highway Traffic Safety Administration (NHTSA) and EPA 
in recent years toward defining alternative approaches to 
evaluating the fuel consumption and emissions of hybrid 
MHDVs using either simulation, dynamometer testing of 
hybrid drivetrain power packs without the rest of the vehi-
cles, or chassis dynamometer testing of the complete hybrid 
truck. However, these evaluation procedures are marginal for 
the Phase I MHDV fuel consumption and emissions regula-
tions issued in 2011 (EPA, 2011), hindering their ability 
to accurately evaluate the fuel consumption and emissions 
characteristics of production hybrid MHDVs.

Improved validation techniques will give the industry and 
the regulators the information needed to assure compliance 
with new fuel consumption and GHG emissions standards 
in a way that reflects the benefits that hybridization provides 
to vehicle performance. The need for these MHDV test 
procedures has been apparent for several years, providing 
the basis for one of the recommendations (Recommenda-
tion 4-8) in the NRC Phase 1 report (NRC, 2008). The cur-
rent committee received promising reports about the recent 
completion of the Vehicle Systems Integration Laboratory at 
ORNL,8 including reports that this facility will be used in the 
development of MHDV hybrid power pack test procedures 
in collaboration with EPA and other agencies. However, no 
specific date has been set for the completion and release of 
the new test procedures. 

Role of the Federal Government and the States

Hybrid Truck Incentives and Tax Credits

Incentives were established to help accelerate the devel-
opment and implementation of high-efficiency HD vehicles, 
taking the form of fuel consumption credits. More specifi-
cally, manufacturers earn credits for HD vehicles and engines 
they produce that exceed the fuel consumption standards. 
Credits are calculated at the end of each model year based on 

8 D. Smith, Vehicle Systems Integration (VSI) Laboratory, Oak Ridge 
National Laboratory, Presentation to the committee on November 18, 2014.
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the fleet average fuel consumption. A manufacturer is permit-
ted to average, bank, or trade credits that it accumulates by 
complying with the standards. Carbon dioxide (CO2) credits 
can be used to offset compliance with the nitrous oxide (N2O) 
and methane (CH4) vehicle standards (i.e., 0.10 g/bhp-hr 
N2O and 0.10 g/bhp-hr CH4 for engine testing of long-haul 
tractors and vocational vehicles in 2014 and beyond for 
compression ignition [CI] engines, and 2016 and beyond for 
spark ignition [SI] engines).

Several states have adopted incentives (NCSL, 2014) for 
the purchase of hybrid vehicles or for conversions. These 
state incentives take a variety of forms, including grants, 
rebates/vouchers, loans, tax credits, or tax exemptions. 
California has a hybrid truck and bus voucher program. 
New York has an alternative fuel vehicle voucher/incentive 
program. Colorado offers tax credits for either the purchase 
or lease of qualified vehicles or for qualified conversions. 
These Colorado credits apply to battery-electric and plug-
in hybrid-electric vehicles, hydraulic hybrid trailers, and to 
alternative fuel vehicles (AFV), including liquefied natural 
gas, compressed natural gas, liquefied petroleum gas or 
hydrogen. The Texas Clean Fleet Program (TCFP) offers 
grants to replace HD on-road diesel vehicles with alternative 
fuel and hybrid vehicles. 

The Federal Transit Administration (FTA) provides incen-
tives for mass transit buses, including those powered by 
conventional diesel engines (alone), hybrid powertrains, and 
by other types of nondiesel engines. The federal incentive is 
80 percent of the purchase price for buses with conventional 
diesel engines, plus 90 percent of the differential price for a 
bus equipped with a hybrid powertrain. If the bus is powered 
by a nondiesel (e.g., natural gas) engine, 82 percent of the 
differential price is covered by the federal incentives.

Fuel Efficiency Standards

In 2011 the EPA and NHTSA announced the Heavy-Duty 
National Program, establishing standards that reduce GHG 
emissions and improve the fuel efficiency for medium- and 
heavy-duty engines and vehicles. These standards require 
that the HD tractors used in tractor-trailer combinations for 
long-haul service reduce fuel consumption and GHG emis-
sions by 9 to 23 percent compared to their 2010 baseline 
values, starting in model year (MY) 2017 (EPA, 2011). The 
standards apply to HD long-haul trucks (Class 7 or 8), large 
pickup trucks (Class 2b), and vocational vehicles (Classes 2b 
to 8). The rules cover both engines and vehicles. 

Two approaches for phase-in of the 2018 standard have 
been established to provide manufacturers with some flex-
ibility on how they comply with the new standards. One of 
these is based on an engine averaging, banking, and trading 
(ABT) program and the other is based on a vehicle ABT 
program. Both programs are designed to apply with increas-
ing stringency during the 5-year period from MY 2014 to 
MY 2018.

The EPA and NHTSA together with CARB plan to extend 
the HD program beyond 2018 to achieve further reductions in 
fuel consumption and GHG emissions. In establishing these 
standards, the EPA will likely have to consider new technolo-
gies that are not currently in production such as advanced 
forms of hybridization.

RESPONSE TO RECOMMENDATIONS FROM THE NRC 
PHASE 2 REPORT 

H-2 Hybrid Goals. NRC Phase 2 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 avail-
able hybrid funds between heavy-duty and light-duty hybrid 
R&D technology to promote the R&D required for the devel-
opment of heavy-duty hybrid technologies, since heavy-duty 
hybrid requirements are significantly different from light-duty 
requirements. 

21CTP Response: DOE does not have specific hybrid goals for 
light-duty hybrids. Research and Development (R&D) and cor-
responding goals are for component technologies (e.g. batteries, 
electric motors, etc.). These technologies and the R&D advances 
should be scalable across vehicle weight classes in many cases.

Committee Comment on Response to 4-1

In the DOE 21CTP roadmap and technical white papers 
(21CTP, 2013), Section 2/10.1 summarizes six stretch goals 
for the MHDV Hybrid Group; these were originally formu-
lated and published in 2011 (DOE, 2011). The goals address 
motor technology, power electronics, energy storage, system 
optimization for MHDVs, and electrified power accessories. 
In response to a question posed by the committee to the 
21CTP management about the status of work on these stretch 
goals, the following response was received: 

Although we have not conducted a full planning effort for re-
viewing these goals and defining the specific budget required 
to meet each one, the Hybrid team has been revisiting the 
goals in light of the current and near-term future outlook for 
hybrid technology in commercial trucks (21CTP-1, 2014).

No further information has been received from the 21CTP 
management team regarding the results of the hybrid team’s 
efforts to revisit the goals, suggesting that a significant 
amount of uncertainty still exists in this area. It is important 
for these goals to be clarified as soon as possible so that 
definite plans can be made for accomplishing those goals.

H-3 Hybrid Goals. NRC Phase 2 Recommendation 4-2. The 
DOE should determine what is needed for the battery cells and 
other electric drive components in the ARRA-Transportation 
Electrification programs aimed at development and manufactur-
ing in the United States, as specified in the objectives of these 
programs.

***
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Partnership Response: The objective of the ARRA Trans-
portation Electrification grants are to demonstrate, collect 
data, and evaluate potential grid impacts of electric-drive 
vehicles that are ultimately produced in the United States. 
While DOE encourages domestic sourcing of components 
used in the vehicles, there is no requirement that the com-
ponents be manufactured in the United States.

Committee Comment on Response to 4-2

From the context of this recommendation and its asso-
ciated finding (Finding 4-1) in the NRC Phase 2 report, 
it appears that the Phase 2 report was recommending that 
DOE make an effort to deliver information about its battery 
and motor drive component development programs to the 
major industry recipients of ARRA-funded awards who were 
using the federal funding to develop both battery-electric and 
hybrid trucks and buses. No specific action was apparently 
taken by DOE in response to this recommendation, and the 
time that has now elapsed since the ARRA awards were made 
makes the recommendation moot at this point. 

H-4 Hybrid Emissions Certification. NRC Phase 2 Recom-
mendation 4-3. As partners of the 21CTP, EPA and DOT’s 
NHTSA should work with CARB to develop test procedures for 
the certification process for criteria emissions so that the emis-
sions 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.

Partnership Response: DOE agrees that the proposed test 
procedure development should be performed by EPA and DOT’s 
NHTSA.

Committee Comment on Response to 4-3

The importance of the development of these test pro-
cedures has been discussed earlier in this chapter and will 
not be repeated here. Recommendations to accelerate the 
development of these test procedures date back to the NRC 
Phase 1 report in 2008 and an updated version of this recom-
mendation is included in this report in order to spur further 
development of these certification procedures. 

H-5 Hybrid Business Case/Break-even Time. NRC Phase 2 
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 deter-
mine 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. Sec-
ond, 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.

Partnership Response: DOE is prepared to assist industry in 
these types of studies. DOE does not plan to conduct or initiate 
hybrid centric R&D programs. DOE’s focus is on electric-drive 
component R&D to develop technologies that can be integrated 
by manufacturers into advanced technology vehicles.

Committee Comment on Response to 4-4

There is significant value in taking a systems approach 
to designing hybrid drive systems for trucks, as was demon-
strated in the SuperTruck program results. At least two of the 
six stretch goals set by 21CTP for its hybrid truck program 
in 2011 are specifically focused on system optimization of 
MD and HD hybrid trucks (Goals 4 and 5), and the avail-
able evidence indicates that R&D efforts on systems-based 
objectives is justified. For example, the 21CTP federal agen-
cies, including DOE and EPA, are encouraged to make their 
vehicle simulation tools available to their industry partners to 
evaluate vehicle-level approaches to maximizing the benefits 
of hybrid drive systems for a variety of truck applications, in 
keeping with the 21CTP goals. Despite the ambitious quanti-
tative objectives set in the 21CTP stretch goals, opportunities 
for applying smaller microhybrid units in MDHVs to achieve 
more modest fuel consumption and emissions reductions 
should be included in these evaluations if they can achieve 
significant improvements in the value proposition for new 
mild hybrid truck configurations.

H-6 Revised Hybrid Goals. NRC Phase 2 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 find-
ings, 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.

21CTP Response: The Partnership concurs that planning for 
these updated goals is critical: the Partnership industry and 
government members will be working as a team to conduct these 
planning efforts and identify the appropriate parameters for suc-
cessful achievement of the goals, subject to available funding.
Ongoing research results will inform goal revisions. Two of the 
SuperTruck teams are developing and integrating full hybrid 
systems into Class 8 vehicles. In addition, ORNL will be install-
ing and testing a full heavy-duty hybrid system in a dedicated 
test cell. 21CTP will use these project findings to revise goals 
as appropriate.

Committee Comment on Response to 4-5

This recommendation is closely associated with Recom-
mendation 4-1. As noted in the Comment on Response 4-1, 
the 21CTP hybrid team has not developed a plan for address-
ing the six stretch goals and is now in the process of revisiting 
the goals in conjunction with the restructuring of the team.

***

***

***
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FINDINGS AND RECOMMENDATIONS

The MHDV hybrid propulsion initiative currently com-
prises a major thrust within the strategic approach defined 
for the 21CTP technology program. Despite some signifi-
cant technical accomplishments that have been cited in this 
chapter, the MHDV hybridization program finds itself at 
a crossroads with countervailing forces and some internal 
inconsistencies that the 21CTP leadership must acknowledge 
and resolve in order to set a clear direction for moving for-
ward. A couple of striking examples include these:

•	 The 2013 21CTP roadmap continues to place a high 
priority on hybridization in its technology plan for 
achieving major reductions in fuel consumption and 
emissions, yet no funding has been requested or allo-
cated to explicit MHDV hybrid R&D projects for the 
past 7 fiscal years. Although claims are made by the 
21CTP leadership that DOE expenditures on compo-
nent-oriented R&D for LDV hybrid drives is sufficient 
to meet the requirements for MHDV hybridization, the 
2013 21CTP roadmap document makes a special point 
of emphasizing the differences between the technology 
needs for LDV and MHDV hybrid systems (21CTP, 
2013).

•	 Several MHDV hybridization projects funded by 
federal agencies and private industry have clearly 
demonstrated that these hybrid systems can success-
fully deliver major reductions in fuel consumption and 
emissions, but the cost of the hybrid drive equipment 
does not meet typical payback period requirements set 
by the MHDV truck purchasers. In some of these cases, 
the breakeven period for the hybrid drive equipment 
falls well within the expected lifetime of the MHDV 
and its propulsion drive, even without applying any 
price on the carbon that is released. However, the 
tight payback period, 2 years or less, that is typically 
required by industry (CALSTART, 2010) significantly 
impedes the ability of MHDV hybrid drive equipment 
to succeed in the marketplace. Reasons cited by truck 
purchasers for insisting on such short payback periods 
include the high cost of capital and typically short 
new truck ownership periods of 3 to 5 years, with 
little confidence that the new buyers will compensate 
them for any premium-cost features that reduce fuel 
consumption.

The demonstrated long-term benefits of hybridization for 
reducing fuel consumption and emissions in several types 
of MHDVs are too large to ignore despite the cost barriers 
faced by many of today’s hybrid drive manufacturers for their 
commercial offerings. More stringent fuel consumption and 
GHG emissions standards for MD and HD trucks are now 
being developed by the federal government for the years 
beyond MY 2018, making it important for 21CTP to support 

the development of advanced technology, such as battery-
electric and hybrid drives, that will help to meet those goals. 
Unfortunately, the cost of hybrid drive equipment is not 
likely to fall sufficiently fast to meet payback requirements in 
the near future. The following findings and recommendations 
have been formulated with the objective of learning as much 
as possible from past and current 21CTP projects focused on 
hybrid MHDV equipment, and applying these lessons to the 
future development of more cost-effective hybrid systems 
that can overcome the current market barriers. 

Finding 4-1. The 21CTP is considering a proposal to 
restructure its hybrid team so that it can work on other 
drivetrain efficiency improvements, including other types 
of system integration opportunities that incorporate hybrid 
drive equipment.

Recommendation 4-1. The 21CTP hybrid team should use 
this opportunity to redefine its mission in a manner that will 
lead to vehicle efficiency and emissions reduction improve-
ments via a range of technology options, including promising 
opportunities for electrification and other types of innovative 
drivetrain improvements. During the course of this restruc-
turing, the six R&D stretch goals developed in 2011 for the 
MHDV hybridization program should be redefined as part 
of the development of strategic objectives of the restructured 
advanced drivetrain initiative. At the conclusion of this 
process, the 21CTP leadership, working together with DOE 
and the other 21CTP partner federal agencies, should make 
a serious effort to secure funding to pursue whatever goals 
emerge so that they have a realistic chance of being achieved.

Finding 4-2. Several manufacturers have commercialized 
MD hybrid trucks during the past several years and suc-
cessfully demonstrated their ability to significantly reduce 
fuel consumption and emissions, particularly in vocational 
and delivery truck applications. Despite this progress, the 
high cost of the hybrid drive train equipment and batteries, 
combined with dropping prices for natural gas and oil, have 
significantly retarded their market penetration in the United 
States. This has caused economic hardships for many hybrid 
truck manufacturers, causing a widespread reevaluation of 
the current hybrid truck business viability, at least in North 
America. At the same time, there is evidence that business 
opportunities for MHDV hybrid equipment are growing in 
other parts of the world, particularly in China, where govern-
ment mandates are having a major impact.

Recommendation 4-2. Recognizing the advantages that 
hybridization can offer in trucks, 21CTP should support the 
development of new technology that offers promise for sig-
nificantly improving the performance and cost-effectiveness 
of hybrid truck technology in the longer term. Project oppor-
tunities should be pursued to evaluate cost-effective vehicle 
electrification configurations for trucks, including hybrid 
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drives with optimized component ratings to minimize their 
payback periods in different vehicle classes and applica-
tions. This future work should take advantage of technology 
advances originally made and commercialized for light-
duty vehicles, including new battery technologies as well 
as opportunities for integrated microelectrification of truck 
functions such as start/stop operation, idle reduction, waste 
heat recovery, engine starting, and accessory electrification. 

Finding 4-3. Although EPA and NHTSA have made consid-
erable progress toward defining the certification procedures 
for fuel consumption and emissions in hybrid MHDVs, these 
procedures are still incomplete and imprecise in some impor-
tant areas, particularly with regard to chassis dynamometer 
testing of complete hybrid MHDVs, and dynamometer test-
ing of hybrid drivetrain power packs to determine their emis-
sions and fuel consumption performance.

Recommendation 4-3. 21CTP should make it a priority to 
encourage EPA and NHTSA to accelerate their efforts to 
strengthen and finalize procedures for certifying the fuel 
consumption and emissions of hybrid MHDVs, including 
procedures for chassis dynamomenter testing of complete 
hybrid vehicles and dynamometer testing of hybrid propul-
sion drivetrains alone. The 21CTP leadership is encouraged 
to work together with EPA and NHTSA to inform and edu-
cate the 21CTP stakeholders and the broader MHDV manu-
facturing community about the details of these procedures 
when they become available.

Finding 4-4. The 21CTP has articulated its strategy of 
depending on investments by DOE in the development of key 
components—that is, batteries, motors, and power electron-
ics—in light-duty hybrid vehicles, based on the argument 
that this technology will be applicable to hybrid MHDV 
drivetrains as well. However, statements in the 2013 21CTP 
roadmap and technical white papers document pointedly note 
the limitations of this approach because of key differences 
between the performance and lifetime requirements for the 
two types of vehicles, as well as differences in their operat-
ing environments.

Recommendation 4-4. The 21CTP should acknowledge that 
there are substantive differences between the hybrid drive 
requirements of LDVs and MHDVs, making it sensible to 
focus future hybrid MHDV investments on those components 
and subsystems where these differences exist and have the 
highest impact on the performance and cost of hybrid drives 
in MHDVs. This strategy should be combined whenever 
possible with efforts to design the hybridization equipment 
to accomplish multiple functions in the integrated drivetrains 
of future hybrid MHDVs.
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ANNEX 

Hybrid Buses

Heavy-duty Class 8 transit buses are particularly good 
candidates for hybrid technology owing to their frequent 
starts and stops for passenger pickups and drop-offs, com-
bined with occasional longer-distance trips to return to a 
terminal. In addition, their typical use in densely urban areas 
that often fail to comply with air quality standards increases 
their attractiveness because of the emissions reductions they 
can offer. 

Since the transit bus application is so well suited to 
hybridization, it has received considerable attention and 
growth. The 21CTP roadmap and white papers (21CTP, 
2013) provide details of some of the prior accomplishments 
and support for this hybrid vehicle application area. Impor-
tant past programs that have provided financial support in 
recent years include the National Fuel Cell Bus Program, 
from 2006 to 2010, the Transit Investments for Greenhouse 
Gas and Energy Reduction (TIGGER) in fiscal year 2011,9 
and emissions certification support for hybrid buses. For the 
latter effort, a final report was issued by the Federal Transit 
Administration in August 2013 on the emissions testing done 
at West Virginia University’s Center for Alternative Fuels, 
Engines and Emissions (Wayne, 2013). Data gathered during 
this program on emissions and fuel economy of hybrid transit 
buses up to model year 2009 are available at the Integrated 
Bus Information Systems (IBIS) website.10

Unlike the case for many of the other medium- and heavy-
duty truck classes, the technology of hybrid transit buses has 
matured to the point that significant numbers of buses with 
hybrid propulsion systems have been manufactured by sev-
eral companies and are now in daily use in many urban bus 
fleets in the United States and around the world. For example, 
the total number of BAE Systems transit bus hybrid electric 
propulsion systems manufactured and installed globally to 
date exceeds 4,500 units.11 The corresponding total number 
of hybrid electric propulsion systems manufactured for tran-
sit buses by Allison Transmission over the past 11 years is 
greater than 6,500 (Allison, 2015). 

However, there continue to be significant rebates and 
incentives available to purchasers of HD hybrid transit buses 
even today. The cost of a transit bus is paid 80 percent by 
the Federal Transit Authority in the United States. If the 
vehicle is a hybrid, the amount is 82 percent, or 90 percent 
of the differential, as stated by Bart Mancini, senior principal 
systems engineer at BAE Systems, in his presentation to the 

9 See TIGGER Program Overview at http://www.fta.dot.gov/12351_11424.
html.

10 See Integrated Bus Information System (IBIS) at http://ibis.wvu.edu.
11 B. Mancini, BAE Systems, “Electric-Hybrid Powertrains: Past, Pres-

ent, and Future,” presentation to the NRC Committee on Assessment of 
Technologies and Approaches for Reducing the Fuel Consumption of 
Medium- and Heavy-Duty Vehicles, Phase 2, December 4, 2014.

committee on December 4, 2014. Other countries are known 
to offer incentives as well. Yan Zhou and Thomas Stephens 
reported in the 2014 Annual Merit Review for DOE project 
VAN011 that China provides financial incentives of 420,000 
to 500,000 yuan for hybrid and battery-electric buses longer 
than 10 meters. They also reported significant volumes for 
hybrid and battery-electric bus production of 4,000 units in 
2010, growing to >10,000 units in 2013.

In November of 2014, Allison Transmission made 
announcements about its further development of hybrid 
bus products. These announcements included news of 
CARB’s approval for the pairing of the Allison H40/50 EP 
hybrid transmission with either the Cummins ISB6.7 or the 
Cummins ISL9 engines (Allison Transmission Holdings Inc., 
2014a) and a total electrification option for powering air 
conditioning, air compressors, and power steering (Allison 
Transmission Holdings, Inc., 2014b). 

In October 2014, BAE Systems announced that it would 
install four hybrid drive systems in buses for the City of 
Honolulu, where there are already 80 hybrid buses in the 
fleet of 525 (15 percent of the fleet). The buses are being 
paid for using American Recovery and Reinvestment Act 
funds (Cresenzo, 2014). The same announcement indicates 
that Hawaii is pushing to move more of its bus fleet to low-
emissions energy sources, including hydrogen fuel cells and 
batteries.

The third manufacturer in the IBIS list that has a history 
of producing hybrid transit bus transmissions, ISE, filed for 
bankruptcy in 2010 and then sold its assets to Bluways USA, 
a subsidiary of Bluways International in Belgium. ISE had 
sold 300 hybrid systems. No information on Bluways USA 
products is available online.12 

Some of the technical challenges that must be overcome in 
order for hybrid and battery-electric drives to achieve greater 
market penetration have much in common with those that 
face hybrid drives in other MD and HD truck applications. 
The most important of these is the challenge of building 
hybrid drives that cost much less than they do today in order 
to make them more economically attractive to cities and 
municipalities that face tightening budgets for future bus 
purchases. For battery-electric drives, improvements in the 
battery energy and power density characteristics are critical 
in order to extend the buses’ all-electric driving range and to 
improve their ability to absorb high peak regenerative brak-
ing power pulses without needing to use their mechanical 
brakes. Achieving these major battery performance improve-
ments without increasing their cost (or, better yet, while 
decreasing their cost) is one of the biggest challenges facing 
hybrid- and battery-electric drive systems for virtually all 
truck, bus, and passenger vehicle applications.

12 See www.bluways.com.
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5

Vehicle Power Demands

INTRODUCTION

Vehicle power demands are weight sensitive and encom-
pass the engine power used to overcome inertia, rolling resis-
tance, aerodynamic drag, drivetrain losses, and the power 
used for auxiliary loads. Figure 5-1 has often been used to 
summarize the vehicle power demands for a tractor-trailer 
with a gross vehicle weight (GVW) of 80,000 lb operating 
on flat terrain for 1 hour; the original paper used energy in 
units of kilowatt-hours (kWh) for each area rather than per-
centages (Woodrooffe and Vachon, 2000).

More recently, Figure 3-1 in Chapter 3 has been used to 
describe where the fuel energy goes. Beginning with 100 
percent of the energy in the left hand bar, it moves to show 
the energy lost in the cylinder to heat and out through the 
exhaust. The middle column shows the energy lost to fric-
tion, pumps, and other accessories on the engine needed to 
meet emissions certification. The column titled “accessories” 
shows energy used for auxiliary loads such as air condition-
ing. The fourth column shows the energy lost through inef-
ficiencies in the driveline, including the clutch, transmission, 
and axle. The fourth column shows the energy at the wheels 
and how it is used to propel the vehicle down the road or up 
a grade or to stop it.

Vehicle power demands are discussed in the NRC Phase 2 
report (NRC, 2012). The present report provides an update1 

1 For this section of the report, the following presentations to the com-
mittee were the source of information: D. Anderson, “Vehicle and Systems 
Simulation and Testing,” September 2014; J. Gibbs, DOE Office of Ve-
hicles Technologies, “NAS Review of VTO Materials Program in Support 
of 21CTP,”on September 3, 2014; A. Greszler, Vehicle Systems. Volvo 
Group Truck Technology, “SuperTruck: Development and Demonstration 
of a Fuel-Efficient Class 8 Highway Vehicle,” on May 15, 2014; D. Kayes, 
D. Rotz, and S. Singh, SuperTruck Team, Daimler Trucks North America 
(DTNA), on May 14, 2014; G. Fadler, Navistar, “Navistar Fuel Economy 
and Emissions,” presentation to the NRC Committee on Assessment of 
Technologies and Approaches for Reducing the Fuel Consumption of Me-
dium- and Heavy-Duty Vehicles, Phase 2, 2013; K. Howden, DOE VTO, 
“Overview and Update of 21CTP Responses to NRC Recommendations,” 
May 14, 2014; G. Keller, ANL, “Update on Idling Reduction Activities,” 

and delineates the 21st Century Truck Partnership (21CTP) 
technology goals for each of the vehicle power demand 
areas addressed by the Partnership; the present report then 
addresses each of these areas in separate sections: (1) aero-
dynamics, (2) tire rolling resistance, (3) auxiliary loads, 
(4) weight reduction, (5) thermal management, and (6) 
friction and wear. It should be noted that there are a limited 
number of activities related to vehicle power demands under 
the umbrella of 21CTP since many of these areas are being 
addressed by the SuperTruck projects. Additional material 
related to vehicle power demands is found in Chapter 4 on 
hybrid vehicles and Chapter 8 on the SuperTruck program. 

The previous report (NRC, 2012) and discussions in 
the industry focus on vehicle power demands from the 
net output of the engine while driving at highway speeds 
on level ground with a fixed load. The various uses of the 
engine power (overcoming rolling resistance, overcoming 
aerodynamic drag, power train losses, auxiliary loads) were 
categorized and sized along with details of their efficiency. 
As regulations for emissions and fuel consumption have 
advanced, the effects of energy density of the fuel used and 
the specifics of the drive cycle have become important. Fleets 

September 4, 2014; E. Koeberlein, Cummins/Peterbilt, “Cummins Super-
Truck Program: Technology and System Level Demonstration of Highly 
Efficient and Clean, Diesel Powered Class 8 Trucks,” May 14, 2014; T. 
Reinhart, Southwest Research Institute, “Technologies for MD/HD GHG 
and Fuel Efficiency,” November 18, 2014; K. Stork, DOE Vehicle Technolo-
gies Office, “Overview of the DOE Fuel and Lubricant Technologies R&D,” 
September 3, 2014; Spears, Environmental Protection Agency and National 
Highway Traffic Safety Administration, “Looking Ahead to the Next Phase 
of Heavy-Duty Greenhouse Gas and Fuel Efficiency Standards,” September 
3, 2014; V. Sujan, Cummins, Inc., “SuperTruck: Vehicle Modeling, Optimi-
zation and Cycle Management,” August 28, 2014; R. Zukouski, Navistar, 
“SuperTruck–Development and Demonstration of a Fuel-Efficient Class 
8 Tractor and Trailer,” November 18, 2014. The following Annual Merit 
Reviews were also the source of information: Ajayi et al., 2014; Benedict, 
2014; Birky, 2014; Cox, 2014; Deter, 2014; Fenske et al., 2014; Gonder, 
2014; Kambiz, 2014; Karbowski et al., 2014; Kim and Rousseau, 2014; 
Lustbader, 2014; Lustbader and Kiss, 2014; Martin et al., 2014; Meyer, 
2014; Rask, 2014; Rugh, 2014; Stephens, 2014; Walkowicz, 2014a, b.
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continue to work to reduce fuel costs over their drive cycles 
using a variety of component technologies, including fleet 
management systems and systems to monitor and control 
driver behavior (Technology and Maintenance Council, 
2014). There is a need for a reevaluation of the overall energy 
use for a vehicle. The committee believes it is more appropri-
ately called the Vehicle Energy Demand Over a Drive Cycle. 

Recognizing the changes that are occurring, the Partner-
ship updated the goals for fuel consumption in the 2013 
publication of its Roadmap and Technical White Papers 
(2013). The roadmap provides a description of a baseline for 
“average power use inventory” and forward- looking goals 
in Figures 5, 6, 7, and 8 of that document. These enhanced 
goals take into account the varying applications of Class 6 
through Class 8 vehicles; are very specific in terms of the 
assumptions for weight; include idling fuel used; and use 
specific fuel consumption in energy units. However, the 
specification of drive cycles, including speed, terrain, and 
24-hour operation, is less precise. Also, the goals do not 
include the effect of energy density of the fuel used and do 
not allow for other energy sources such as solar power or off-
board electrical connections. This restatement of the goals 
in the white papers is a good step. In particular, it is the first 
attempt to specify load-specific fuel consumption and to take 
account of the current Environmental Protection Agency/ 
National Highway Traffic Safety Administration (EPA/
NHTSA) regulations on fuel consumption and greenhouse 
gas (GHG) emissions for medium- and heavy-duty vehicles 
(MHDVs) through model year 2018. Further work is needed 
to ensure research is done in the right areas to achieve real-
world savings (NRC, 2014).

Finding 5-1. Current regulations for MHDVs on fuel con-
sumption and load-specific fuel consumption are in place 
through model year 2018. The continuing improvement in 

reducing fuel consumption calls for a new baseline of vehicle 
energy demands over a drive cycle based on real-world 
operation. This new baseline would take into account such 
factors as load, grade, speed, torque, distance-based target 
schedules, and drive cycles over an extended period of time 
as well as rest periods required by law. The 21st Century 
Truck Partnership has taken a step forward in redefining a 
new baseline with the proposed average power use inventory 
in the 2013 roadmap and technical white papers.

Recommendation 5-1. The Partnership, through DOE and 
NHTSA, should work with the California Air Resources 
Board (CARB) and the trucking industry to work out a 
comprehensive new baseline for vehicle power demands 
(in kilowatt-hours) of a circa 2020 vehicle that include an 
extended period of operation.

GOALS AND SELECTED RELEVANT PROJECTS

The 21CTP Roadmap and Technical White Papers (2013) 
offer five technology goals for vehicle power demands.

Technology Goal 1: Develop and demonstrate advanced 
technology concepts that reduce the aerodynamic drag of a 
Class 8 highway tractor-trailer combination by 20% (from 
a drag coefficient of 0.69 to 0.55). Evaluate a stretch goal 
of 30% reduction in aerodynamic drag (from Cd=0.69 to 
Cd=0.48). The baseline for this goal is the proposed EPA/
NHTSA baseline of Cd=0.69 with 9.2 m2 frontal area for a 
conventional Class 8 tractor with high roof sleeper.

Technology Goal 2: Develop and demonstrate low rolling 
resistance tires that can reduce vehicle rolling resistance 
and wheel weight for a Class 8 tractor-trailer. Demonstrate 
35% reduction in rolling resistance from Crr=8.2 kg/metric 
ton for drive wheels to a goal of Crr=5.33 kg/metric ton. The 

FIGURE 5-1 Energy “loss” range of vehicle attributes as impacted by duty cycle, on a level road. SOURCE: NRC (2010), Figure 5-8.
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baseline for this goal is the EPA/NHTSA proposed baseline 
for a Class 8 tractor/trailer equipped with low rolling resis-
tance dual tire drive wheel configurations having Crr=8.2 
kg/metric ton.

Technology Goal 3: Develop and demonstrate technologies 
that reduce essential auxiliary loads by 50% (from current 
20 horsepower to 10 horsepower) for Class 8 tractor-trailers. 
The baseline for this goal is a Class 8 highway tractor/trailer 
with sleeper operating 5 day over-the-highway operations at 
36,000 kg (80,000 pounds) CGVW.

Technology Goal 4: Develop and demonstrate lightweight 
material and manufacturing processes that lead to a 10% 
reduction in tare weight for a 15,500 kg (34,000 pounds) 
tractor/trailer combination. Establish a long-term stretch goal 
of reducing combined vehicle weight by 20%. The baseline 
for this goal is a Class 8 highway tractor/trailer with high 
roof sleeper and dry van trailer capable of 36,000 kg CGVW.

Technology Goal 5: Thermal Management & Friction and 
Wear. Increase heat-load rejected by thermal management 
systems by 20% without increasing radiator size. Develop 
and demonstrate parasitic friction reduction technologies that 
reduce driveline losses by 50%, thereby improving Class 8 
fuel efficiencies by 3%. The baseline for this goal is a Class 8 
highway tractor/trailer with sleeper operating at steady state 
65 mph at 36,000 kg CGVW.

The technology goals are well stated, specific, and mea-
sureable. A timeline of 10 years is given in Section 3 of the 
Roadmap and Technical White Papers, which takes the goals 
to 2023 from the date of publication (21CTP, 2013). Com-
ments on the goals are relegated to the sections in this chapter 
that address the different technical areas.

In many ways, the efforts of the four SuperTruck projects 
are addressing many of the opportunities to reduce vehicle 
power demands. Nevertheless, there are continuing efforts 
associated with individual projects, mostly funded by DOE, 
that address these areas as well and which are the focus of 
this chapter. As pointed out in Chapter 1, the committee is not 
charged with reviewing every project in the 21CTP portfolio, 
but it has instead addressed a subset of key projects that were 
presented to it at its meetings, as well as information gathered 
from the DOE Annual Merit Review and other publications. 
Table 5-1 lists the projects affiliated with the 21CTP that are 
addressed in this chapter, with associated estimates of DOE 
funding for 2012-2014.

AERODYNAMICS

Aerodynamic losses, expressed in such terms as horse-
power, are directly proportional to the coefficient of drag 
(Cd), the frontal area, and the velocity of the vehicle cubed 
(NRC, 2010, 2012). At highway speeds, especially above 
50-60 mph, such losses are pronounced. However, fleets 
report slower overall speeds. A study by the Federal Highway 

Administration, Freight Performance Measurement: Travel 
Time in Freight-Significant Corridors (FHWA, 2005), shows 
speeds less than 60 miles per hour. As one would expect, the 
speeds near urban centers are often less, as documented in 
Freight Performance Measures Analysis of Freight-Signifi-
cant Highway Locations–2013 (ATRI, 2013b). The distribu-
tion of speeds is significant for determining the potential for 
aerodynamic savings. The concept of a weighted aerody-
namic-average speed (WAAS) (NRC, 2010) and the desire 
for real-world fuel savings (NRC, 2012) indicates the need 
for information on actual operation of vehicles.

The EPA SmartWay program turned 10 years old in 
2014. In the spring of 2014, EPA announced a new program, 
SmartWay Elite Trailers (EPA, 2014). This moved the bar 
from a 5 percent reduction to a 9 percent reduction in fuel 
consumption from trailer aerodynamic devices and modified 
the test criteria to make them more repeatable and stringent. 
The EPA/NHTSA regulations for fuel consumption and 
GHG emissions could also address trailer aerodynamics 
and rolling resistance, as recommended in Technologies and 
Approaches to Reducing the Fuel Consumption of Medium- 
and Heavy-Duty Vehicles (NRC, 2010). New products are 
being introduced into the market, including ones with aero-
dynamic improvements.2

While dry-van trailers are the most popular trailers, the 
concept work done by DOE on tanker trailer aerodynamics is 
a good step toward understanding how other trailer types can 
be improved (Kambiz, 2014).3 The project, Heavy Vehicle 
Aerodynamic Improvements (VSS006), at Lawrence Liver-
more National Laboratory (LLNL), had a budget of $900,000 
in FY 2013 and $600,000 in FY 2014. Its objective was to 
provide guidance to industry to improve the fuel efficiency 
of Class 8 tractor-trailers and tankers through enhanced 
aerodynamics. Project VSS006 proposed an integrated 
tractor-trailer design, new from the ground up, that radically 
decreases aerodynamic drag and improves fuel efficiency. It 
designed a first-generation integrated tractor-trailer geometry 
and performed wind tunnel tests of selected aerodynamic 
devices to improve fuel efficiency. Plans are to conduct 
scaled experiments to design and validate the performance 
of aerodynamic treatments of an integrated tractor-trailer 
including improving the aerodynamics of tankers. Accom-
plishments to date include full-scale wind tunnel testing of 
two tractors, three trailers, and 23 devices. DOE has also 
completed testing on a track and collected on-the-road per-
formance information. Funding for FY 2015 and beyond 
was not discussed. The proposed focus on improving the 
aerodynamics of trailer configurations other than dry vans is 

2 Vehicle OEMs have introduced new products with aerodynamic im-
provements in the last 2 years. Several announcements include DTNA’s 
Freightliner Cascadia Evolution and its Western Star 5700 XE; the Kenworth 
T680; Peterbilt’s 579 EPIQ; Volvo Trucks’ 2016 VN; and the Navistar ES.

3 Also, D. Anderson, “Vehicle and Systems Simulation and Testing,” 
presentation to the committee, September 2014.
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good and should include actions that can be taken to improve 
existing trailers, not just new trailers.

As for Technology Goal 1, which relates to aerodynamic 
drag, it could go further by taking into account the achieve-
ments of the SuperTruck program (a 40 percent improvement 
from a 2009 vehicle baseline) and current product offerings. 
While public information on the Cd for commercial vehicles 
is not readily available, with current regulations for GHGs 
and load-specific fuel consumption, it should be possible to 
estimate current values from the greenhouse gas emissions 
model (GEM) data, or to gather data on the Cd of commercial 
vehicles.

Response to Recommendations from NRC Phase 2 Review

R5-1 NRC Phase 2 Recommendation 5-1. Vehicle Aerody-
namics: The Partnership should consider setting an aerody-
namic drag stretch goal of 40 percent instead of 30 percent.

21CTP Response: The Partnership is aware of the NRC’s recent 
work on heavy truck fuel consumption for EPA and NHTSA and 
the results of that work. The Partnership’s work acknowledges 
the importance of trailers to the operational efficiency of the 

vehicle, and has made efforts to include trailer efficiency con-
siderations in its SuperTruck research activities, from a vehicle 
systems perspective. The Partnership periodically reviews its 
goals and objectives to ensure they are in alignment with current 
technology progress and government agency research plans. Su-
perTruck research results will help inform future aerodynamic 
goal revisions. As information about the technology status of 
the aerodynamics work within SuperTruck becomes available, 
the Partnership will re-examine its goals for aerodynamics and 
adjust as necessary to provide the appropriate stretch targets.

Committee Comment on 5-1

The Partnership has not accepted a 40 percent stretch goal 
and has put the greatest part of its effort into the SuperTruck 
program. This program is focused on an idealized tractor-
trailer combination rather than a real-world mix of tractors 
and trailers. It is indeed possible for improvements in the 
tractor aerodynamics to result in increased fuel consumption 
if the tractor is connected to a nonoptimized trailer. While 
not accepting the stretch goal, the Partnership’s new goals 
are based on the EPA/NHTSA regulatory numbers, which set 
out the Cd and frontal area requirements in specific numbers.

TABLE 5-1 DOE Funding for Selected 21CTP Projects Related to Vehicle Power Demand (dollars)

Public Review Project Title Project ID 2012 Funding 2013 Funding 2014 Funding Note

DOE/DOD Parasitic Energy 
Loss Collaboration

VSS005  250,000  200,000  170,000 

DOE’s Effort to Reduce Truck 
Aerodynamic Drag through Joint 
Experiments and Computations

VSS006  650,000  900,000  600,000 

Development of High-Power-
Density Driveline for Vehicles

VSS058  350,000  300,000  350,000 

CoolCab Test and Evaluation 
and CoolCalc HVAC Tool 
Development

VSS075  225,000  700,000  300,000 

Materials Approach to Fuel 
Efficient Tires 

VSS084  186,000  675,000  167,000 Project to end in FY 
2014

System for Automatically 
Maintaining Pressure in a 
Commercial Truck Tire 

VSS085  571,189  713,810  161,535 Project will end in FY 
2015

Aerodynamic Lightweight Cab 
Structure Components

LM060 365,000 280,000 65,000

Improving Fatigue Performance 
of AHSS Welds

LM062 355,000 125,000 150,000

Fleet DNA VSS119  400,000  500,000  325,000 

NOTE: See Appendix D for complete list of projects associated with 21CTP. AHSS, advanced high-strength steel; HVAC, heating, ventilation, and air con-
ditioning.
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Finding and Recommendation

Finding 5-2. The research on aerodynamics, in the Super-
Truck program and at LLNL, has focused on idealized, 
integrated tractor-trailer configurations of both dry van and 
tanker configurations. It has provided useful data that are 
influencing current and future designs to achieve reduced 
aerodynamic drag and fuel consumption. Since trailers have 
long useful lives (15-20 years), research on modifications 
to existing trailers is needed to accelerate fuel consumption 
savings.
 
Recommendation 5-2. The technology goal and research 
aerodynamics should focus on achieving a Cd of 0.48 for a 
new high-roof sleeper tractor pulling a new or existing trailer 
that is certified to be SmartWay Elite.4 

TIRE ROLLING RESISTANCE

Tires are critical to both safety and fuel consumption. 
Tire pressure, tread design, temperature effects, sidewall 
strength, durability, and materials are some of the factors 
that must be considered. Rolling resistance will continue to 
be a power demand for a Class 8 vehicle driving down the 
road at highway speeds. A reduction in fuel consumption 
with a 30 percent reduction in rolling resistance is possible 
based on research sponsored by NHTSA in support of the 
Phase 2 regulatory effort on fuel consumption and GHGs 
for MHDVs.5 

A figure from Michelin included in the NRC Phase 2 
report (2012) shows rolling resistance for tires in different 
axle positions on the vehicle. An update to this was presented 
to the NRC Committee on Technologies and Approaches for 
Reducing the Fuel Consumption of Medium- and Heavy-
Duty Vehicles, Phase 2, in November 2013.6 It shows the 
biggest improvement in drive axle tires, with a reduction 
in the coefficient of rolling resistance (Crr) of 9.5 percent. 
However, it shows an increase in Crr for the steer axle. 
This could be due to the regulations for reduced stopping 
distance, which put additional constraints on the steer axle 
weight. Figure 5-2 does suggest that wide-based single tires 
could achieve a Crr of about 5.3, a 20 percent improvement 
over the Crr of 6.6 listed for the drive axle. It appears that it 
will take considerable effort to achieve a Crr of less than 5 

4 A SmartWay Elite trailer is an EPA-designated 53-ft box dry-van or 
refrigerated trailer that achieves 10 percent or more fuel savings compared 
to a traditional trailer. Nine percent of the reduction comes from aerody-
namic devices.

5 T. Reinhart, SouthWest Research Institute, “Technologies for MD/HD 
GHG and Fuel Efficiency,” presentation to NRC Committee on Assessment 
of Technologies and Approaches for Reducing the Fuel Consumption of 
Medium- and Heavy-Duty Vehicles, Phase 2, April 29, 2014.

6 S. Lew, Michelin North America, Inc., “Test Methods for Truck Tire 
Rolling Resistance and Reducing Fuel Consumption of M-D and H-D Ve-
hicles,” Presentation to the Committee on Assessment of Technologies and 
Approaches for Reducing the Fuel Consumption of Medium- and Heavy-
Duty Vehicles, Phase 2, on November 21, 2013.

kg/tonne. It should be emphasized that an important design 
trade-off is to understand the effect on stopping distance as 
the rolling resistance is reduced, along with consideration of 
other tire design factors.

Two projects related to tire rolling resistance that the Part-
nership notes fall under the 21CTP umbrella were reported 
at the DOE Annual Merit Review in 2014—namely, Project 
VSS084 (Martin et al., 2014) and Project VSS085 (Benedict, 
2014). 

The project VSS084, A Materials Approach to Fuel Effi-
cient Tires, is exploring the use of both tire barrier coatings 
and tire filler. This project at PPG Industries is a way to 
improve the tire rolling resistance and overall fuel efficiency 
by at least 2 percent. Goodyear will be involved in the evalu-
ation work. The goal of the coatings work is improved fuel 
efficiency by maintaining tire pressure. The goal of the filler 
work is improved tread wear without increasing rolling 
resistance. Currently candidate fillers are under evaluation by 
Goodyear. A barrier coating has been applied to tires. This 
project was started in October 2011 and ended in September 
2014. The total project funding was $2,046,503; the DOE 
part is $1,485,851.

The project VSS085, System for Automatically Maintain-
ing Pressure in a Commercial Truck Tire, aims to improve 
fuel use through maintenance of tire inflation. Other aims 
will be to extend tire life and improve safety. Technical 
accomplishments to date include component optimization, 
laboratory testing, and on-vehicle system testing. The project 
started in October 2011 with an end of May 2015 but it was 
extended through June 2016. The budget provided by DOE 
is $1,499,771; Goodyear provided $2,572,953 (Benedict, 
2014).

Tire rolling resistance can easily vary ±5 percent when 
inflation pressures vary by ±20 percent (Figure 5-3). 
Kleffmann7 also discussed the impact of rib pattern, winter 
tread pattern, tread depth, and footprint. Work is accordingly 
needed to address tire pressure maintenance and monitor-
ing and inflation systems. The North American Council for 
Freight Efficiency (NACFE) has published a tire pressure 
systems confidence report (NACFE, 2013). 

Response to Recommendations from the NRC Phase 2 
Review

NRC Phase 2 Recommendation 5-2. Wide-Base Single Tires 
and Rolling Resistance Goal: 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, 
since improved-performance trailer tires are equally important 
to realizing the full benefit of reduced rolling resistance designs. 
This benefit can be achieved by combining the EPA base values 

7 Jens Kleffmann, Continental, “Effect of Tire Inflation on Rolling 
Resistance,” Presentation to NRC Committee on Assessment of Technolo-
gies and Approaches for Reducing the Fuel Consumption of Medium- and 
Heavy-Duty Vehicles, Phase 2, on November 21, 2013.
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FIGURE 5-2 Some ranges of Crrs for heavy truck tires. SOURCE: S. Lew, Michelin North America, Inc., “Test Methods for Truck Tire 
Rolling Resistance and Reducing Fuel Consumption of M-D and H-D Vehicles,” Presentation to the Committee on Assessment of Technolo-
gies and Approaches for Reducing the Fuel Consumption of Medium- and Heavy-Duty Vehicles, Phase 2, on November 21, 2013. NOTE: 
The Crr is dimensionless and can be expressed as kg/tonne or newton/kilonewton.

FIGURE 5-3 Typical dependency of rolling resistance on inflation pressure for a 22.5 in. tire. SOURCE: J. Kleffmann, Continental, “Effect 
of Tire Inflation on Rolling Resistance,” Presentation to NRC Committee on Assessment of Technologies and Approaches for Reducing the 
Fuel Consumption of Medium- and Heavy-Duty Vehicles, Phase 2, November 21, 2013.
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for steer and drive tires in the EPA/NHTSA GHG rule, with an 
assumed trailer tire Crr value of about 0.0072.

21CTP Response: The Partnership concurs that a systems view 
of tire rolling resistance (including both tractor and trailer tires) 
is important to realizing the benefits of these tire technologies, 
and will take this into consideration when reviewing and revis-
ing Partnership goals. DOE, as a member of the Partnershi¡p, 
has initiated three tire technology projects in FY2012 (cross-
cutting between light duty and heavy duty vehicles) that target 
2% fuel consumption reduction for the full vehicle from rolling 
resistance improvements and automatic tire inflation.

Committee Comment on Response to 5-2

The Partnership has not specifically addressed trailer tires. 
However, the EPA SmartWay and SmartWay Elite programs 
do address trailer tires (Waltzer, 2014). At the 2015 SAE 
government/industry meeting, Anthony Erb of EPA pre-
sented test data confirming the relationship between reduc-
tions in rolling resistance and the amount of fuel decrease 
to be expected (Erb, 2015). Roughly a 10 percent reduction 
in rolling resistance provides a 2-3 percent improvement in 
fuel consumption on test road conditions according to SAE 
fuel consumption test procedures. Real-world savings will 
be less.

NRC Phase 2 Recommendation 5-3. Wide-Base Single Tire 
Retrofits: The 21CTP should consider producing a comprehen-
sive summary that can be updated giving the prescriptions and 
precautions that carriers should consider when retrofitting NG-
WBSTs onto original equipment axles fitted with dual wheels 
and tires. This effect might best be managed in conjunction with 
the American Trucking Associations’ (ATA’s) Technology and 
Maintenance Council, which has drafted such a Recommended 
Practice and is a specialist in creating directives for ATA mem-
bership (ATA, 2007).

21CTP Response: The Partnership agrees that safety is ex-
tremely important when considering retrofits of NGWBS tires 
on existing trucks. The Partnership would encourage the use 
and promotion of Technology and Maintenance Council Rec-
ommended Practices to address this issue, and will consider 
addressing relevant safety concerns in the white papers and other 
21CTP documentation addressing the use of next-generation 
wide-base single (NGWBS) tires.

Committee Comment on Response to 5-3

The Partnership expressed agreement with this recom-
mendation, but specific examples of providing information 
are not known. The NRC (2010) report on medium- and 
heavy-duty vehicles addressed tires in general and tires 
for trailers in particular in Chapter 6. Next-generation 
wide-based single (NGWBS) tires are addressed, including 
barriers to further adoption of this technology. Based on 
presentations during that study, there has been improvement 
in the rolling resistance of dual tires as well.

NRC Phase 2 Recommendation 5-4. Wide-Base Single Tires 
Rolling Resistance Test Procedure: 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 adop-
tion 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 inter-laboratory data exist. 

21CTP Response: The Partnership agrees that identifying and 
addressing barriers to NGWBS tire acceptance are critical in 
expanding the use of this technology to improve truck efficiency. 
The Partnership will consider the possibility of conducting 
a study of barriers, subject to available resources. Truck tire 
manufacturers at present do not correlate rolling resistance 
measurements among one another to any large extent: this may 
be due to the fact that rolling resistance has not been a specifica-
tion provided to tire manufacturers by the vehicle OEMs. (In the 
case of light-duty tires, the vehicle OEM considers tire rolling 
resistance to be a very important performance requirement.) 
This may change as new truck fuel consumption regulations 
are imposed, and the need for lower rolling resistance tires 
increases. It should be noted that the ISO 28580 standard calls 
for a reference laboratory, but this has not yet been identified. 
The Partnership agrees that lack of consistent rolling resistance 
measurement could be a barrier to increased acceptance of 
NGWBS tires, along with the lack of education for fleets and 
owner-operators on the benefits of low rolling resistance tires. 
Absent any requirements to provide rolling resistance informa-
tion at the point of sale, this information is not generally avail-
able to the tire purchaser.

Committee Comment on Response to 5-4

The Partnership acknowledged the issue of consistent 
determination of rolling resistance among manufacturers 
and using ISO 28580 as important, but it took no action. As 
a result of the NHTSA/EPA GHG 2014 regulations requiring 
rolling resistance as an input to the GHG emissions model 
(GEM) for MHDVs, vehicle OEMs responsible for these 
vehicles have worked with the tire manufacturers to resolve 
this issue (NRC, 2014).8

Finding and Recommendations

Finding 5-3. Tire technology and design are heavily invested 
in by the private sector and will continue to be worked on as 
NHTSA and EPA implement fuel consumption regulations 
for MHDVs. 

8 S. Lew, Michelin North America, Inc., “Test Methods for Truck Tire 
Rolling Resistance and Reducing Fuel Consumption of M-D and H-D Ve-
hicles,” Presentation to the Committee on Assessment of Technologies and 
Approaches for Reducing the Fuel Consumption of Medium- and Heavy-
Duty Vehicles, Phase 2, on November 21, 2013.

***

***



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

92 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, THIRD REPORT

Recommendation 5-3. Although fuel consumption can 
be reduced with reductions in tire rolling resistance, the 
limits to such reductions must be carefully weighed against 
tire traction and the ability of vehicles to attain safe stop-
ping distances. Technology Goal 2 should be revised to 
include an analysis of the impact of reduced aerodynamic 
drag as well as a metric for the ability to safely stop the 
vehicle within current regulations. The Partnership should 
work to make tire rolling resistance data available to retail 
purchasers.
 
Recommendation 5-4. The Partnership should assess the 
current proprietary research being conducted by tire manu-
facturers to determine what gaps, if any, need to be filled 
by government-sponsored research. The focus should be 
on analytical tools that can be used to quantitatively assess 
results and identify directions for further improvements in 
low rolling resistance, traction for starting, stability control, 
stopping distance, tire inflation, life, and retreading.

AUXILIARY LOADS

Auxiliary and accessory loads will become more impor-
tant in the future as regulations tighten and improvements 
are made in the engine and other parts of the vehicle. A clear 
definition of what constitutes an auxiliary load is needed to 
focus efforts and to avoid double counting improvements. 
Multiple definitions exist in the report Technologies and 
Approaches to Reducing the Fuel Consumption of Medium- 
and Heavy-Duty Vehicles (NRC, 2010). One definition 
related to Figure 4-1 in that report suggests that acces-
sories are traditionally gear- or belt-driven by a vehicle’s 
engine (examples include the water pump, air compressor, 
power-steering pump, cooling fans, and the air-conditioning 
system). Another reference noted in Figure 5-1 says that 
accessories are essential to engine operation, such as the 
fuel pump, water pump, and oil pump, while auxiliary loads 
are accessories used in a vehicle’s operation, such as power 
steering, an air compressor, a cooling fan, and an air-condi-
tioning compressor (NRC, 2010). This suggests that several 
items may be thought of as both an accessory and an auxil-
iary load.9 Even though the engine is controlled by various 
electronics with sensors and actuators, the alternator is not 
part of this test, because the electronics are run from an off-
board power source. In 2013, the Partnership introduced its 
roadmap and technical white papers, including the concept 
of “essential auxiliary loads” without a full description of the 
terminology (21CTP, 2013). The Truck and Engine Manu-
facturers Association (EMA) has been contacted to clarify 
the issue of what is included in the certification of an engine 
and what is an accessory (see regulatory reference quoted 

9 Dave Merrion, Chairman of Merrion Expert Consulting, LLC, suggests 
an accessory is a load needed to pass the engine certification test (personal 
communication, January 14, 2015).

in the Annex at the end of this chapter). Of significance is 
the statement, “use good engineering judgment to simulate 
all engine work inputs and outputs as they typically would 
operate in use.” This statement leaves open to estimates and 
engineering judgment several of the accessory loads on the 
engine and auxiliary loads on the vehicle. 

Irrespective of whether something is an accessory or 
an auxiliary load, Project VSS133, “Cummins MD & 
HD Accessory Hybridization CRADA” (not included in 
Table 5-1) is addressing electrification of auxiliary loads 
(Deter, 2014; see Chapter 4). It was started in July 2013 and 
was scheduled to have ended in July 2015. It appears to be 
behind schedule as only 15 percent completion was reported 
in the 2014 Annual Merit Review (AMR), and a portion of 
spending is expected to be completed in the first half of 2015. 
Progress on this project is intertwined with the progress on 
Project VSS035, the Vehicle Systems Integration (VSI) proj-
ect at Oak Ridge National Laboratory (see Chapter 4). The 
focus of that project is more to address hybrid certification 
testing options for hybrids for the next phase of regulations. 
It does not appear to address whether the models conform 
to real-world results.

Response to Recommendations from the NRC Phase 2 
Review

R5-5 NRC Phase 2 Recommendation 5-5. Auxiliary Power 
Demands R&D: The Partnership should renew R&D efforts 
to further reduce fuel consumption related to auxiliary power 
demands. 

21CTP Response: The Partnership should monitor auxiliary 
load improvements resulting from the SuperTruck projects.

Committee Comment on Response to 5-5

The Partnership has improved the description of its goals 
related to auxiliary loads by specifying that the 50 percent 
improvement is from a baseline of 20 horsepower to 10 
horsepower and by updating the power use inventory. The 
SuperTruck program defines a 24-hour cycle of use that 
addresses auxiliary power demands related to hotel loads. 
Some SuperTruck teams have addressed other loads such as 
the air compressor and power steering system. More work is 
needed in this area. In particular, auxiliary power demands 
need to be better defined to avoid excessive claims of per-
centage improvements by suppliers.

Finding and Recommendation

Finding 5-4. The inconsistency in definitions of parasitic, 
accessory, essential auxiliary, and auxiliary loads creates 
confusion around assessments of where improvements can 
be made. The relative contribution of such loads will increase 
in the future.
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Recommendation 5-5. The 21st Century Truck Partnership 
should work with EPA, NHTSA, and CARB to establish a 
clear definition of items included in the categories of acces-
sory and auxiliary loads. Such clarification is needed to make 
an informed decision about which areas would be appropriate 
for government-sponsored research.

WEIGHT REDUCTION

Truck weight reduction affects fuel consumption by 
reducing tire rolling resistance and unrecovered energy 
used when accelerating or climbing a grade. The energy 
required to overcome resistance is approximately linearly 
dependent on the weight of the vehicle. A fully loaded 
tractor-trailer combination can weigh up to the standard 
federal highway limit of 80,000 lb (weights as high as 
164,000 lb are allowed in some states). Reduction in overall 
vehicle weight could enable an increase in freight delivered 
on a ton-mile basis, enabling more freight to be delivered 
per truck and improving load specific fuel consumption 
(LSFC). New vehicle systems (such as hybrid power trains, 
fuel cells, and auxiliary power units) will present complex 
packaging and weight issues that will further increase the 
need for reductions in the weight of the body, chassis, 
and powertrain components in order to maintain vehicle 
functionality. 

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. Before FY 2007, numerous DOE 
projects had been aimed at vehicle weight reduction; several 
projects involving the national laboratories and industry 
led to useful examples of such reduction. Owing to budget 
reductions, no funding was provided for lightweight materi-
als (other than propulsion materials) from FY 2007 through 
FY 2009 for meeting 21CTP goals. However, beginning 
in late 2010, funding was once again provided for weight 
reduction projects, primarily in the SuperTruck program 
(see Chapter 8).

Incentives for Vehicle Weight Reduction

Reducing the weight of Class 8 trucks is important as 
trucks have been adding weight, particularly with emissions-
compliance devices; emissions control components have 
added as much as 400 lb to a typical tractor.10 Aerodynamic 
devices, especially trailer devices, are growing in popularity, 
too, adding several hundred pounds in some cases. Weight 

10 Although MAP-21 (passed in 2012) allowed a federal exemption of up 
to 550 pounds for an APU, many roads are controlled by state regulations. A 
400-lb exemption is the most common, as noted by the map of exemptions 
across the country found here: http://energy.gov/eere/vehicles/map-state-
recognition-auxiliary-power-weight-exemption.

reduction is also needed to offset other components such 
as auxiliary power units (~400 lb) added to reduce fuel 
consumption normally expended during idle. As selected 
truck-tractor technologies are expected to build on the EPA 
SmartWay configurations, some weight increase will be 
encountered—for example, with the use of tractor aerody-
namic components and idle reduction components, as was 
just mentioned.

Weight reduction is beneficial if it can be reliably trans-
lated into more freight to be carried or reduced fuel consump-
tion. Vehicles carrying freight in or on a trailer can either 
reach the maximum allowable weight for the vehicle or road 
before the available cargo space is filled (weigh out) or fill 
the available cargo space before reaching the weight limits 
(cube out). Vehicles that weigh out (before weight reduc-
tion) should see an improvement in LSFC, with more freight 
hauled for the same fuel consumed. Vehicles that cube out 
(before weight reduction) should see an improvement in load 
specific fuel consumption with the same freight hauled for 
less fuel consumed. Figure 5-4 indicates this bimodal split of 
gross vehicle weight in trucks on the road. Historically, bulk 
haulers and others that weigh out value the weight reduction 
more than those fleets that cube out.

In support of the overall goal to enable trucks and other 
heavy vehicles to be more energy efficient and to use alter-
native fuels while reducing emissions and remaining cost 
effective, the 21CTP seeks to reduce energy losses due to the 
weight of heavy vehicles without reducing vehicle function-
ality, durability, reliability, or safety. In addition, the 21CTP 
recognizes that improved materials may enable implemen-
tation of other technologies that can further improve the 
vehicle fuel efficiency (21CTP, 2013).

Weight Reduction Goals

Weight reduction goals vary according to the weight class 
of the vehicle; the targets for all classes range between a 10 
percent and a 33 percent reduction in weight. Technology 
Goal 4 aims for a 10 percent reduction in tare weight for 
a 15,500 kg (34,000 lb) tractor-trailer combination, with a 
long-term stretch goal of reducing combined vehicle weight 
by 20 percent. 

The weight targets for each vehicle class depend on 
performance requirements and duty cycle, with the targets 
reflecting the goal for total vehicle weight. The 21CTP rec-
ognizes that in some cases the weight reduction in the body 
and chassis will likely be higher. It is important to note that 
materials or technologies developed for a particular vehicle 
class are not necessarily limited to use in that class. For 
example, materials developed for lightweight frames for 
pickup trucks, vans, or sport utility vehicles (SUVs) will 
eventually be used in Classes 3-5 vehicles, and materials 
developed to meet the demanding performance requirements 
for Classes 7 and 8 trucks will find application in smaller 
vehicles (21CTP, 2013). 
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As noted by the Partnership, there has recently been 
“increased focus on manufacturing technologies that reduce 
the cost penalty associated with more expensive lightweight 
materials by conducting research in manufacturing tech-
nologies that are adaptable to the lower production volumes 
associated with heavy-duty commercial vehicles” (21CTP, 
2013). In the committee’s opinion, weight reduction must 
not sacrifice the durability, reliability, or performance of the 
vehicle. Achieving these goals by reducing inertial loading 
will lead to substantial benefits: increased fuel efficiency with 
accompanying reductions in emissions; increased available 
payload capacity for some vehicles; reduced rolling resis-
tance; optimized cab and chassis mechanical structures for 
crash worthiness; and aerodynamic drag reduction systems.

Opportunities and Initiatives

Current materials in Class 8 trucks offer numerous 
opportunities for reducing vehicle weight by introducing 

aluminum alloys (25-55 percent weight reduction), magne-
sium alloys (40-70 percent weight reduction), carbon fiber 
composites (30-65 percent weight reduction), and high-
strength steels (15-25 percent weight reduction), albeit often 
at a cost premium. The more obvious opportunities lie in the 
body structure (~19 percent of total tractor weight), the chas-
sis/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 alumi-
num fuel tanks. Weight-reduction opportunities will also be 
afforded by the extensive use of aluminum for both tractors 
and trailers (NRC, 2010, Figure 5-38). 

For example, in one project, LM060, (“Aerodynamic 
Lightweight Cab Structure Components,” from the 2013 
VTO annual progress report (DOE, 2014), manufacturing 
methods for lightweight materials are being demonstrated 
that will increase the efficiency of Class 8 trucks by enabling 

Figure 5-4
Bitmapped

FIGURE 5-4 Bimodal distribution of truck gross vehicle weight (GVW) for five-axle vehicles from Weigh-In-Motion (WIM) data 421. 
SOURCE: Quinley (2010).
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more widespread use of weight-saving Al and enabling 
aerodynamic styling by a new approach to Al sheet forming. 
The project will ultimately develop forming technology that 
enables Al sheet to replace steel sheet, which, together with 
molded fiberglass-reinforced composite panels and compo-
nents, will provide individual panel and component weight 
savings of approximately 40 percent (Smith, 2014). Pacific 
Car and Foundry Company (PACCAR), the Pacific North-
west National Laboratory (PNNL), and Magna are working 
on aerodynamic lightweight cab structure components. 
PACCAR Technical Center engineering staff completed the 
design review and material specifications for the production 
A-pillar component that will be used to demonstrate the 
advanced forming process for an aerodynamic cab structure. 
The A-pillar component consists of left- and right-hand parts, 
and the complexity of the part exceeds the conventional 
forming limits of Al sheet alloys. As a result, the current part 
is produced from sheet molding compound (SMC), which 
has approximately a 40 percent weight penalty compared to 
Al. PNNL and PACCAR completed the selection of a Tier 
1 supplier to develop the prototype A-pillar forming process 
and placed a cost-shared subcontract with Magna’s Stronach 
Centre for Innovation (SCFI). Magna will develop tooling 
and the forming process capable of producing the A-pillar 
component and deliver 25 each of left- and right-hand A-pil-
lar parts to PNNL/PACCAR. Magna completed the forming 
analysis and simulation of a hybrid hot-forming/cold-stamp-
ing process capable of forming the A-pillar component in the 
X608 Al alloy. Based on the forming analysis, a prototype 
forming tooling has been designed and is being fabricated. 
In the coming years, fabrication of prototype aerodynamic 
formed components will be completed to deliver 25 left- and 
right-hand A-pillar parts for testing by PACCAR; and pro-
duction feasibility for Al components in conjunction with 
Magna SCFI and PACCAR will be established. 

In another example, DOE initiated a project that addresses 
advanced high-strength steel (AHSS) welds—ORNL Project 
LM062 (Improving Fatigue Performance of AHSS Welds). 
This project started in March 2011 and was scheduled to 
have ended in September 2014. The total project funding 
projection is $1,250,000 (DOE) and $650,000 (contractors). 
Downgaging of AHSS for weight reduction causes increased 
stress in the weld region. The objective of this project is weld 
residual stress mitigation to improve the fatigue performance 
of the weld joint of AHSS for high-volume vehicle produc-
tion. Research has revealed the role of weld start-stop in 
controlling weld fatigue in short stitch welds. Microstruc-
ture-property modeling was used to increase understanding 
of the weld process. A special weld wire was developed, and 
weld fatigue life was improved by stress management. An in 
situ strain measurement technique was developed to directly 
measure the strain field during welding.

The SuperTruck projects, discussed in Chapter 8, are also 
developing and demonstrating several ways of reducing the 
weight of heavy-duty trucks by use of lightweight materi-

als and advanced fabrication technologies. As discussed in 
the introduction to this chapter, current regulations for fuel 
consumption and greenhouse gas emissions are now based 
on load specific fuel consumption. Therefore, a key goal for 
weight reduction is translating it into usable freight that can 
be transported. This opens the possibility for increasing the 
amount of freight that can be moved within the confines of 
existing trailers. The industry has recognized this and has 
begun developing thinner walled trailers, wider doors, alter-
native flooring options, and techniques for stacking more 
freight into dry van trailers.

Findings and Recommendation

Finding 5-5. The SuperTruck teams achieved overall vehicle 
weight reductions, despite adding a number of fuel-saving 
features that increase weight (see Chapter 8). Unfortunately, 
many of the weight reduction technologies employed in 
SuperTruck are unlikely to prove cost effective. The Partner-
ship goal of a 10 percent reduction in tare weight for a 15,500 
kg tractor/trailer combination remains a good target, but cost 
effectiveness will be the challenge.

Finding 5-6. It is unknown what portion of full vehicles 
operate at the weight limit, what portion of vehicles are fully 
loaded but below the weight limit, and what percentage of 
vehicles are empty or only partly loaded. Understanding 
these factors is key to being able to determine the fuel sav-
ings available from weight reductions, and to understanding 
the cost-effectiveness of weight reductions or of increases in 
available cargo volume.

Finding 5-7. Weight reduction translates into more freight 
to be carried or fuel consumption reductions. Vehicles that 
weigh out (before weight reduction) see an improvement in 
load-specific fuel consumption (LSFC) with more freight 
hauled for the same fuel consumed. Vehicles that cube out 
(before weight reduction) see an improvement in load-
specific fuel consumption with the same freight hauled for 
less fuel consumed.

Recommendation 5-6. The Partnership should initiate a 
study to determine what proportion of vehicle miles are run 
grossed-out, cubed-out, partly loaded, and empty. Under-
standing these proportions will help determine the value 
of potential weight reduction and cargo volume increasing 
features. Research should explore products and methods that 
allow more to be packed into a 53 ft dry van trailer, such as 
thinner walls, better flooring options, and double decking.

THERMAL MANAGEMENT

Management of temperature remains a challenge for 
vehicle and component OEMs. Listed below are areas where 
thermal management is needed:
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•	 Engine Compartment. Managing the temperature in 
the engine compartment is important since increased 
heat has had side effects, some anticipated and some 
not expected. The impact of heat on major components 
of the engine itself and on the oil for lubrication is 
expected and addressed. However the impact on elec-
trical insulation, seals on electronics, air compressors, 
and air hoses also need to be considered. The effect of 
waste heat recovery (WHR) or Rankine cycles is being 
addressed by the SuperTruck program.

•	 Exhaust. Exhaust temperatures can exceed 1,100°F 
(600°C), requiring special precautions (CVSA, 2010; 
Volvo Group North America, Inc., 2009). Insulation 
and protection must be provided to the pipes from the 
engine to the aftertreatment system and at the exhaust 
outlet. Some of this insulation and protection is to 
maintain the necessary temperature for the chemical 
reactions in the aftertreatment system, and some is to 
protect driver and service technician contact. Tech-
niques for mitigating the temperature of the exhaust 
to protect personnel and materials external to the truck 
(such as hay under a truck in a field that is being har-
vested) were devised by several OEMs. Because verti-
cal exhaust stacks create extra weight and aerodynamic 
drag, these high-temperature exhaust pipes are often 
designed to be closer to the ground.

•	 Brakes. Decreases in stopping distance over the last 
few years have required the brakes to do more work. 
This was accomplished in some cases by upsizing 
components of the braking system. Some vehicles 
have switched to disc brakes, but drum brakes remain 
the most common option, requiring cooling air flow 
to remain effective under heavy use, such as when 
descending mountains. The improvements in aerody-
namics have driven reductions in the drag associated 
with the wheels and the wheel wells. The net effect 
has been to move the airstream away from the wheels, 
which can reduce air-cooling to the wheels. The 
improvements in aerodynamics also require the brakes 
to assume more of the work for stopping the vehicle.

•	 Driver Personal Comfort. The driver needs to be kept 
warm in the winter months and cool in the summer 
months. Blower motors and electrical resistance heat-
ers (such as for mirrors) can be a measureable drain on 
the batteries and alternators. Some fleets have moved 
to using battery-powered air conditioners combined 
with diesel-fired heaters for comfort when not operat-
ing. However, the reliability and performance of the 
batteries have not always lived up to expectations. The 
DOE CoolCab and the Shorepower Truck Electrifica-
tion Project (STEP, see Chapter 6) projects address this 
need.

•	 Driver Food. An often overlooked requirement in long-
haul applications using sleepers is the need to maintain 

food in a refrigerator and to provide heating for the 
food. 

•	 Food Freight. Recently, the Food and Drug Administra-
tion published regulations on food safety in trucking. 
While not as stringent as anticipated, they do highlight 
the need to control temperatures in refrigerated trailers. 
Trailer design and fleet operations have advanced to 
using trailers and box trucks with multiple refrigerated 
zones. This allows them to keep frozen food at lower 
temperatures than produce and to maximize the freight 
efficiency. The DOE STEP project, which is the same 
as the Interstate Grid Electrification project, ARRA 
VTO 70, addresses this issue through the transporta-
tion refrigeration unit (TRU) components.

•	 Fuel. The new emphasis on natural gas as a fuel for 
trucks has created the need for cryogenic temperature 
control on natural gas-powered trucks and tractors for 
maintaining liquefied natural gas.

•	 Batteries. Whether batteries are used for starting the 
vehicle, hotel loads for the driver, the air conditioning 
system, a hybrid power train, or a trailer refrigeration 
unit, thermal management of the battery is extremely 
important. Some of these issues, at least prototypes 
and analysis, are being addressed in the SuperTruck 
program. There is opportunity for more fundamental 
work to enable solutions to some of the thermal prob-
lems for batteries. 

•	 Solar. Solar power has often been talked about for 
truck and passenger car applications. Generally, it has 
been perceived as too expensive for too little energy. 
However, it is now in production on a few passenger 
cars and is being tested in trucks. The SuperTruck pro-
gram is addressing some of this. It is mentioned here 
only because the source of power is thermal in nature.

Projects for Thermal Management

The committee has identified four projects related to 
thermal management. Only the first project was identified as 
falling under the purview of the Partnership. Project VSS075, 
CoolCab Test and Evaluation and CoolCalc HVAC Tool 
Development, is discussed in Chapter 6 on engine idle reduc-
tion. It is mentioned here because the project is looking for 
ways to control the thermal energy for air-conditioning sys-
tems that provide driver comfort. This project at the National 
Renewable Energy Laboratory (NREL) addresses reducing 
the heating, ventilation, and air conditioning (HVAC) need 
as an approach to decreasing fuel use. The project has links 
with manufacturers and a good view of the end user. Ander-
son (2014) notes: “The goal is to demonstrate at least a 30% 
reduction in long-haul truck idle climate control loads with 
a 3-year or better payback period by 2015.”11 The program 

11 D. Anderson, 2014, “Vehicle and Systems Simulation and Testing,” 
presentation to the committee, September 3, 2014.
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plan is to develop and integrate technologies that address 
auxiliary load reduction and idle reduction to greatly improve 
commercial vehicle efficiency. To date, the CoolCalc mod-
eling tool has been released to select industry partners, and 
testing is under way with instrumented cabs. Accomplish-
ments include quantification of the impact of advanced 
paints, advanced glazings, sleeper microclimate evaluation, 
insulation, and auxiliary air-conditioning system. The proj-
ect started in FY 2011 and is expected to be completed in 
September 2015. As might be expected, cab color makes a 
measurable difference in the heat load inside the cabin. The 
specific measurements will give guidance to manufacturers 
and fleets for the future selection of colors. Battery sizing 
will help to reduce the weight of the batteries and provide 
longer periods of comfort when the driver is off duty. The 
DOE budget (CoolCab/CoolCalc) is $1,060,000/$615,000, 
with the contractor’s share $488,000.

Another project, VSS134, Vehicle Thermal System Mod-
eling in Simulink, is focused on providing heat to the driver 
rather than cooling, but with the same emphasis on reducing 
fuel use when the driver is off-duty. This project was not 
included by the Partnership in its list of projects. The com-
mittee notes that VSS134 includes Daimler Trucks North 
America as one of its partners, which leveraged analysis 
capabilities being developed to assist on the SuperTruck 
project. The project also leveraged model results for the 
CoolCab project impact estimation.

Response to Recommendations from the NRC Phase 2 
Review

R5-6 NRC Phase 2 Recommendation 5-6. Thermal Man-
agement: The Partnership should continue priority support of 
nano-fluid and high-efficiency under-hood cooling systems, as 
well as review other potential technical concepts, and validate 
them as an integrated system. 

21CTP Response: DOE is planning to expand R&D on high ef-
ficiency HVAC systems. DOE agrees and is continuing support 
of nano-fluid and high-efficiency under-hood cooling systems. 
DOE will monitor other potential technology solutions to reach 
thermal management objectives.

Committee Comment on Response to 5-6

The Partnership indicates DOE is continuing to support 
R&D on nanofluids and underhood cooling systems. The 
Partnership also indicates DOE is planning to expand efforts 
for high-efficiency HVAC. No specifics were provided. 
The Daimler Trucks North America SuperTruck effort did 
include high-voltage HVAC developments.

Finding and Recommendation

Finding 5-8. The current research in thermal management is 
limited and more focused on idle reduction. The area of ther-

mal management is in fact broader and encompasses a variety 
of areas applicable to medium- and heavy-duty vehicles.

Recommendation 5-7. The 21st Century Truck Partnership 
should establish a goal to reduce the energy required over a 
drive cycle for non-engine thermal loads by 50 percent and 
establish a research program focused on cooling for natural 
gas, trailer refrigeration, and batteries. The goal to increase 
heat load rejected by thermal management systems by 20 
percent without increasing radiator size should continue to 
be pursued.

DRIVELINE POWER

The only focus on driveline power is to comment on the 
Partnership’s response to an NRC Phase 2 recommendation.

R5-7 NRC Phase 2 Recommendation 5-7. Driveline Power 
Demand: 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. 

21CTP Response: The Partnership concurs: a subsequent revi-
sion to the Partnership’s goal wording made after the completion 
of this review has removed the word “powertrain” from the sub-
ject goal, which will be published as part of the final white paper/
roadmap document. The Partnership will review the current 
information on driveline power demand and consider updates 
to this study. The Partnership will review research results from 
the SuperTruck teams to gather current technology information 
for power demand, and revise assessments of power demand as 
appropriate.

Committee Comment on Response to 5-7

The term “powertrain” has been removed from the vehicle 
power demand goals in the 21CTP roadmap and technical 
white papers, Section 3 (2013), but not from the document’s 
executive summary. The current goals for the Partnership are 
not specific in the driveline area. 

FRICTION AND WEAR

As part of the effort for friction and wear, the project 
Development of a High Power Density Driveline, VSS058, 
was identified.12 This project at Argonne National Labora-
tory (ANL) targets weight reduction through reduction in 
size and weight of the driveline systems. Driveline size 
reduction is to be achieved by developing coatings and 
lubricants for increasing the power density of the systems. 
The expectation is that these improvements would enable 
the design of smaller and lighter weight components with-
out loss of performance. Good progress has been made in 
the development of a low viscosity lubricant formulation. 
Other work explored scuffing mechanisms and contact 
fatigue performance evaluation. None of the heavy-duty 

12 Ibid.
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transmission manufacturers are involved in the work. The 
project started in October 2010 and is expected to end in 
FY 2015. The DOE funding is $870,000 and the contractor 
share is $120,000.

Most vehicle-level energy-balance studies indicate the 
driveline is about 98 percent efficient in transmitting energy 
from the engine to the wheels. Recent studies by Southwest 
Research Institute (SwRI) for line-haul applications indi-
cate weight reduction may not be a good area for achieving 
improvements in fuel consumption even though it can result 
in load specific fuel reductions in fuel consumption as mea-
sured in gallons per ton-mile. Therefore, the proposed proj-
ect’s objective of a 5-7 percent improvement in fuel savings 
from lubrication and size/weight reduction of the driveline 
is not likely to be achieved. The connection between the 
lubricant and a 25 percent reduction in the size of driveline 
components is not clear.

The second project presented was Parasitic Engine Fric-
tion Collaboration, VSS005. This work deals with lubrication 
of the engine and should rightfully be classified with engine 
development for improved brake thermal efficiency (BTE). 
It should not be counted as vehicle power demand research. 
This project at ANL began in FY 2010 and is scheduled to 
be complete at the end of FY 2015, with a total budget of 
$1,887,000 for the 6 years. In this project, advanced engine 
friction models are applied to predict where parasitic friction 
losses occur and how advanced tribological concepts (lubri-
cants, materials, additives, engineered surfaces) can reduce 
losses, component by component. By doing so, the project 
identifies potential pathways to reduce losses and thus 
improve both fuel consumption and reliability and durability.

Current government-sponsored research is focused on 
lubrication to achieve reductions in friction, primarily in 
the engine, with some work on the driveline. No work is 
perceived to be looking at friction and lubrication of power 
steering pumps, water pumps, air compressors, wheel ends, 
clutches, or gears. The industry is actively pursuing improve-
ments in these areas and claiming as much as 2 percent 
improvement in fuel consumption.

OVERALL COMMENTS, FINDINGS, AND 
RECOMMENDATIONS

Before closing this chapter, there are few comments that 
apply to the general area of vehicle power demands and not 
necessarily to any of the individual areas that have been 
addressed in this chapter. 

The Partnership also identified project VSS119, Fleet 
DNA, as under the umbrella of 21CTP. This project is led 
by NREL with many industry (NTEA/GTA, Cummins, 
PG&E, Oshkosh, Waste Management, Zonar, Parker), aca-
demic (Ohio State University, California State University, 
North Carolina State University, Calstart), and government/
regulatory (ORNL, Clean Cities, South Coast Air Quality 
Management District [SCAQMD], CARB, EPA, ANL, City 

of Indianapolis) collaborations. The goal of this project is to 
define data capture and structure for a variety of drive cycles 
and conditions, and to then create a data storage warehouse 
to make this data available to a broad community of users. 
The project has also included an effort to incorporate models 
and data analysis tools. Highest priority has been given to 
Class 2 and Class 8 vehicle, and the current data have been 
gathered mostly from delivery vans and Class 8 trucks. 
Capturing such real-world data and drive cycles is extremely 
important to identifying areas of opportunity for reducing 
fuel consumption.

Response to Recommendations from the NRC Phase 2 
Review

There was an NRC Phase 2 recommendation that applied 
broadly to the vehicle power demands area. The response 
to it by the Partnership and the committee’s comment are 
noted as follows:

NRC Phase 2 Recommendation 5-8. Although it is tempting 
to assume that the SuperTruck projects will address all of the 
technologies 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 care-
fully review the technologies that have been identified and deter-
mine 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.

21CTP Response: The SuperTruck projects are designed to 
develop combinations of advanced technologies into a Class 8 
platform that can be commercialized in the near-term. In order 
to ensure commercial viability, the technologies are chosen 
by each industry team and not dictated by DOE. Technical 
approaches for reducing petroleum consumption that are not 
addressed by the SuperTruck projects may be appropriate for 
investigation through other pathways that address longer term 
technology development. Follow-on activities being considered 
post-SuperTruck may be used to address these technologies.

Committee Comment on Response to 5-8

The Partnership’s response indicates limited acceptance 
of this recommendation but provides no specific suggestions 
for additional research. Now that the technology choices of 
the SuperTruck teams are available, the Partnership should 
review the situation and determine which technologies 
require new or additional R&D.

FINDING AND RECOMMENDATIONS

Finding 5-9. The industry has seen significant changes and 
improvements in fuel consumption since the Partnership 
was formed in 2002. As improvements in aerodynamic 
drag and tire rolling resistance have been made, the relative 
importance of accessory and auxiliary loads has increased. 
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The Partnership has repeatedly revised its goals to reflect the 
improvements and any changes in regulations.

Recommendation 5-8. The Partnership, in setting its goals, 
should use drive cycles, as it did for the SuperTruck progam. 
The cycles should take into account the many drive cycles 
that already exist, current operational regulations of the 
Federal Motor Carrier Safety Administration, the current 
and future regulations of EPA/NHTSA, and real world data 
that are being accumulated by such projects as the National 
Renewable Energy Laboratory’s Fleet DNA project. Data on 
real-world weights of vehicles needs to be included.

Recommendation 5-9. Fleets either measure or monitor 
miles per gallon or gallons of fuel consumed. They rarely 
monitor load specific fuel consumption (LSFC) in gallons 
per 1,000 ton-mile, as in the regulations. Work is needed to 
change this practice. The Partnership, as part of DOE, should 
take the lead role, in combination with EPA, NHTSA, and 
CARB, in creating demand, perhaps through some sort of 
incentive, to produce LSFC information.
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ANNEX

Regulations Related to Certification of Engines for 
Discussion of Accessory versus Auxiliary Loads

§1065.110   Work inputs and outputs, accessory work, and 
operator demand.13

(a) Work. Use good engineering judgment to simulate all 
engine work inputs and outputs as they typically would 
operate in use. Account for work inputs and outputs during 
an emission test by measuring them; or, if they are small, 
you may show by engineering analysis that disregarding 
them does not affect your ability to determine the net 
work output by more than ±0.5% of the net expected work 
output over the test interval. Use equipment to simulate the 
specific types of work, as follows:
(1) Shaft work. Use an engine dynamometer that is able to 
meet the cycle-validation criteria in §1065.514 over each 
applicable duty cycle.
(i) You may use eddy-current and water-brake dynamom-
eters for any testing that does not involve engine motoring, 
which is identified by negative torque commands in a refer-
ence duty cycle. See the standard setting part for reference 
duty cycles that are applicable to your engine.
(ii) You may use alternating-current or direct-current mo-
toring dynamometers for any type of testing.
(iii) You may use one or more dynamometers.
(iv) You may use any device that is already installed on 
a vehicle, equipment, or vessel to absorb work from the 
engine›s output shaft(s). Examples of these types of devices 
include a vessel›s propeller and a locomotive›s generator.
(2) Electrical work. Use one or more of the following to 
simulate electrical work:
(i) Use storage batteries or capacitors that are of the type 
and capacity installed in use.
(ii) Use motors, generators, and alternators that are of the 
type and capacity installed in use.
(iii) Use a resistor load bank to simulate electrical loads.
(3) Pump, compressor, and turbine work. Use pumps, 
compressors, and turbines that are of the type and capacity 
installed in use. Use working fluids that are of the same 
type and thermodynamic state as normal in-use operation.
(b) Laboratory work inputs. You may supply any laboratory 
inputs of work to the engine. For example, you may supply 
electrical work to the engine to operate a fuel system, and 
as another example you may supply compressor work 
to the engine to actuate pneumatic valves. We may ask 
you to show by engineering analysis your accounting of 
laboratory work inputs to meet the criterion in paragraph 
(a) of this section.
(c) Engine accessories. You must either install or account 
for the work of engine accessories required to fuel, 
lubricate, or heat the engine, circulate coolant to the engine, 
or to operate aftertreatment devices. Operate the engine 
with these accessories installed or accounted for during all 

13 See 70 FR 40516, July 13, 2005, “Engine-Testing Procedures”, as 
amended at 73 FR 37292, June 30, 2008. e-CFR data current as of April 22, 
2015. Available at http://www.ecfr.gov/cgi-bin/text-idx?SID=28840d4abb0
e4aa4074d081c70105ee5&node=se40.33.1065_1110&rgn=div8. 
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testing operations, including mapping. If these accessories 
are not powered by the engine during a test, account for 
the work required to perform these functions from the total 
work used in brake-specific emission calculations. For air-
cooled engines only, subtract externally powered fan work 
from total work. We may ask you to show by engineering 
analysis your accounting of engine accessories to meet the 
criterion in paragraph (a) of this section.
(d) Engine starter. You may install a production-type 
starter.
(e) Operator demand for shaft work. Operator demand is 
defined in §1065.1001. Command the operator demand 
and the dynamometer(s) to follow a prescribed duty 
cycle with set points for engine speed and torque as 
specified in §1065.512. Refer to the standard-setting part 
to determine the specifications for your duty cycle(s). Use 

a mechanical or electronic input to control operator demand 
such that the engine is able to meet the validation criteria 
in §1065.514 over each applicable duty cycle. Record 
feedback values for engine speed and torque as specified 
in §1065.512. Using good engineering judgment, you may 
improve control of operator demand by altering on-engine 
speed and torque controls. However, if these changes 
result in unrepresentative testing, you must notify us and 
recommend other test procedures under §1065.10(c)(1).
(f) Other engine inputs. If your electronic control module 
requires specific input signals that are not available 
during dynamometer testing, such as vehicle speed or 
transmission signals, you may simulate the signals using 
good engineering judgment. Keep records that describe 
what signals you simulate and explain why these signals 
are necessary. 
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6

Engine Idle Reduction

INTRODUCTION

Engine idle reduction was discussed in the National 
Research Council (NRC) Phase 2 report (NRC, 2012); this 
report provides a brief update. Engine idling, in sleeper 
tractors alone, uses 2 billion gallons of diesel fuel accord-
ing to a recent study (NACFE, 2014). The engine is idled 
(1) while waiting in queues at weigh stations, toll booths, 
ports and depots, (2) to maintain temperature in the cab for 
the comfort of the driver both day and night, (3) to power 
electrical appliances such as refrigerators and microwave 
ovens, (4) to maintain the charge level of batteries, and (5) 
to maintain the temperature of the engine oil and fuel dur-
ing cold weather. Unnecessary idling leads to increased fuel 
consumption as well as emissions of carbon dioxide (CO2), 
criteria pollutants, and noise. Reducing idling and associated 
fuel consumption can be avoided with idle reduction tech-
nologies, attention to policies affecting freight efficiency, and 
changes in driver behavior, e.g., turning off the engine when 
not needed. Over a decade ago, it was common for truck-
ing companies to report idle time in excess of 50 percent. 
Fleets with good operations would often report 35 percent 
idle time, and a benchmark number was below 20 percent. 
Today, it is more common for these same fleets to report 
worst case numbers around 35 percent, and averages near 
20 percent, with benchmark numbers suggesting as low as 
5 percent (NACFE, 2013, 2014). Unfortunately, there is no 
specific and agreed-on method for determining idle time. 
The electronic control modules (ECMs) on the engines are 
the source of this information for fleets. How an individual 
engine manufacturer decides to calculate idle time varies. 
Some may exclude time waiting in traffic, while others do 
not. Some may exclude initial idle at start before the vehicle 
moves. Time limits are often used in the ECMs to differenti-
ate between idle and nonidle operation of the engine. 

California remains a leader in regulations related to 
idling. As noted by the California Air Resources Board 
(CARB), “pursuant to state regulation, operators of diesel-

fueled trucks with a gross vehicle weight rating greater 
than 10,000 lb are not to idle for more than 5 minutes when 
stopped within California’s borders. As of January 1, 2008, 
this restriction also applies to sleeper berth trucks. Conse-
quently, many operators are now required to use some form 
of idle reduction technology to provide cab comfort services 
during periods of sleep and rest” (CARB, 2014). Beginning 
in 2008, idling for more than 5 minutes on most commercial 
vehicles was allowed, but required a Certified Clean Idle 
sticker. According to CARB, a Certified Clean Idle label is 
for vehicles that use an engine that has been certified to an 
optional NOx idling emission standard of 30 g/hr.1 Additional 
information about California’s commercial vehicle idling 
regulations and idle reduction technologies are given by 
the California Environmental Protection Agency’s CARB 
(2013, 2014).

The clean idle engine reduces nitrogen oxide emissions 
compared to older engines, but still burns fuel. While these 
new, clean idle engines burn less fuel while idling than older 
engines, estimates for the amount of fuel burned while idling 
vary from about 0.13 gallons per hour for a diesel-powered 
auxiliary unit, to as much as 1 gallon per hour for the main 
engine at certain speeds (Curran et al., 2013; Detroit Diesel 
Corporation, n.d.). Engine manufacturers do not regularly 
include a specification for idling fuel consumption in their 
product literature.

Anti-idling regulations around the country have been 
driven by the need to reduce fuel use, emissions, and noise. 
A patchwork of regulations at the state and municipality level 
has been created. The National Idling Reduction Network 
News website run by the U.S. Department of Energy (DOE) 
is updated monthly with information on idling; Figure 6-1 
is taken from the August 2014 issue. It shows the changes in 
coverage of idling regulations throughout the 50 states. Note 
that there are more areas with “jurisdictional” regulations 
than with statewide regulations.

1 See http://www.arb.ca.gov/enf/advs/adv376.pdf.
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The North American Council on Freight Efficiency 
(NACFE) in conjunction with the Carbon War Room 
published a report on idle reduction technologies in 2014 
(NACFE, 2014); this document provides an update on cur-
rently available products and technologies.

21CTP IDLE REDUCTION GOALS

The current stated goals of the Partnership related to idle 
reduction were provided in a document in November 2014 
(DOE, 2014). Compared to some of the other goals of the 
Partnership, these goals are general in nature rather than 
specific and time limited. The goals and some activities and 
accomplishments have been identified and are discussed 
below:

(1) Promote the incorporation of idle reduction (IR) 
equipment on new trucks as fuel-saving devices, just 
as they are so identified by the DOE SuperTruck Ini-
tiative. The four SuperTruck teams have all decided 

to use battery-powered auxiliary power units (APUs) 
for the energy needs during the rest portions of the 
24-hr cycle of the program. The Partnership suggests 
it would be worthwhile to conduct a comparison of 
performance and lifetime costs of battery-powered 
APUs to those of diesel-fueled APUs and to publish 
the results in the IdleBox2 web tool run by Argonne 
National Laboratory.

(2) Establish a nationwide multimode IR education pro-
gram. Argonne National Laboratory created IdleBox, 
an electronic resource of idling reduction materials. 
It includes a calculator that fleets can use to assess 
idle reduction needs. IdleBase is a component of 
IdleBox that provides a compendium of every state’s 
idling reduction laws. ANL also publishes the online 
monthly National Idling Reduction Network News 
for DOE, which contains important information on 
funding sources, changes in regulations, and updates 
to weight exemptions for APUs.

(3) Work with OEM truck manufacturers to obtain data 
on the number of new trucks being ordered with IR 
options. Because many vehicle original equipment 
manfacturers (OEMs) consider information on sales 
data to be confidential and proprietary, the Partner-
ship was unable to get complete data for this goal. 
Figure 6-2 shows the data reported by some manufac-
turers. The Auto Engine Start/Stop item is a feature 
available that automatically starts and runs the engine 
for a limited amount of time if the cab temperature 
drops, the engine oil temperature drops, or the battery 
charge, as measured by voltage, gets low.

(4) Conduct a fleet survey to gather data on the amount 
of in-use idling hours that are accumulated by each 
type of heavy-duty vehicle. This goal has not been 
met for a combination of reasons such as lack of 
funding and need for Office of Management and 
Budget (OMB) approval for surveys involving more 
than 10 people. Alternatives based on information 
from the National Renewable Energy Laboratory’s 
(NREL’s) Fleet DNA project and a revival of the 
Vehicle Inventory and Use Survey (VIUS) have been 
discussed.

(5) Analyze data from the EPA SmartWay Transport 
Partnership to measure fuel savings and emissions 
reductions associated with the various types of IR 
equipment available. No information was made 
available with which to evaluate this goal.

(6) Develop improved IR systems to minimize fuel 
required, cost, and weight to meet hotel functions in 
sleeper cabs. The SuperTruck program; the CoolCab 
Thermal Load project; the CoolCalc heating, ventila-
tion, and air conditioning (HVAC) model; and STEP 

2 See IdleBox Toolkit for Idle-Reduction Projects at http://www1.eere.
energy.gov/cleancities/toolbox/idlebox.html. Accessed February 18, 2015.

FIGURE 6-1 Extent of truck idling regulations in the United 
States, 2004 and 2014. In 2014 there were idling regulations in 
20 states and the District of Columbia, compared to 10 states and 
the District in 2004. There are now jurisdictional laws in 18 states 
compared to 8 in 2004. SOURCE: DOE (2014).
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are activities that support this goal.3 Each of these 
activities is briefly discussed below.

PROJECTS AND ACTIVITIES

The 21st Century Truck Partnership (21CTP) has diffi-
culty identifying specific projects and funding devoted to all 
idle reduction activities and projects. Idle reduction activi-
ties are found in the SuperTruck program, the Clean Cities 
program, and elsewhere. In a presentation to the committee 
on September 3, 2014, “Update on Idling Reduction Activi-
ties,” G. Keller identified four specific projects (CoolCab, 
CoolCalc, the ShorePower Truck Electrification Project 
[STEP], and SuperTruck) as being R&D projects in this area. 
Funding information was reported for the first two projects, 
CoolCab and CoolCalc, as $575,000 in 2012, $1,200,000 in 
2013, and $500,000 in 2014. The January 2015 issue of the 
National Idling Reduction Network News reports up to $211 
million having been spent on idle reduction activities in the 
“last decade” by the Partnership organizations, the private 
sector, and the states.

All four teams for the SuperTruck program (Daimler, 
Volvo, Cummins-Peterbilt, and Navistar) have chosen 
battery-powered APUs (see Chapter 8). For the Cummins-
Peterbilt team, the NRC Phase 2 report recommended aban-
doning the solid oxide fuel cell (SOFC) approach for the 
APU (NRC, 2012). The team and the Partnership continued 
for a period of time with the SOFC approach but eventually 
stopped that effort because the SOFC approach was found to 
be heavier, more costly, and to take longer to warm up than 
specified in the goal. Currently it is using a battery-powered 
APU with a 13.2 kWh capacity lithium-ion pack and elec-
trically controlled HVAC. The pack can be recharged in 6 
hours of driving. Over the 24-hr duty cycle of the program, 
a 7 percent savings in fuel has been reported compared to the 
baseline chosen for the SuperTruck program.4 The Daimler 

3 G. Keller, ANL. “Update on Idling Reduction Activities,” presentation 
to the committee, September 4, 2014, and D. Anderson, “Vehicle Systems 
Simulation and Testing,” presentation to the committee on September 3, 
2014.

4 Ibid.

team is using a hybrid drivetrain configuration that includes 
a lithium-ion battery pack and electrically controlled HVAC. 
To reduce the need to cool the cab, it is using solar reflective 
paint, similar to the CoolCab project. They are reporting 
a 3 percent fuel savings compared to the baseline chosen 
for the SuperTruck program.5 Volvo Trucks is also using a 
battery-powered APU and electrically controlled HVAC. It is 
in the process of installing solar panels to assist in charging.6 
However, during a visit to Volvo, the committee learned that 
the solar panels would only be able to support the electrical 
load of a fan.

The CoolCab and CoolCalc projects at NREL are nor-
mally classified as thermal management projects by DOE. 
They have investigated advanced insulation technologies to 
reduce the load, the ability of different paints to better reflect 
sunlight, and techniques to cool the occupant rather than 
the whole cab. Reducing these thermal loads increases the 
potential for using battery-powered APUs rather than idling 
the engine. The energy balance for recharging the batteries 
while the vehicle is operating has not been reported.

An analytical HVAC system model and test methods 
called CoolCalc will be useful to further these investigations. 
The projects were expected to have been completed in 2015.

STEP, also referred to as Interstate Grid Electrification 
project ARRA VTO 70, is a separate project supported by 
American Recovery and Reinvestment Act (ARRA) funds. 
Fifty truck stops have been outfitted with electrical power 
outlets only, sufficient to support 1,252 vehicles. The build-
out of the system took longer than anticipated owing to 
varying municipal regulations at the different sites as well 
as prolonged negotiations with some truck stop owners. The 
Cascade Sierra Solutions project was replaced by STEP 
in 2014. Data collection is under way and is reported by 
NREL. Utilization of the pedestals and electrical connections 
was reported as less than 20 percent in 2014 status reports. 
STEP provides only electrical power and does not provide 
for as many amenities for the driver as might be desired. For 
instance, IdleAir is a supplier providing HVAC externally, 
internet connectivity, satellite television, and 120-V electric-
ity. Recently, Con-Way Truckload announced a dedicated 
IdleAir facility in its Laredo, Texas, facility (Owens and 
Bachman, 2014). A final report is due in 2015. 

RESPONSE TO RECOMMENDATIONS FROM THE  
NRC PHASE 2 REPORT

NRC Phase 2 Recommendation 6-1. 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 

5 Ibid.
6 Ibid.

Figure 6-2
Bitmapped

FIGURE 6-2 Typical order rate for idle reduction devices in new 
trucks. SOURCE: DOE (2014).
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should work to find incentives for states to promulgate uniform 
anti-idling regulations.

21CTP Response: Presently, the National Idling Reduc-
tion Network News publication reports the various sources 
for funding idling reduction programs culled from press 
releases. We agree that a consolidated listing of these proj-
ects would be useful. The recommendation calls for a more 
coordinated effort between the DOE, EPA, and DOT to 
maintain the momentum begun in the application of idling 
reduction (IR) technologies, and to ensure minimal overlap 
of these programs across agencies. Establishing a more struc-
tured approach to the introduction of IR devices would be 
conducive to introducing objective measures to monitor the 
effectiveness of these various programs. Further, we agree 
that achieving nationwide uniformity of anti-idling regula-
tions needs to be accomplished soon, and that the EPA and 
DOT could be instrumental in developing incentives to states 
to pass such rules.

Committee Comment on Response to 6-1

The Partnership response, while supportive of the Phase 2 
Recommendation 6-1, does not suggest action will be taken 
in this area. The Partnership was asked for and did provide 
some input on the idle reduction report of NACFE. In con-
sideration of their goals in this area, more work should have 
been done apart from the SuperTruck program to accomplish 
idle reduction for current vehicles now in the field. Going 
forward, with the completion of the SuperTruck program, the 
Partnership will need to readdress its activities in this area.

NRC Phase 2 Recommendation 6-2. The DOE should con-
duct a study that includes wide ranges of truck models, ages, 
and fleets to determine payback periods for the range of com-
mercially available add-on idle reduction systems. The DOE 
should continue to encourage the deployment of add-on idle 
reduction systems through communications to manufacturers 
and end users.

21CTP Response: The 21CTP agrees with NAS that it would 
be valuable for DOE and EPA to fund a comprehensive study 
to verify the performance and payback claims of add-on idle 
reduction systems across a variety of popular trucks and climate 
regions. Such a study would be extremely valuable to the truck-
ing community in helping to identify the most cost-effective 
add-on systems to invest in for their particular applications. The 
DOE could share these study results with quarterly updates as 
an addendum to the National Idling Reduction Network News 
publication. 

Committee Comment on Response to 6-2

While the Partnership agreed with Phase 2 Recommenda-
tion 6-2, there is no evidence that anything has been done 
that addresses this recommendation. The number of options 
available for anti-idle have increased, but their effectiveness 
is still a question. The report from the North American Coun-
cil for Freight Efficiency provided a payback calculator, but 

more work among the Partnership, DOE, EPA and NACFE 
is needed to validate or refine this model.

NRC Phase 2 Recommendation 6-3. The DOE should reas-
sess the viability of the Solid Oxide Fuel Cell (SOFC) APU, 
particularly for application to the SuperTruck program. 

21CTP Response: The information presented during the 21CTP 
NAS review was based upon one of our initial A-Level prototype 
units. Since then, we have made significant progress and are now 
assembling our B-Level prototype units. These units should be 
capable of demonstrating the targeted goal of 35% efficiency and 
output of 3kW. On the SOFC stack, Delphi has completed more 
than 10,000 hours of durability testing. Additionally, we have 
accumulated thousands of hours of on-truck, real-work applica-
tion data. We are scheduled to deliver a B-Level unit during Q1 
’12 to a national fleet for use on one of their regular in-service 
long haul trucks. Currently, our start-up time is ~2 hours. The 
5-hour example reported on represented a given demonstra-
tion. Our goal is to be at operating temperature in under 1 hr. 
Current costs reflect laboratory built prototype units. Delphi is 
investing in production intent tooling to drive down overall unit 
cost. Funding to date has allowed Delphi, as well as other fuel 
cell developers, to move their products from concept design to 
real-world demonstrations. Congress has recently reinstated 
funding for SECA and other fuel cell programs. Delphi will 
use the re-funded SECA program to further improve the power 
output and durability of its SOFC stack.

Committee Comment on Response to 6-3

The Partnership rejected the Phase 2 Recommenda-
tion 6-3. Subsequently, the SOFC was eliminated from 
the plans of the SuperTruck teams (both Daimler Trucks 
North America and Cummins-Peterbilt explored this). At 
the International Automobile Association (IAA) show in 
September 2014, a diesel-fueled SOFC APU was on dis-
play; Eberspaecher is planning commercial introduction of 
SOFC APUs in Class 8 trucks in 2016-2017 (Eberspaecher, 
2014). Activities for fuel cells continue at AVL and Volvo 
(Rechberger et al., 2013). Based on developments in Europe, 
there is a need to reevaluate the future of fuel cells for idle 
reduction and other auxiliary loads on commercial vehicles.

NRC Phase 2 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 pro-
vide an incentive for the adoption of idle reduction technologies 
as a means for achieving these standards for Class 8 long-haul 
trucks with sleeper cabs.

21CTP Response: The 21CTP agrees that the EPA’s rulemak-
ing to establish fuel efficiency standards for heavy-duty truck 
fleets provides an incentive to look beyond Class 8 long-haul 
trucks with sleeper cabs to other types of trucks for additional 
opportunities to apply idle reduction technologies. We feel that 

***

***

***
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a substantial improvement to the idle reduction goal would in-
clude support to establish a program to address the fuel wasted 
in work day idling of all types of vocational trucks. 

Committee Comment on Response to 6-4

The Partnership response indicates agreement with the 
Phase 2 Recommendation 6-4, but no action has been taken 
in this area. As the Partnership looks beyond the SuperTruck 
program, the value of start/stop, battery-operated or fuel-
cell operated booms on electric utility trucks, and options 
for heating and cooling without running the primary engine 
needs to be investigated.

NRC Phase 2 Recommendation 6-5. The 21CTP should revise 
its new idle reduction goals to include metrics, funding, and 
timing for the overall goal of reducing fuel use and emissions 
produced by idling engines. The associated “action items” 
should be supportive of these goals.

21CTP Response: The 21CTP agrees with the NAS recom-
mendation that the inclusion of a progressive and measurable 
program for idle reduction goals development is needed along 
with the year-to-year funding necessary to develop data to en-
able such an approach.

Committee Comment on Response to 6-5

The response to the Phase 2 Recommendation 6-5 indi-
cates agreement in this area but based on the reference to 
needed funding it would seem to lack signs of commitment. 

FINDINGS AND RECOMMENDATIONS

Finding 6-1. Improvements have been made in reducing idle 
time for long haul trucks over the last 10 years. The growth 
of fleet management systems and efforts by the Partnership, 
DOE, EPA, and the California Air Resources Board (CARB) 
have helped fleets understand the impact and the methods 
available to reduce idle time. No consistent way to measure 
and track idle time has been found, since algorithms are 
independently determined by the developers of the software 
for engine controls and fleet management systems.

Finding 6-2. The Partnership has focused much of its effort 
on the SuperTruck program and made progress in highlight-
ing the impact of idling by including a 24-hr cycle in its fuel 
use evaluation. The stated goals for data acquisition and data 
analysis have not been met.
 
Recommendation 6-1. The Partnership, in collaboration 
with EPA, the National Highway Traffic Safety Administra-
tion (NHTSA), and CARB should review the North Ameri-
can Council for Freight Efficiency (NACFE) payback cal-
culator and establish a consistent way to measure and track 
idle time for both over-the-road and vocational vehicles. As 
a follow-on, the Partnership should run a program for field 

data acquisition and analysis, leveraging the resources of 
NACFE and its fleets.

Recommendation 6-2. As the Partnership looks beyond the 
SuperTruck program, the value of start/stop systems, battery-
operated or fuel-cell operated auxiliary loads, and options 
for heating and cooling without running the primary engine 
should be investigated.

Recommendation 6-3. The Partnership should establish 
goals, specific plans, and funding to reduce the nation’s 
consumption of fuel for idle by over 50 percent by 2025. 
The baseline should be from the estimate the Partnership 
generates for total 2016 idle fuel usage based on informa-
tion to be acquired from the field using DOE’s Fleet DNA 
project and working with fleets, industry associations, and 
vehicle OEMs.
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7

Safety

Implementation of such technologies and systems is expect-
ed to help substantially in reducing fatalities and injuries, and 
will also have secondary benefits of reducing congestion and 
idling—thereby reducing fuel consumption and improving 
overall productivity of the trucking industry (21CTP, 2013).

This safety chapter focuses on a review of the safety-
related responses of the Partnership to the NRC Phase 2 
report, an assessment of the Partnership’s progress toward the 
safety goals, and a discussion of truck safety activities under-
taken by the DOT. These activities include the following:

•	 Summary of federal government (primarily DOT) 
activities related to truck safety

•	 Safety technology, including brakes, roll and electronic 
stability control, and forward collision avoidance tech-
nology and cab crashworthiness.

The 21CTP goals related to safety are as follows: 

(1) Ensure that advancements in truck design and tech-
nology to improve fuel efficiency do not have any 
negative impacts on safety and 

(2) Ensure that efforts to improve safety do not reduce 
efficiency—and, where possible, actually contribute 
to improvements in overall motor carrier industry 
system efficiency. 

Goal 1 is addressed in Chapter 8 in the discussion of 
technologies implemented in the SuperTruck projects. A 
general summary of truck safety was presented in the previ-
ous NRC Phase 2 report (NRC, 2012). To progress with the 
assessment, this review will focus more specifically on safety 
matters as it reviews and evaluates federal safety activities 
and safety technologies considered by 21CTP.

INTRODUCTION

Safety is a central element in the 21CTP vision—and truck 
manufacturers have stated on numerous occasions that safety 
is their number one priority. The public has also placed a 
high premium on safety with concern about driver distrac-
tion, driver fatigue, truck aggressivity, and risks associated 
with exposure to heavy trucks. While truck safety statistics 
show steady improvement, crashes involving heavy trucks 
still account for about one out of ten motor vehicle fatalities 
in the United States. (21CTP, 2013)

Although the 21st Century Truck Partnership (21CTP) 
focuses on the development of technologies to reduce fuel 
consumption, an important consideration in the development 
of any vehicle technology is to maintain or improve safety 
for the driver and other motorists. 21CTP has recognized the 
relationship between vehicle safety and the introduction of 
a new vehicle technology. The Partnership also states that 
it supports the development and early adoption of safety 
technology with the objective of 

[Promoting] the development and early adoption of technolo-
gies and processes to improve truck safety, resulting in the 
reduction of fatalities and injuries in truck-involved crashes, 
thus enabling benefits related to congestion mitigation, emis-
sion reduction, reduced fuel consumption, and improved 
productivity” (21CTP, 2013). 

Truck and bus manufacturers, industry suppliers, and fed-
eral agencies that participate in 21CTP are working to ensure 
that as fuel consumption improvements are pursued through 
advances in technology, safety remains uncompromised.

A priority of the Department of Transportation (DOT) 
is to pursue solutions that help prevent crashes altogether, 
through collision warning systems, automatic vehicle 
control intervention technologies, and/or enhanced vehicle 
inspection and enforcement systems that help to identify 
and correct mechanical or operational conditions that could 
compromise safety. 
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SUMMARY OF FEDERAL GOVERNMENT ACTIVITIES 
RELATED TO TRUCK SAFETY

The DOT regulates heavy-duty vehicle safety in the 
United States under three separate administrations. The 
National Highway Transportation Safety Administration 
(NHTSA) has responsibility for new vehicle safety require-
ments focused at the level of the original equipment manu-
facturers (OEM). The Federal Highway Administration 
(FHWA) governs vehicle size and weight, including gross 
vehicle weight (GVW), axle weight, and vehicle length, 
width, and height, which are key vehicle design parameters. 
The Federal Motor Carrier Safety Administration (FMCSA) 
has responsibility for vehicle and fleet operating regulations, 
including vehicle operator matters such as hours of service. 

The following is a brief synopsis of federal DOT activi-
ties related to safety and their distribution across these three 
agencies. 

NHTSA has examined the effectiveness of systems such 
as the Electronic Stability Control system and the Roll Stabil-
ity Control system, Forward Collision Avoidance and Mitiga-
tion (F-CAM), and Lane Departure Warning (LDW).1 In a 
presentation to the committee, NHTSA outlined its efforts 
to improve truck crashworthiness, rear-underride guard 
improvements, and truck cab crashworthiness in particular. 
Pilot studies and research related to vehicle-to-vehicle (V2V) 
communications are also ongoing. 

The FHWA is conducting the Map-21 Truck Size and 
Weight Study, which has a substantial safety component 
and also has very significant implications for specific fuel 
consumption and emissions by virtue of the increased vehicle 
cargo capacity (Hughes Raymand, 2014). In her presenta-
tion to the committee, Ms. Hughes Raymand2 outlined the 
Smart Roadside Initiative (SRI), focused on improving the 
efficiency and safety of U.S. roadways by providing for the 
exchange of important safety and operational information 
among the users and operators of the system, including 
commercial vehicles and roadside and central office systems 
(RITA, 2014). 

As part of the program, DOT is overseeing the develop-
ment of several prototypes that were scheduled to have been 
deployed in early 2015 at multiple weigh stations and other 
strategic points along commercial vehicle routes across the 
country. These prototypes will demonstrate the integration 
of multiple technologies that together will facilitate the 
following:

•	 Exchange of driver, carrier, vehicle identification, and 
status information between commercial vehicles and 

1 A. Svenson, NHTSA, “Heavy Vehicle Safety Research,” Presentation 
to the committee on May 14, 2014.

2 C. Hughes Rayman, “Supporting Safe and Efficient Goods Movement 
on the Nation’s Highways: An Overview of Research and Data Programs,” 
Presentation to the committee on November 18, 2014.

commercial vehicle management systems at highway 
speeds.

•	 Integration of roadside applications with external 
information systems to seamlessly share information 
on commercial vehicle safety history, inspection status, 
and credential status.

•	 Determination of truck weight by weigh-in-motion 
technology, which uses dynamic weigh scales imbed-
ded in the traffic lane that measure vehicle axle weights 
as it drives at highway speeds.

•	 Roadside access for law enforcement to information 
that supports the identification of the driver, vehicle, 
and motor carrier.

FHWA has funded recent efforts that use technology 
to improve truck parking in the United States. The lack 
of suitable parking for trucks has safety implications—for 
example, when truck drivers have exhausted their hours of 
service and must still park their vehicles, if there is no avail-
able space at parking facilities they sometimes park on the 
side of a road, which presents a significant safety risk to the 
truck and motoring public. The technology being developed 
uses electronic systems to inform the driver of parking space 
availability at designated sites so the driver can confidently 
navigate to a parking facility that still has space. 

The FMCSA has supported the development of a web-
based course to train commercial vehicle inspectors on how 
to detect leaks from natural gas and propane trucks and buses 
and another web-based course to familiarize commercial 
vehicle inspectors with the safety aspects of electric-drive 
commercial vehicles. Updates have been made to the Federal 
Motor Carrier Safety Regulations to address electric-drive 
commercial vehicles. 

The above discussion of activities summarizes the current 
government-sponsored work being performed having to do 
with truck safety. Table 7-1 provides a summary of safety-
related project expenditures funded by DOT. 

Override and Underride Issues

A clinical review of the Large Truck Crash Causation 
(LTCC) database was undertaken as an exploratory evalu-
ation of front override and side underride in serious truck 
crashes for NHTSA (Blower and Woodrooffe, 2012). The 
goals were to determine the incidence of front override and 
side underride (i.e., whether there is a significant safety prob-
lem) and to develop an understanding of the data elements 
needed to determine the best way to address the problem.

Overall, in front and side impact crashes, some underride 
was identified in 53.9 percent of the crashes, and passenger 
compartment intrusion (PCI) was coded in 44.2 percent. The 
rate of override/underride in side impacts is lower than the 
rate when the front of the truck is involved. There was some 
override or underride in 72.0 percent of front impacts, com-
pared with 53.9 percent when the truck side is struck. Rates 
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of light vehicle PCI are also lower in side impact crashes, 
with PCI identified in 65.4 percent of front impacts but only 
48.5 percent of side impacts. Underride and PCI could not be 
determined in 7.9 percent and 7.3 percent of front and side 
impacts, respectively.

Impacts to truck fronts and to the sides of trailers tended to 
result in override or underride at higher rates than impacts to 
the sides of truck cabs or to straight truck cargo bodies. When 
the truck front was involved, there was identifiable override 
in 72.0 percent of the impacts. Similarly, impacts on trailer 
sides resulted in underride in 68.9 percent of the crashes. 
Side impacts to truck or tractor cabs resulted in underride 
in 43.5 percent of cases, and side impacts to the cargo body 
area of straight trucks resulted in underride in about 52.6 
percent of such crashes. 

In frontal impacts, truck bumper height appears to have a 
linear relationship with the probability of override. Override 
occurred in 87.3 percent of frontal impacts where the bottom 
of the front bumper was above the axle, 72.4 percent when 
the bumper was at the axle, and only 57.7 percent when the 
bottom of the bumper was below the axle.

Front axle setback did not appear to affect the incidence 
of override, but there did appear to be some effect on PCI, 
such that there was somewhat more PCI identified for set-
back front axles than for axles set forward. In side impacts, 
the important elements were cargo bed height and whether 
the striking vehicle hit the axles. Only low cargo beds were 

associated with lower probabilities of underride (about 30.0 
percent). Standard height (about dock height, or 48-50 in.) 
and high cargo beds had statistically indistinguishable rates 
of underride. 

Light vehicles hit the truck’s axles in 73.9 percent of side 
impacts, and overall light vehicles that hit the truck’s axles 
actually underrode the truck at higher rates than light vehicles 
that did not. However, it was found that the geometry of the 
crash had a significant effect on whether striking the truck’s 
axles would prevent underride. In crashes in which the light 
vehicle was going in the same direction as the truck and 
sideswiped it, and in crashes where the light vehicle struck 
the truck at about a 90 degree angle, hitting the truck’s axles 
prevented underride in about 35 percent of cases. But when 
the light vehicle was going in the opposite direction as the 
truck and moved into it at a shallow angle, hitting the axles 
prevented underride in only about 20.7 percent of crashes.

The review of LTCC cases produced evidence that front 
override and side underride are significant problems in seri-
ous crashes between heavy trucks and light vehicles. Front 
override and side underride were found in most of the crashes 
examined. Preliminary estimates from this review are that 
override occurs in almost three-quarters of crashes involving 
the front of the truck and in over half of the crashes when 
the sides of the trucks were struck (Blower and Woodrooffe, 
2012).

TABLE 7-1 Summary of DOT Expenditures on Safety-Related Projects by Fiscal Year (dollars) 

Project Sponsor 2012 Funding 2013 Funding 2014 Funding Total Recipient

Safety Systems NHTSA 500,000 600,000 500,000 600,000 Various

Crash Avoidance NHTSA 700,000 1,100,000 1,000,000 2,800,000 Various

System for Automatically 
Maintaining Truck Pressure in a 
Commercial Truck Tire

DOE 571,189 713,810 161,535 1,446,534 Goodyear and The 
Rubber Company

Update FMCSA regulations to 
address electric-drive commercial 
vehicles

FMCSA   150,000  150,000 Various

Web-based course to train 
commercial vehicle inspectors on 
how to detect leaks from natural gas 
and propane trucks and buses

FMCSA 150,000 Various

Web-based course to familiarize 
commercial vehicle inspectors 
with safety aspects of electric drive 
commercial vehicles

FMCSA  150,000 Various

Intelligent Transportation Systems NHTSA 2,500,000 2,000,000 3,700,000 8,200,000 Various

Heavy Vehicles NHTSA 2,100,000 2,400,000 2,100,000 6,600,000 Various

Wireless Roadside Inspection FMCSA   3,000,000   3,000,000 Various
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SAFETY TECHNOLOGIES BEING CONSIDERED BY THE 
PARTNERSHIP

Several potential countermeasures to reduce deaths and 
injuries related to truck crashes have been identified by the 
21CTP. These include various crash avoidance technologies 
as well as crashworthiness initiatives that improve occu-
pant protection in the event of an incident. The 21CTP has 
identified several areas of accident avoidance and these are 
excerpted below. 

Crash avoidance initiatives fall into six primary categories: 
(1) improved braking performance including roll and stabil-
ity control systems; (2) collision mitigation technologies 
that directly intervene to warn drivers and/or take control of 
the vehicle in collision imminent situations; (3) diagnostic 
technologies that improve the ability to maintain safety-
critical systems; (4) human factors research to improve the 
driver-vehicle interface, identify sources of distraction and 
enhance driver performance through a variety of technology 
and operational strategies; (5) SmartRoadside; a program to 
improve how state, local and federal officials interact with 
commercial vehicle operators and drivers at the “roadside” to 
reduce down-time associated with vehicle inspections, port 
operations, border crossings and other venues. Components 
of this program include wireless roadside inspections, size 
and weight compliance, and other state-based programs; and 
(6) cross-cutting research related to dedicated short-range 
communications (DSRC)-based systems—a set of technolo-
gies and applications focused on establishing standardized 
wireless communications between vehicles to support safety, 
mobility and efficiency within the motor carrier industry. 
(21CTP, 2013)

Of these primary categories, items 1 through 4 have safety 
implications at the vehicle level and will be discussed in this 
section of the report. 

Crash Avoidance Technologies

Improved Braking Performance

Brake performance remains a long-standing challenge 
for heavy vehicles. New crash avoidance systems rely on 
well-adjusted brakes to function properly, and this require-
ment strongly favors disc brake technology. The Partnership 
notes that NHTSA Final Rule FMVSS No. 121 requires a 30 
percent reduction in stopping distance for new commercial 
tractors. The Partnership’s Roadmap identifies disc brakes 
and more powerful drum brakes as the most likely strategy to 
meet new standard. The superior performance of disc brakes 
and their ability to remain in adjustment suggest that they 
would be a better choice than drum brakes. Disc brakes have 
better heat rejection characteristics than drum brakes, which 
is important given that aerodynamic drag is greatly reduced 
in fuel-efficient vehicles, thus requiring brakes to extract 
more energy. The current FMVSS No. 121 does not address 

“brake out of adjustment,” which is arguably the most critical 
brake issue facing the trucking industry. 

Therefore, the 21CTP has stated that “increased research 
and analysis on the use of disc brake systems for tractor trail-
ers is supported by the 21CTP.” According to the Roadmap, 
disc brake systems offer increased reliability, shorter stop-
ping distance, and opportunities for mass reduction since 
they are lighter and less expensive to maintain than drum 
brake systems. 

Air disc brakes offer a proven alternative to drum brake 
designs. When compared to drum brakes, air disc brakes have 
a number of advantages, including these:

•	 No exaggeration of friction coefficient differences. This 
results in improved side-to-side consistency between 
left and right brakes.

•	 Reduced fade. Consistent contact between the friction 
surfaces remains, even with brake disc warm-up and 
radial expansion.

•	 High thermal load capacity. Heat dissipation is effi-
cient for internally vented brake discs. As such, it is 
possible to maintain high braking performance, even 
under demanding conditions.

•	 Minimal and consistent hysteresis. This is due to the 
high efficiency of the actuating mechanism.

•	 Servicing ease when changing brake pads. Compared 
to drum brakes, disc brakes require only a fraction of 
the service time.

Unfortunately, the air disc brake system market penetra-
tion rate in the United States remains low, so that mecha-
nisms to encourage industry acceptance of this foundation 
brake technology may be required. 

21CTP considers electronically controlled braking sys-
tems (EBS) to be important technologies. These systems 
replace the pneumatic brake activation signal with an elec-
tronic activation signal. The main benefit of this system 
is reduced lag time between operator execution and brake 
response time, which reduces stopping distance. EBS offers 
more precise brake control and will provide the platform for 
the advanced safety systems of the future. Furthermore, the 
elimination of signal lag ensures that every wheel-end brakes 
at the same time, which improves vehicle control. 

21CTP considers improved brake systems as an enabler 
for other safety technologies. Having well-adjusted brakes 
with reliable braking performance is essential for the opera-
tion of many of the advanced collision avoidance technolo-
gies. In a presentation to this committee, NHTSA noted that 
out-of-service brake problems are detected in 20-30 percent 
of trucks inspected.3 Most of these problems are associated 
with out-of-adjustment brakes and of these, virtually all are 
related to antiquated drum brake design, which is inherently 

3 L. Loy, “FMCSA Research and Technology,” Presentation to the com-
mittee on November 18, 2014.
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susceptible to adjustment problems but is nonetheless used 
on most tractor-trailer combinations in North America. As 
mentioned previously, out-of-adjustment is an important 
characteristic, since electronic stability control (ESC), roll 
stability control (RSC), and forward collision avoidance and 
mitigation (F-CAM) systems all rely on properly functioning 
brake systems to maximize safety performance. When the 
brake systems are out of adjustment or compromised, crash 
avoidance system performance suffers. It should also be 
noted that in Europe, air disc brakes have experienced high 
market penetration and out-of-adjustment problems are less 
common (Marmy, 2015). 

Roll Stability Control and Electronic Stability Control

RSC systems are designed to reduce the probability of 
vehicle rollover in a curve by sensing lateral acceleration 
and reducing speed when threshold limits are exceeded. 
ESC provides rollover prevention similar to that provided 
by RSC, with the added ability to address vehicle loss of 
control (LOC) due to understeer or oversteer through selec-
tive braking at the tractor. The overlapping characteristic of 
these technologies centers on the ability of ESC to manage 
LOC scenarios as well as to replicate the functionality of an 
RSC system for curve-related roll stability cases. 

RSC and ESC technologies are able to assess vehicle mass 
by monitoring engine torque and vehicle acceleration per-
formance on a continuous basis. An onboard algorithm uses 
this data to set the lateral acceleration threshold and establish 
mass-related braking strategies for vehicle deceleration dur-
ing challenging curve maneuvers. The technology has the 
ability to override driver power commands to the engine and 
can activate the vehicle retarder/engine brake as well as the 
foundation brakes. The degree of intervention depends on the 
amount of lateral acceleration (over-speed in a curve) that 
the vehicle experiences. RSC and ESC technologies perform 
almost identically when controlling for excessive speed in a 
curve with the exception that ESC can apply the foundation 
brakes (all tractor axle and trailer axle brakes), including the 
tractor steer axle, while RSC can apply the foundation brakes 
but not the tractor steer axle.

RSC and ESC are both mature commercially available 
technologies that cannot be retrofitted. DOT has initiated 
rulemaking to require ESC to be fitted on new Class 8 trucks. 
The University of Michigan Transportation Research Insti-
tute (UMTRI) conducted a study for NHTSA to quantify 
performance and estimate the benefits of this technology 
(Woodrooffe et al., 2009).

Collision Mitigation Technology

The 21CTP identifies advances in collision warning and 
avoidance systems as an area of research that has a poten-
tially high payback when it comes to improving safety. The 
Roadmap identifies the following crash avoidance systems 

for future research: lane departure warning (LDW), forward 
collision warning (FCW), side object detection (blind spot 
monitoring, or BSM), lane change/merge (LCM), and rear 
object detection and collision warning FCW and Mitigation 
F-CAM systems are defined as forward-looking radar-based 
systems that combine FCW with automatic collision mitiga-
tion braking (CMB) capability. The FCW feature generates 
visual, audible, and/or haptic warnings for the driver when/if 
a lead vehicle comes within a predefined distance and clos-
ing rate with the subject vehicle (i.e., the F-CAM equipped 
vehicle). If the driver does not respond to the warning with a 
braking input, and if the threat continues to worsen, then the 
F-CAM system applies foundation brakes at a point when the 
collision is determined to be “imminent” (i.e., not avoidable 
through an evasive steering or lane change maneuver). Driver 
warnings and automatic braking actions of current produc-
tion systems could be effective at helping to mitigate crash 
severity or to avoid the crash altogether. It should be noted 
that F-CAM technology is not meant to convey or imply an 
adaptive cruise control (ACC) feature, even though all com-
mercial vehicles offering F-CAM systems do in fact include 
ACC capability. F-CAM systems address truck striking rear-
end collisions, which are the most common crash type on the 
divided highway network. 

The estimated reduction in fatalities and injuries related 
to collisions with a truck striking the rear end of another 
vehicle was computed in Table 7-2 (Woodrooffe et al., 2013). 

Woodrooffe et al. (2013) show that the current generation, 
commercially available technology will reduce fatalities by 
24 percent, injuries by 25 percent, and property-damage-only 
crashes by 9 percent (see Table 7-2). The data also suggest 
that the second- and third-generation versions of the system 
will bring substantially greater benefits. The second -genera-
tion system is able to detect stationary threat objects in the 
roadway, typically through the fusion of radar and vision 
systems. The third generation has more aggressive automated 
braking deceleration, achieving 0.6 g. This is highly relevant 

TABLE 7-2 Reduction in Injury Severity by Collision 
Mitigation Capability for Tractor Semitrailers (F-CAM 
components) (percent)

Capability Fatal Injury No Injury

F-CAM subsystem contribution

FCW only 31 27 11
CMB only, 2nd generation 26 32 10

CMB only, 3rd generation 44 42 19

Complete F-CAM system contribution

Current generation 24 25  9

Second generation 44 47 20

Third generation 57 54 29

NOTE: The benefits assume that all tractor semitrailers operating in the 
United States were fitted with the technology. Also note: “No injury” means 
property damage only. SOURCE: Woodrooffe et al. (2013). 
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to 21CTP as it represents an area where the needed research 
and development have indicated the potential for substantive 
safety improvement.

Safety System Diagnostic Technologies

A vehicle with a safety system that is not functioning 
properly is a safety risk to both its occupant and society 
generally. DOT is supporting the development of systems 
that inspect, monitor, and diagnose the vehicle compo-
nents and technologies that influence vehicle safety. The 
21CTP Roadmap identifies tire pressure monitoring systems 
(TPMS) and brake system out-of-adjustment diagnostics as 
two distinct areas that will benefit from onboard diagnostics 
(OBDs).

Tire Pressure Monitoring Systems

The 21CTP’s vision for the future truck includes an 
efficient, accurate, and cost effective tire pressure monitor-
ing system. Tire pressure monitoring systems can improve 
safety while also reducing operating costs for the vehicle 
owner. These systems continually measure the air pressure 
for all tires and relay that information to the operator via a 
dashboard-mounted OBD interface or transmit the data to a 
fleet’s manager, or both. Having properly inflated tires will 
reduce blowouts, vehicle sliding in inclement weather, and 
improve vehicle handling. Properly inflated tires will also 
reduce fuel consumption directly since a properly inflated 
tire will provide lower fuel consumption than an improperly 
inflated tire because of the additional power that is required 
to move a vehicle with one, or many, underinflated tires (see 
Chapter 5, section on “Tire Rolling Resistance”).

Brake System Sensors and Diagnostics

As previously mentioned, many of the new crash avoid-
ance and mitigation technologies rely on well-adjusted 
brake systems. DOT is sponsoring research on more reliable 
and accurate brake system diagnostic systems. It identifies 
the leading brake diagnostic system as the on-board stroke 
monitoring system, which is a strong indicator of the state of 
drum brake adjustment. These systems will enable the driver 
or the fleet to receive real-time information on the condition 
of the vehicle’s braking system. These systems also increase 
safety by notifying the operator, or fleet manager, of vehicles 
with brake systems that are out of adjustment. 

Cab Crashworthiness

A “fatal truck crash” is defined as a crash in which 
someone (an occupant of the truck, an occupant of another 
vehicle, or a pedestrian) is killed. In the early 2000s, 700 to 
800 hundred truck drivers were killed in truck crashes each 
year. In recent years, the number of truck driver fatalities 

has decreased, in large part owing to a general reduction 
in truck fatal crashes. However the proportion of drivers 
killed in relation to the number of fatal truck crashes has 
remained between 14 and 16 percent over the years. In 2003 
and 2004, 700 truck drivers were fatally injured in crashes, 
and the number increased substantially in each of the next 3 
years. The trend in the number of truck drivers killed began 
to decline after 2007, possibly due to a reduction in truck 
travel brought on by the recession. In 2007, a total of 796 
truck drivers were killed in 5,049 fatal truck crashes, a 15.8 
percent occurrence (Jarossi et al., 2012). In 2008, there were 
639 truck drivers killed in 4,352 fatal truck crashes (14.7 
percent); in 2009, there were 487 drivers killed in 3,450 fatal 
truck crashes (14.1 percent); and in 2010, 540 truck drivers 
were killed in 3,699 fatal crashes (14.6 percent). While the 
number of truck drivers killed in traffic crashes has fluctuated 
over the period, the ratio of drivers killed in relation to fatal 
truck crashes shows little change, indicating that crash safety 
for drivers is not improving. 

It is estimated that 757 truck occupant fatalities occur per 
year; about 3,000 A-injuries4 and about 7,700 B-injuries. 
Most of the fatalities occurred in truck-tractors, with an aver-
age of 425 per year. Single unit trucks (SUTs) had an average 
of 324 fatalities annually.

A recent UMTRI study (Woodrooffe and Blower, 2013) 
found that rollover and frontal impact were identified as 
the collision types associated with the most serious driver 
injuries. Rollover and frontal impact in collisions accounted 
for 72.7 percent of all tractor-trailer driver fatalities and 
A-injuries in crashes. Rollover is the dominant crash mode, 
accounting for 44.5 percent of fatalities, and everyday 
A-injuries frontal collision events account for 28.2 percent. 
No other crash event comes close to the share of these two 
crash types.

In events where the truck rolls over, one in eight truck 
drivers dies or receives incapacitating injuries. In contrast, in 
crashes where the truck does not rollover one in 167 drivers 
die or receive incapacitating injuries.

Rollover events with belted drivers account for 37 percent 
of all injured truck drivers while unbelted drivers account for 
50 percent. Focusing on the risk associated with rollover, one 
in nine belted drivers die or receive incapacitating injuries 
while one in three unbelted drivers die or receive incapacitat-
ing injuries. Seat belts were shown to be particularly effective 
at reducing fatalities and incapacitating injuries in rollover 
events by a factor of three. 

Ejection is highly associated with the most severe injuries. 
Among SUT drivers, almost 39.9 percent of ejected drivers 
suffered fatal injuries, and almost 24.6 percent were coded 
with A-injuries. Among tractor-trailer drivers, 25.4 percent 

4 A-injuries: incapacitating, which prevent the injured person from walk-
ing, driving or normally continuing the activities he was capable of perform-
ing before the injury occurred. B-injuries: nonincapacitating injury other 
than a fatal injury or an incapacitating injury, which is evident to observers 
at the scene of the accident in which the injury occurred.
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of ejected drivers suffered fatal injuries and an additional 
19.0 percent suffered A-injuries. Ejection accounted for 35.0 
percent of SUT driver fatalities and 22.6 percent of tractor-
trailer driver fatal injuries.

Seat belt use was shown to virtually eliminate complete 
ejection for both SUT and tractor-trailer drivers (though a 
small percentage of belted drivers are partially ejected in 
some crashes). Furthermore, rollover accounts for almost 
65 percent of ejected tractor-trailer drivers in fatal crashes.

There are challenges to the acceptance of safety technol-
ogy in the heavy commercial vehicle industry. While vehicle 
manufacturers offer safety technology beyond that required 
by the Federal Motor Vehicle Safety Standards (FMVSS), 
the commercial uptake for these technologies are for the 
most part very low. Given that most commercial drivers 
have no influence on the vehicle purchasing process, includ-
ing specifying vehicle safety content, this may tend to slow 
the adoption of safety protection available to heavy vehicle 
occupants. 

Several potential countermeasures have been identified:

•	 Measures to increase seat belt usage may include the 
installation of enhanced seat belt warning systems that 
activate a visual and audible warning when truck driv-
ers and other vehicle occupants fail to use their seat 
belt. 

•	 Increasing the integrity and robustness of cab struc-
tures and the protection of cabs particularly with 
respect to rollover. 

•	 The installation of side curtain air bags to prevent 
occupant ejection through the side windows and head 
trauma. 

•	 Increasing occupant head space during rollover events 
through installation of automatic pull-down seats.

The regulation of safety content of commercial vehicles 
has not progressed to the same degree as it has in light-duty 
vehicles. For example, air bag systems are not mandatory 
in heavy trucks and to date, only one vehicle manufacturer 
offers front air bags as standard. No manufacturers offer 
side curtain air bags, which counteract partial and full driver 
ejection during rollover events, a major cause of driver injury 
and death (Woodrooffe and Blower, 2013). 

Given the 21CTP goals for improved safety and the 
interagency cooperation that defines the program, it is not 
unreasonable to expect that DOT should have a safety related 
program along the lines of SuperTruck, with its own focus 
on improving safety for truck drivers involved in accidents. 
Areas of potential emphasis include improved cab structural 
integrity and prevention of driver ejection during rollover 
events.

RESPONSE TO RECOMMENDATIONS FROM THE NRC 
PHASE 2 REPORT 

The following section discusses this committee’s evalua-
tion of the Partnership’s responses to the recommendations 
of the NRC Phase 2 report. 

 
NRC Phase 2 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 com-
promised in reducing fuel consumption.

21CTP Response: The Partnership will review wording of safe-
ty goals to ensure appropriate emphasis is placed on safety—and 
that safety is not compromised in achieving fuel efficiency goals.

Committee Comment on Response to 7-1

The Partnership agreed with the Phase 2 committee’s 
recommendation that wording of the safety goals should be 
clarified to emphasize that safety will not be compromised to 
achieve reductions in fuel consumption. However, this cor-
rection of the wording has not occurred to date. Additionally, 
it appears that the roadmap section on safety was revised in 
the most recent 2013 publication, but this specific goal was 
never revised. The Partnership has indicated that it is open to 
ideas from the NRC committee on how to reword this goal 
to clarify the intended meaning (21CTP, 2013).

NRC Phase 2 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.

21CTP Response: The Partnership agrees with the committee’s 
observations and recommendations.

Committee Comment on Response to 7-2

The Partnership responded favorably to the recommenda-
tion for giving crash avoidance technologies a high priority 
and has made modest gains in this area. Partnership assess-
ments were conducted on truck-related crash-avoidance tech-
nologies such as ESC, RSC and F-CAM systems (described 
in earlier sections). Of the technologies assessed by the Part-
nership, it is this committee’s opinion that the F-CAM sys-
tems show the best potential for further development. Disc 
brake technology can also be viewed as a crash-avoidance 
technology since it brings about shorter stopping distances 
with improved thermal capacity compared to conventional 
braking systems. Implementation of disc brake systems will 
also reduce the chronic problems of conventional brakes 
requiring constant readjustment. The Partnership also sup-
ports continued research in the following crash-avoidance 
technologies:

***



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

114 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, THIRD REPORT

•	 Lane departure warning (LDW)
•	 Forward collision warning (FCW)
•	 Side object detection (blind spot monitoring, BSM) 

and lane change merge (LCM)
•	 Rear object detection and collision warning

NRC Phase 2 Recommendation 7-3. The DOT should evalu-
ate the conclusions 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 initia-
tives and goals for highway safety in general. The DOT should 
also consider establishing more aggressive goals for heavy-duty 
truck safety.

21CTP Response: DOT will review the TRB study (Achieving 
Traffic Safety Goals in the United States: Lessons from Other 
Nations). DOT regularly re-evaluates its safety goals each year, 
and will take into consideration information from this study, 
as well as the special circumstances impacting traffic safety in 
United States.

Committee Comment on Response to 7-3

There is no evidence that this particular recommendation 
has been addressed at this time. 

NRC Phase 2 Finding 7-4. Some of the potential safety 
improvements considered by the committee may have negli-
gible impact on fuel consumption and, in some cases, appear 
to have positive implications. However, further study of the 
potential highway safety impact of high productivity vehicles 
is warranted.

Partnership Response: USDOT will launch a major study of 
this issue based on direction given in MAP-21; specifically, Sec-
tion 32801 requires completing a “Comprehensive Truck Size 
and Weight Limits Study.” The scope of this study can be found 
in the authorizing legislation.

Committee Comment on Response to 7-4

The Map-21 Truck Size and Weight Study is currently 
under way and attempting to address this question, albeit in 
a limited manner. 

FINDINGS AND RECOMMENDATIONS

Finding 7-1. Many safety technologies could be effectively 
evaluated and demonstrated in a safety-focused program—
for example, a Safety SuperTruck similar to the DOE fuel 
consumption reduction SuperTruck program. 

Recommendation 7-1. DOT should consider implement-
ing a Safety SuperTruck program to develop, integrate, and 

evaluate safety technologies such as cab structural integrity, 
side curtain airbags, advanced forward warning and collision 
mitigating systems to help industry attain a more integrated 
and complete safety package with a view to generating 
greater purchaser acceptance of safety technology not man-
dated by law. 

Finding 7-2. Properly performing and well-adjusted brak-
ing systems form an essential platform for the crash avoid-
ance technologies being assessed by the 21CTP. In terms of 
stopping distance, braking control, brake adjustability, and 
thermal capacity, disc brake systems are superior to drum 
brakes. Disc brakes provide a better foundation than drum 
brakes for future technologies dependent on reliable brake 
performance. 

Recommendation 7-2. 21CTP should assess ways to 
encourage industry to adopt disc brakes and measures should 
be taken to encourage broad adoption of these superior brake 
systems. 

Finding 7-3. The current generation of commercially avail-
able Forward Collision Avoidance and Mitigation systems 
should reduce fatalities in truck striking rear-end collisions 
by 24 percent, injuries by 25 percent, and property damage 
only crashes by 9 percent. Second- and third-generation ver-
sions of the system will bring substantially greater benefits. 
Second-generation systems will be able to detect stationary 
threat objects in the roadway through the fusion of radar and 
vision systems, while third-generation systems have more 
aggressive automated braking deceleration, achieving 0.6 g.

Recommendation 7-3. 21CTP should assess future gen-
eration Forward Collision Avoidance and Mitigation system 
development to identify barriers to development and estab-
lish incentives to foster commercialization. 
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SuperTruck Program

INTRODUCTION

The SuperTruck program was designed to provide a 
full Class 8 tractor-trailer vehicle demonstration of a wide 
range of technologies, many of which were developed at the 
component or subsystem level under previous 21st Century 
Truck Partnership (21CTP) projects.1 The SuperTruck pro-
gram aligns with findings and recommendations set out in 
the NRC Phase 1 review of 2008 (NRC, 2008). For example, 
NRC Phase 1 Recommendation 1-2 stated that project “goals 
should be clearly stated in measurable engineering terms.” 
Recommendation 3-1 called for demonstrating 50 percent 
brake thermal efficiency (BTE) at an operating point rep-
resentative of a 65 mile per hour (mph) cruise operation. 
Recommendation 3-8 called for completing the 50 percent 
engine BTE demonstration before embarking on a 55 percent 
effort. The SuperTruck program had already started at the 
time of the NRC Phase 2 review in 2011, and the project 
plans were reviewed in Chapter 8 of the NRC Phase 2 report 
(NRC, 2012).

Four project teams were awarded projects under the 
SuperTruck program. All of the teams were given the same 
basic fuel-saving targets, along with a requirement to main-
tain “comparable vehicle performance”:

•	 Achieve 50 percent BTE from the engine at a highway 
cruise operation speed/load point;

•	 Demonstrate a path to 55 percent BTE from the engine 
(see Chapter 3); and

•	 Demonstrate a 50 percent increase in freight efficiency, 
measured in freight ton-miles per gallon, on a long-
haul drive cycle.

In addition to these targets, the Cummins team added a 
target to measure the effectiveness of its auxiliary power 

1 D. Anderson, 21st Century Truck Partnership, “Vehicle Technologies 
Office Vehicle and Systems Simulation and Testing,” presentation to the 
committee, September 3, 2014.

unit (APU) systems, which handle hotel loads when the 
vehicle is parked. The Daimler team also evaluated freight 
efficiency over a somewhat different 24-hour cycle. The 
Cummins target is to demonstrate a 68 percent increase in 
freight efficiency on a 24-hr duty cycle (drive cycle plus 
overnight hotel load).

The teams were given some flexibility regarding the 
targets. For example, each team defined its own long-haul 
drive cycle(s), and each team derived the cruise operation 
point for the 50 percent BTE demonstration from its selected 
drive cycle. The teams also had broad flexibility regarding 
the selection of specific technologies used to achieve the 
targets. All four projects were set up with a time frame of 
approximately 4 years. Table 8-1 compares the overall tech-
nical approaches of the four SuperTruck teams.

PROJECT BUDGETS AND RELEVANCE TO 21CTP

The Cummins-Peterbilt project was funded by the Depart-
ment of Energy (DOE) using money from the American 
Recovery and Reinvestment Act of 2009 (ARRA).2 DOE’s 
funding is $38.8 million, with the industrial partners contrib-
uting $38.8 million, for a project total of $77.7 million. The 
Daimler SuperTruck project was also funded by DOE with 
ARRA money. DOE committed $39.6 million to the Daimler 
project, and the industrial partners also put in $39.6 million, 
for a total project funding of $79.1 million. As shown in 
Table 3-1, the project budget was split approximately 60/40 
between vehicle and engine work. 

The Volvo SuperTruck program was funded by DOE 
at $18.9 million, from regular DOE appropriations. Volvo 
also contributed $19.1 million to its program, for a total 
project funding of $38 million. The Volvo project is smaller 
in scale, because Volvo is also participating in a European 
government-funded program along the lines of SuperTruck. 

2 Budget information provided by Ken Howden, DOE, to the committee 
in March 2015. Also see Table 3-1.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

SUPERTRUCK PROGRAM 117

TABLE 8-1 SuperTruck Team Technical Approaches

Technology Cummins-Peterbilt Daimler-Detroit Diesel Volvo Navistar

Aerodynamics Many features—tractor 
and trailer are integrated. 
Retractable trailer skirts.

Many features—
tractor and trailer are 
independent. Fixed 
trailer skirts.

Many features—
tractor and trailer are 
independent. Fixed 
trailer skirts.

Many features. Final 
configuration TBD. 
Considering active ride height 
and pitch control.

Transmission Eaton 10-speed AMT with 
narrow step between the 
top two gears.

12-speed Daimler DT-12 
AMT with e-Coast.

Volvo 12-speed DCT. Eaton 10-speed AMT with 
Precise Lube with direct top 
gear.

Hybrid powertrain No. 120 kW motor, 2.4 kWh, 
360 V battery. Serves 
as starter, handles hotel 
loads.

No. Started with a 360 kW 
series hybrid, deleted for 
poor results. Now 48 V 
microhybrid.

Rolling resistance Low RR, wide-base 
singles,

Low RR, wide- base 
singles.

Low RR wide-base 
singles.

Michelin low RR wide-base 
singles.

Axles 6 × 2 smart axles. 6 × 2 smart axles with 
active oil level control.

6 × 2 smart axles with 
active oil level control.

6 × 2 smart axle with tall 
1.91:1 ratio to enable direct 
top gear.

Idle management Li-ion battery APU, 13.2 
kWh, 240-amp engine- 
driven alternator, 6 hr 
recharge, 400 lb.

Hybrid system used for 
idle management.

Energy-dense batteries, 
improved cab insulation.

TBD.

Route management GPS-based cruise, route 
management system, 
driver display.

GPS-based cruise, 
integrated with hybrid 
system, driver display.

GPS-based cruise, route 
management system, 
driver display.

GPS-based cruise with driver 
coaching features.

Weight reduction Aluminum fifth wheel and 
driveshaft, lighter axles 
and wheels, silicon carbide 
infused aluminum brake 
drums, magnesium cross 
members, lightweight air 
suspension, no lead-acid 
batteries. 

Aluminum frame 
and cross members, 
lightweight air 
suspension.

Aluminum frame, cross 
members, and driveshaft, 
lightweight axles, 
suspension, and wheels.

MMC brakes, lighter axles, 
driveshaft, and wheels, 
aluminum engine and 
transmission Mounts, variable 
gage/sandwich frame rails, 
Al cross members, lighter 
suspension, smaller and 
lighter fuel tanks, composite 
cab, polycarbonate glass, 
aluminum/composite trailer.

Solar panels No. On trailer, to charge 
hybrid battery.

On cab roof to power fan 
to extract hot air from 
cab.

No.

Base engine 15 L Inline 6, no 
downsizing.

10.7 L Inline 6, 
downsized from 15 L 
baseline.

11 L Inline 6, downsized 
from 13 L baseline.

12.6 L Inline 6 baseline and 
SuperTruck.

rpm at 65 mph ~1,180. ~1,300. Data not provided. ~1,050 or 1,125.

Engine efficiency 
features

High-efficiency turbo, low 
friction seals, lower power 
oil pump, low- viscosity 
oil, cylinder kit friction 
reduction, higher PCP, cal. 
optimization, overall 30% 
FMEP reduction.

turbo match, optimized 
liner cooling, variable 
speed water pump, low 
viscosity oil, piston 
friction reduction, 
15% higher PCP, cal. 
optimization.

High-efficiency turbo, 
variable coolant and 
oil pumps, reduced 
friction pistons, rings, 
and liners, low-viscosity 
oil, improved thermal 
management.

High-efficiency turbo, 
elevated coolant temp, 
low-friction power cylinder, 
thermal insulation, reduced 
air flow restrictions, variable 
displacement oil pump.

Fuel system HPCR with reduced 
parasitic fuel pump.

Amplified HPCR. HPCR (converted from 
unit injector baseline).

Amplified HPCR.

Combustion refinement Very high CR, piston 
bowl, injector match, 4.3 
g/hp-hr engine-out NOx, 
conventional diffusion 
burn.

High CR, piston bowl, 
low EGR, injector match, 
conventional diffusion 
burn, higher engine-
out NOx, model-based 
controls.

Increased CR, advanced 
piston bowl design, 
conventional diffusion 
burn, same engine-out 
NOx as US 2010.

Looking at 6 g engine-out 
NOx, higher injection press, 
revised piston bowl and high 
CR, evaluating diesel and dual 
fuel options, low swirl.

continued
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Technology Cummins-Peterbilt Daimler-Detroit Diesel Volvo Navistar

Electric drive 
components

Electric HVAC. Electric dual-zone 
HVAC.

Electric HVAC, 48 V.

Waste heat recovery Rankine cycle, R245 
working fluid, mechanical 
drive, uses EGR and 
exhaust heat, turbine 
expander.

Rankine cycle, ethanol 
working fluid, electric 
drive, uses EGR and 
exhaust heat, scroll 
expander.

Turbocompound plus 
Rankine cycle with 
ethanol working fluid, 
mechanical drive, uses 
EGR & exhaust heat.

Turbocompound, Rankine 
cycle, and e-turbo are being 
evaluated.

Aftertreatment High conversion efficiency, 
low back pressure.

High conversion 
efficiency, low back 
pressure.

High conversion 
efficiency, low back 
pressure.

High conversion efficiency, 
low back pressure.

Turbo technology High-efficiency VG. Asymmetric. High efficiency. Possible e-turbo.

Exhaust gas 
recirculation loop

Reduced flow rate and 
reduced flow restriction 
HPL.

HPL. Reduced flow HPL. Reduced flow rate and reduced 
flow restriction HPL.

Variable valve 
actuation

No. No. No. Being evaluated.

Cooling system Conventional cooling 
package, engine-driven 
fan, optimized to minimize 
fan-on time.

Angled cooling package, 
hydraulic motor fan 
drive, active grill 
shutters.

Variable speed engine-
driven fan, variable speed 
cooling pump.

Three-speed engine-driven fan, 
ECM-controlled thermostat, 
high coolant temp., variable-
speed cooling pump, variable 
coolant pressure.

Auxiliary power 
demand

Clutched air compressor 
with active controls; 
clutched power steering 
pump with reservoir; 
cab insulation and 
solar reflective paint 
for reduced A/C power 
demand.

Clutched air compressor 
with active controls; 
low-energy power 
steering; look-ahead 
smart alternator; LED 
lighting; cab insulation 
for reduced A/C power 
demand.

Clutched air compressor 
with intelligent dryer control, 
accessories run on deceleration 
/ coast.

NOTE: TBD, to be determined; AMT, automated manual transmission; DCT, dual clutch transmission; RR, rolling resistance; MMC, metal matrix composite; 
PCP, peak cylinder pressure; HPCR, high-pressure common rail; CR, compression ratio; HVAC, heating, ventilation, and air conditioning; EGR, exhaust 
gas recirculation; VG, variable geometry (turbocharger); HPL, high pressure loop; GPS, global positioning system; rpm, revolutions per minute; LED, light-
emitting diode; ECM, electronic control module; FMEP, friction mean effective pressure.

TABLE 8-1 Continued

The Volvo team started about 1 year after the Cummins 
and Daimler teams, and the project is expected to be com-
plete about a year after Cummins and Daimler. Finally, the 
Navistar program was assigned $35.8 million in regularly 
appropriated DOE funding, with $40.4 million in funding 
committed by the contractor, for a total Navistar project 
funding of $76.2 million. Navistar put its SuperTruck project 
on hold for approximately 2 years to deal with the conver-
sion of its engine products from an EGR-only approach to 
the use of selective catalytic reduction (SCR) for compliance 
with 2010 emissions standards. Navistar resumed participa-
tion in SuperTruck in November 2014, and its completion 
is expected to be approximately 1.5 years behind that of the 
Cummins and Daimler teams.

The SuperTruck programs are highly relevant to the goals 
of the Partnership. As noted in the introduction to this chap-
ter, these programs address recommendations from the NRC 

Phase 1 report, and the Phase 2 review in 2011 provided a 
generally positive review of the SuperTruck project plans 
(NRC, 2008, 2012, see Chapter 8 of the latter report).

CUMMINS-PETERBILT PROJECT

Members of and suppliers to the Cummins-Peterbilt team 
are listed in Table 8-2. Table 8-2 also lists some of the tech-
nology content used in the demonstration truck. One note-
worthy aspect of the team structure was that Peterbilt actually 
did the design and fabrication work for the aerodynamic 
upgrades of the trailer used for its SuperTruck rather than 
depending on the trailer manufacturer for this support. The 
trailer manufacturer was responsible for weight reduction 
efforts on the trailer. This approach appears to be common 
to all the SuperTruck projects and is driven by the modest 
technical capabilities of trailer manufacturers.
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Cummins-Peterbilt Technical Approach

Cummins selected the 15 L ISX engine for this program. 
This is the largest displacement engine to be used in the 
program. Cummins opted to avoid downsizing the engine 
in order to take advantage of efficiency technologies that 
can only be applied to a relatively low brake mean effective 
pressure (BMEP) engine, such as a very high compression 
ratio and a combustion strategy that leads to high cylinder 
pressures. Cummins did aggressively downspeed the engine, 
which causes the engine to operate at a higher BMEP for a 
given road load under cruise conditions. Using a large dis-
placement engine increases the challenge of packaging the 
engine, the waste heat recovery (WHR) system, the exhaust 
aftertreatment system, and the cooling system into a highly 
aerodynamic vehicle layout. A large displacement engine 
also means that efforts to reduce engine friction are particu-
larly important. Finally, a large displacement engine imposes 
a weight penalty. These disadvantages must be considered in 
light of the engine efficiency achieved.

According to the Cummins 2014 annual merit review 
(AMR) presentation (Koeberlein, 2014), conventional 
diesel combustion was retained, but with revisions to the 
combustion system (compression ratio, piston bowl, injector 
specification, and calibration). Turbocharger efficiency was 

improved, and the EGR circuit was optimized to minimize 
pumping work (and thus the pressure differential required 
to drive EGR flow). Extensive efforts were made to reduce 
friction, and a 30 percent reduction in friction mean effec-
tive pressure (FMEP) is claimed. The aftertreatment system 
design was modified to achieve higher conversion efficiency, 
which allows higher engine-out oxides of nitrogen (NOx), 
and it was increased in size to provide less back pressure on 
the engine, which reduces the engine’s pumping work. The 
engine was calibrated to produce 4.3 g/hp-hr NOx on the 
Supplemental Emission Test (SET) cycle. A WHR boiler 
bypass is integrated into the exhaust system. The bypass 
allows reduced vehicle heat rejection in situations where the 
cooling fan would otherwise have to be used. Since cooling 
fan power is greater than the contribution of the WHR sys-
tem, minimizing fan-on time is important to achieving low 
on-highway fuel consumption.

Peterbilt elected to use a production Model 579 tractor 
as the basis for the final SuperTruck demonstration tractor. 
The Cummins annual merit review presentation shows that 
the SuperTruck demonstrator has a 46 percent reduction in 
the coefficient of drag (Cd) from the baseline tractor-trailer 
configuration, based on computational fluid dynamic (CFD) 
calculations (Koeberlein, 2014). If the mirrors could be elim-
inated and replaced with cameras, the benefit would increase 
to 49 percent. In contrast, a completely clean sheet tractor 
design achieved a 49.6 percent Cd reduction without mir-
rors. Given the results of this evaluation, Cummins-Peterbilt 
decided that there is no need to consider an all-new tractor 
design. However, the Cummins-Peterbilt tractor and trailer 
are designed as a matched set. This means that the Peterbilt 
SuperTruck tractor cannot pull a conventional trailer, and the 
Cummins-Peterbilt SuperTruck trailer is not compatible with 
a conventional tractor.

Because WHR introduces an additional heat rejection 
demand to the vehicle cooling system, the team put effort into 
improving airflow through the cooling system and under the 
hood during fan-off operation. Slide 17 of the 2014 Cummins 
merit review shows some results from a CFD evaluation of 
cooling package airflow (Koeberlein, 2014).

A diagram of the Cummins WHR system used in the 
Demonstrator 1 vehicle is shown in Figure 8-1. According 
to Cummins, the final SuperTruck demonstrator vehicle 
used a WHR system that includes energy recovered from the 
engine coolant and lubricant circuits (Koeberlein, 2014). No 
details were provided on whether these circuits were run at 
an elevated temperature in order to provide higher quality 
waste heat. Also, the final demonstrator system fed power 
back into the front accessory drive belt rather than into the 
crankshaft through a gear train.

The original project plan called for the use of a solid oxide 
fuel cell APU to handle hotel loads during the stationary por-
tion of the 24-hr duty cycle. According to Cummins, several 
problems were encountered with the fuel cell, including a 
long warm-up time, low thermal efficiency, high weight, and 

TABLE 8-2 Cummins-Peterbilt Project Team Members 
and Suppliers

Team Member Area of Responsibility

Cummins Engine, waste heat recovery system, 
overall program management

Peterbilt Tractor
Eaton Transmission
Delphi Solid oxide fuel cell APU (dropped 

from program)
Corvus Lithium ion APU
Utility Trailer Manufacturing Lightweight trailer
US Xpress (truck fleet) End user feedback

Supplier

Cooper Bussmann Power distribution for the battery APU
Continental Route display
SAF Holland Aluminum fifth wheel
Dana Aluminum driveshaft and 6 × 2 axle
Bendix Traction control for 6 × 2 axle
Hendrickson Lightweight steer axle and trailer 

tandem axles
Alcoa Advanced lightweight wheels
Firestone Integrated air suspension bags
Metalsa Variable gage frame rails
Meridian Magnesium cross members
Century, Inc. Ceramic brake drums
Modene Cooling package and heat 

exchangers
Oak Ridge National Laboratory Advanced sensor development
Purdue University Advanced combustion analysis; 

premixed charge compression 
ignition (PCCI) combustion 
modeling
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a low peak power capacity (Koeberlein, 2014). After efforts 
to resolve these issues proved unsuccessful, the fuel cell 
was replaced with a custom-designed lithium ion battery-
based APU. This system has a 13.2 kWh storage capacity, 
of which 12.2 kWh is used during the hotel load portion of 
the 24-hr duty cycle. The battery is recharged by a 240 amp 
engine-driven alternator, and a full system recharge takes 
6 hr of driving time. The heating, ventilation, and cooling 
(HVAC) system was converted to electric power to work with 
the APU. The Cummins SuperTruck battery APU system 
weight is about 400 lb, which is comparable to the weight 

of diesel-engine driven APU systems that are widely used 
in the field today.

The original project plan called for a dual clutch transmis-
sion. In the end, a single clutch automated manual transmis-
sion was used. Optimization work was performed on the 
transmission ratios and to improve the mechanical efficiency 
of the transmission. Another feature planned early in the pro-
gram was a turbocharger with its own continuously variable 
transmission (CVT) (Fleet Owner Magazine, 2010). The idea 
was to improve transient response by accelerating the turbo-
charger using crankshaft power when needed, and to generate 
power to the crankshaft when more than adequate turbine 

Figure 8-1
Bitmapped

FIGURE 8-1 Cummins Demonstrator 1 WHR system layout. SOURCE: Koeberlein (2014).
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power was available. The VanDyne turbocharger proved to 
be not adequately developed for use in a vehicle application, 
so a more efficient conventional (variable geometry) turbo-
charger was employed instead. The Cummins approach to 
the 55 percent BTE requirement is described in Chapter 3. 

Cummins-Peterbilt selected a test route running from 
Denton, Texas, to Vernon, Texas, and back.3 The route is 
primarily rural, with a couple of traffic lights. Most of the 
route follows US 380 and US 287, which combine sections 
of divided highway with stretches of two- and four-lane undi-
vided road. The route length is 311 miles, with 550 feet in 
elevation change. A figure on Slide 15 of Cummins’ presen-
tation to the committee shows that the distribution of grades 
on this route is very close to the national average grade 
distribution of interstate highways in the lower 48 states.4 

Cummins-Peterbilt Project Results

Table 8-3 shows information on the Cummins-Peterbilt 
2009 model baseline tractor-trailer. These data are based on 
results provided by Cummins-Peterbilt in the AMRs, along 
with information provided to the committee by Cummins. 
Note that the 24-hr cycle includes 8 hr of idling or APU use 
to support cab hotel loads. Table 8-4 summarizes the Super-
Truck project results to date.

Based on the results in Table 8-4, some calculations can 
be made to determine the relative contribution of engine effi-
ciency and vehicle power demand. Assuming that the 2009 
baseline Cummins engine had a BTE of 42 percent (Koeber-
lein, 2014), the reduction in vehicle fuel consumption due 
to improved engine efficiency is about 17.6 percent. Vehicle 
fuel consumption on the long-haul cycle was reduced by 40 
percent, so about 22.4 percent fuel consumption reduction 
is due to vehicle power demand reduction. These same data 
can be expressed in another way: Of the total vehicle fuel 
savings on the long-haul drive cycle, about 44 percent is due 
to engine efficiency improvements, and 56 percent is due to 
vehicle power demand reduction. If the increase in cargo 
allowed by empty weight reduction is taken into account, 
the engine efficiency/vehicle efficiency split is 41/59 percent.

Additional results provided by the Cummins-Peterbilt 
team include:

•	 Reduction in Cd: 46 percent
•	 Weight increases:

—WHR + aftertreatment upgrades: 950 lb
—Aerodynamic devices: 2,500 lb
—Idle reduction system: 400 lb

•	 Weight reductions:
—Reduced fuel load, 400 lb

3 E. Koeberlein, Cummins-Peterbilt, “Cummins SuperTruck Program: 
Technology and System Level Demonstration of Highly Efficient and 
Clean, Diesel Powered Class 8 Trucks,” presentation to the committee, 
May 14, 2014.

4 Ibid.

—Tractor weight reduction, 2,400 lb
—Trailer weight reduction, 2,355 lb

•	 Net vehicle weight reduction/payload increase: 1,305 
lb

•	 Cummins-Peterbilt SuperTruck freight efficiency on 
driving cycle (no idle): 178 ton-mi/gal

•	 Cummins-Peterbilt SuperTruck load specific fuel 
consumption (LSFC) on driving cycle: 5.64 gal/1.000 
ton-mile

•	 Share of total fuel savings attributed to:
—Engine improvements and WHR, 42 percent
—Tractor aerodynamic improvements, 14 percent
—Trailer aerodynamic improvements, 28 percent
—Driveline and tire improvements, 15 percent

The data presented above show one significant issue 
introduced by the application of fuel-saving technologies: 
weight increase. In the Cummins-Peterbilt SuperTruck, the 
weight increase associated with the fuel saving technologies 
totals 3,850 lb. To achieve the reported increase in payload of 
1,305 pounds, the empty weight of the tractor and trailer had 
to be reduced by 5,155 pounds, or 15.8 percent. Achieving 
weight reductions of this size in a production truck is likely 
to be extremely expensive and require extensive analysis and 
development. Once requirements for cost-effectiveness are 
applied, it is likely that the application of efficiency technolo-
gies will push up empty weight. This has a slight negative 
impact on fuel consumption but a larger negative impact on 
freight efficiency, since the maximum legal payload will be 
reduced.

The vehicle-level demonstration tests were conducted in 
December 2013. Temperatures were low and winds were 
high (Damon, 2014). For the 24-hr duty cycle, the average 

TABLE 8-3 Cummins-Peterbilt 2009 Baseline Data

2009 Baseline Vehicle Configuration

Peterbilt 386, ISX engine 
with 450 hp, 13-speed Eaton 
Ultrashift AMT, aerodynamic 
hood and fairings, 63-in. 
sleeper, 6 × 4 with dual steel 
wheels and tires, 42-in. trailer 
gap, 20-in. gap from sleeper 
extender to trailer

Tractor-trailer empty weight 33,729 lb

Test weight 65,000 lb

Test payload 31,271 lb

mpg and gal/100 mi on drive cycle 6.45 mpg, 15.5 gal/100 mi

ton-mpg and gal/1,000 ton-mi 101 ton-mpg, 9.90 gal/1,000 
 ton-mi

mpg and gal/100 mi on 24-hr cycle 5.4 mpg, 18.5 gal/100 mi

ton-mpg and gal/1,000 ton-mi (24 hr) 84.4 ton-mpg, 11.8 gal/1,000  
 ton-mi

SOURCE: Koeberlein (2014).
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wind during the driving portion was 14 mph, with gusts to 
28 mph. For the basic drive cycle comparison, the average 
wind was 13 mph, with gusts to 33 mph. These high winds 
had the effect of driving up fuel consumption for both the 
baseline reference truck and the SuperTruck test vehicle. 
The difference in performance between the baseline and 
SuperTruck vehicles is likely to be at least slightly related 
to wind conditions, so a test in milder conditions might give 
slightly different results. The way the two vehicles’ Cd values 
vary with yaw angle will account for any difference in wind 
sensitivity.

The headline trip result of 10.7 mpg was achieved dur-
ing a later test, where the average wind was 6 mph, with no 
gusts. This compares to a result of 9.9 mpg on the windy day. 
Additional results obtained with the Demo 2 (final version) 
SuperTruck tractor are summarized in Table 8-5. These tests 
are outside the scope of the program requirements, but they 
provide valuable insight.

The results shown in Table 8-5 reveal the very modest 
sensitivity of fuel consumption to weight increases above 
65,000 lb but a more significant sensitivity to lower payload. 
Giving up the aerodynamic SuperTruck trailer and replacing 
it with a standard trailer with a skirt causes a fuel consump-
tion increase of about 11 percent, which is very significant. 
Note that these results are affected by variations in wind 

conditions. Also note that the Table 8-5 results do not look 
at differences in performance on a given day, where the test 
truck is compared to a reference truck run at the same time, 
which is the most accurate way to determine differences. 

The Cummins-Peterbilt team had its fleet partner, 
US Xpress, drive the Demo 1 level vehicle with a commercial 
load on a 950-mi route in Texas, using US Xpress drivers. 
US Xpress evaluated vehicle drivability and loading/unload-
ing issues. As a result of this test, the access panel covering 
the trailer tandem was modified so that it could open 180 
degrees for tire inspection. Another change implemented as a 
result of the fleet test was to make the trailer skirt pneumati-
cally retractable for access to loading docks and for crossing 
crowned areas such as railroad tracks.

Cummins-Peterbilt Project Management

A committee subgroup visited with Cummins-Peterbilt 
and Eaton in Columbus, Indiana, on August 28, 2014. With 
one exception, the subgroup found the project to be well 
organized and well run. The only exception was that the 
project team was unaware of the flexibility they had under 
the contract to change plans. This caused a delay in moving 
away from use of a fuel cell APU after it became clear that 
the fuel cell’s issues could not be resolved within the project 

TABLE 8-4 Cummins-Peterbilt Project Results to Datea

Target Status Complete?

50% engine BTE at cruise 51% engine + WHR BTE demonstrated Yes

50% freight efficiency increase on a long haul 
drive cycle (33% reduction in load specific fuel 
consumption)

76% demonstrated, plus a 66% increase in 
mpg (43% reduction in gallons per ton-mile, 
40% reduction in gallons per mile)

Yes

68% freight efficiency increase on a 24-hr duty cycle 
(40.5% reduction in load specific fuel consumption)

86% demonstrated, and a 75% increase in 
mpg (46% reduction in gallons per ton-mile, 
43% reduction in gallons per mile)

Yes

55% engine BTE 49.4% engine-only BTE demonstrated, 
more work planned

Q2 2015

NOTE: Results are based on a comparison to the reference truck, run on the same route, with the two trucks about 1 min 
apart.
 aThe results presented in this table are based on data collected by the committee prior to May 2015. At the DOE Annual 
Merit Review in June 2015, David Koeberlein of Cummins presented the following results: “Developed framework and 
analysis for 55% thermal efficiency, completed analytical roadmaps for both diesel and dual fuel approaches, and completed 
targeted engine tests to validate roadmaps” (Koeberlein, 2015). However, the committee was not in a position to review these 
results from the June 2015 AMR.

TABLE 8-5 Additional SuperTruck Tractor Fuel Economy Results 

Vehicle Configuration Wind gal/1,000 ton-miles gal/100 mi mpg

SuperTruck trailer at 65,000 lb 6 mph, steady 5.72 9.3 10.7

SuperTruck trailer at 80,000 lb 6.5 mph, steady 4.04 9.6 10.4

SuperTruck trailer at 32,500 lb (empty) 23 mph, gusts to 40 Infinity (no payload) 7.9 12.7

SuperTruck Tractor pulling a standard 53 ft trailer 
with skirts, 65,000 lb

9 mph, gusts to 18 6.52 10.6  9.4
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scope. The subgroup was impressed with the way the project 
team took advantage of the program to improve their model-
ing and simulation capability. There were several situations 
where simulation and test results did not match, and the team 
reviewed these in detail to understand and resolve the dif-
ferences. The improved simulation capabilities that resulted 
had an impact on the program, and they will also increase the 
ability of the team to deliver improved products in the future.

The subgroup asked the project team about its experi-
ence with DOE research programs. Cummins-Peterbilt 
emphasized the value of long-term (3- to 4-year) system 
integration projects. These projects are long enough to enable 
the contractors to recover and change plans when issues are 
encountered, and still successfully meet the project goals. In 
a short-term project, companies must take less risk in order 
to succeed. The project team felt that long-term system inte-
gration projects also provide extensive learning opportuni-
ties, develop useful relationships among partners, speed the 
progress of technology development, and build momentum 
toward production.

The committee asked Cummins about the relative value 
of one large, longer duration project, compared to several 
smaller projects. Cummins told the committee that they see 
more value in large, long-duration projects, even where lim-
ited funding means a lot of competition to win these projects. 

DAIMLER-DETROIT DIESEL PROJECT

Table 8-6 lists the Daimler team members and their 
responsibilities.

Daimler used the 14.6 L DD15 engine for the 2009 base-
line vehicle, the 12.8 L DD13 engine for its A-Sample truck, 
and a 10.7 L engine for the B-Sample (final demonstration) 
truck.5 Note that the 10.7 L engine is not currently offered 
in the North American market. It is sold in Mercedes trucks 
in Europe, under the name OM470. The 10.7 L OM470 
represents a significant downsizing from the baseline DD15 
engine. The smaller displacement brings weight, heat rejec-
tion, and packaging advantages over the baseline engine. On 
the other hand, power and torque are substantially reduced, 
and durability in long-haul applications is likely to be com-
promised. Power is down from 455 hp and 1,550 lb-ft in 
the baseline truck to 390 hp and 1,400 lb-ft with the 10.7 L 
engine, according to the Detroit Diesel 2014 AMR presen-
tation (Singh, 2014) and subsequent communication from 
Daimler. Daimler did a study of vehicle performance on the 
selected SuperTruck routes and ensured that the SuperTruck 
achieved comparable performance on the following metrics: 
overall trip time, time spent at less than 30 mph, and time 
spent in top gear.

5 D. Kayes, D. Rotz, and S. Singh, Daimler Truck North America LLC, 
“Super Truck Team Presentation: Daimler,” presentation to the committee, 
May 15, 2014.

Based on these criteria, Daimler believes that the Super-
Truck provides comparable performance to the baseline 
truck. Reduced vehicle power demand and assistance from 
the hybrid system are able to compensate for the lower 
engine power. However, certain aspects of performance, such 
as vehicle speed on a long grade, are still likely to suffer.

Conventional diffusion burn diesel combustion was 
retained, but with revisions to the combustion system 

TABLE 8-6 Daimler Project Team Members

Company Area of Responsibility

Daimler Engine, transmission, and vehicle, 
overall program management

Massachusetts Institute of 
Technology (MIT)

Engine lubrication

Atkinson LLC Engine controls development

Delphi Solid oxide fuel cell APU (dropped from 
program)

Bowman Electric turbocompounding

Air Squared WHR expander development

Oak Ridge National Lab Dual fuel combustion development for 
55% BTE

NREL Energy management

Oregon State University Energy management, weight reduction

Telogis Energy management

A123 Hybrid system batteries

Eaton Hybrid system

US Hybrid Hybrid system

Miasole Solar system

Itk Engineering Hybrid system

Auto Research Center Scale model wind tunnel testing

CD-adapco Computational fluid dynamics 

TitanX Aerodynamics/cooling system

Modine Cooling package and heat exchangers

Mekra-Lang Aerodynamics/cooling system

Freight Wing Aerodynamic devices

Corning Aftertreatment

Eberspaecher Aftertreatment

Johnson Matthey Aftertreatment

Strick Trailer and weight reduction

Inmagusa Weight reduction

Toray Weight reduction

Michelin Tires

ConMet Powertrain/parasitics

Bendix Powertrain/parasitics

Accuride Suspension

Ashland Powertrain/parasitics 

Parker Powertrain/parasitics 

Schneider National Fleet

Walmart Fleet
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(compression ratio, piston bowl, injector specification, and 
calibration) (Singh, 2014). Turbocharger efficiency is not 
discussed, but the EGR circuit was modified to reduce EGR 
flow, and the turbocharger was reoptimized to match the 
lower EGR rates. Changes were made to reduce cylinder 
kit friction. A variable-speed water pump is used to reduce 
parasitic power (as in one version of the current production 
DD15), and low viscosity oil is employed at a higher than 
normal operating temperature in an effort to reduce friction. 
The aftertreatment system was upgraded to allow for higher 
engine-out NOx and lower backpressure. The engine was 
calibrated to produce higher engine-out NOx on the SET 
cycle than the baseline engine, although the engine-out NOx 
level is not specified. A waste heat recovery boiler bypass 
is integrated into the exhaust system. The bypass allows 
reduced vehicle heat rejection in situations where the cool-
ing fan would otherwise have to be used. Since cooling fan 
power can be greater than the contribution of the WHR sys-
tem, minimizing fan-on time is important to achieving low 
on-highway fuel consumption.

Singh (2014) mentions that engine downsizing and some 
of the engine efficiency measures result in challenges for 
cylinder block and head design, and for long-term high-load 
durability. These issues are driven by increased peak cylinder 
pressures (PCPs) and reduced oil film thicknesses. Noise, 
vibration, and harshness (NVH) and emissions are also 
mentioned as potential issues with the SuperTruck combus-
tion system. Detroit Diesel Corporation worked with MIT on 
modifications to reduce heat rejection through the cylinder 
liners. Considerable effort has been made to implement 
model-based controls for the engine and the hybrid system.

Daimler made extensive modifications to the production 
truck cab to create the final SuperTruck demonstration trac-
tor. The cab was widened to match the sleeper width, and 
the windshield has been raked back. The shape of the hood 
has been extensively modified to optimize aerodynamic effi-
ciency with the smaller engine and angled cooling system. 
Mirrors were retained, but at the legal minimum size (about 
1/3 of the baseline size) and with extensive aerodynamic 
optimization. The mirrors are supplemented by cameras. 
Daimler told the committee that the overall wind-averaged 
Cd (a weighted calculation of drag based on time spent at 
each yaw angle and wind speed)6 of the final demonstra-
tor truck, including both the tractor and trailer, is about 50 
percent lower than the baseline. Most of the improvement 
in Cd came from the trailer, despite extensive development 
work on the tractor.

If waste heat recovery works on an energy stream (such 
as EGR flow) that must be cooled anyway, there is no addi-
tional heat rejection demand on the vehicle. However, when 
exhaust energy downstream of the aftertreatment is captured 
by a WHR system, this represents heat that otherwise would 

6 See http://www.uwal.org/download/temp/Heavy%20Duty%20
Truck%20Aerodynamics.pdf.

simply flow out of the exhaust pipe. A portion of this heat 
will be converted into work, but the remainder must be 
rejected by the tractor’s cooling system. Because WHR and 
the cooling system for the hybrid battery place an additional 
heat rejection demand on the tractor’s cooling system, the 
team put significant effort into improving airflow through the 
cooling system and under the hood during fan-off operation. 
The cooling package is mounted at an angle, with the top of 
the package being farther back in the tractor. This makes an 
engine-driven fan impractical, so a hydraulic motor-driven 
fan is used. In addition, Daimler added active shutters to 
limit cooling air flow under the hood when it is not required. 
According to Slide 10 of the Daimler 2014 AMR (Rotz, 
2014), the shutters improve Cd by 6 percent at zero yaw 
when they are closed, while reducing underhood airflow by 
60 percent. It should be noted that the 6 percent represents Cd 
improvement measured on SuperTruck only, with its unique 
hood, cooling package, and underhood configuration. The 
shutter system is not expected to produce the same results 
on a production vehicle.

A diagram of the Detroit Diesel WHR system used in 
the final demonstrator vehicle is shown on Slide 11 of the 
Daimler 2014 AMR (Rotz, 2014). The basic layout is similar 
to the Cummins system shown in Figure 8-1, but there are 
a number of detail differences. Detroit Diesel uses ethanol 
rather than a refrigerant as the working fluid, and the Detroit 
Diesel system does not use a recuperator. The Detroit Diesel 
system uses a scroll expander rather than the turbine used 
by Cummins. The condenser on the Detroit Diesel system is 
an ethanol to water heat exchanger. The water then goes to 
the front of the truck to reject heat. In the Cummins system, 
the working fluid condenser is part of the cooling package at 
the front of the truck. The Detroit Diesel system description 
does not mention using energy from the coolant and lube cir-
cuits. Finally, the Detroit Diesel WHR system power output 
is used to generate electricity rather than being fed back to 
the engine crankshaft. The electricity can be used to power 
the vehicle HVAC system and other hotel loads, to power 
the hybrid motor, or to recharge the hybrid system batteries. 
It is worth noting that to the extent the SuperTruck engines 
reduce EGR flow (as they increase engine-out NOx), the 
supply of high-quality heat for the WHR system is reduced. 
This has the effect of reducing the potential power that the 
WHR system can generate.

The Daimler hybrid system is a parallel system with a 
120 kW motor and a relatively small 2.4 kWh battery. The 
motor power rating falls approximately midway between 
ratings for so-called “mild” and “full” hybrid drive systems 
for a Class 8 truck (NRC, 2010), while the battery capacity 
falls toward the mild end of the hybrid spectrum. As a result, 
the hybrid system represents an engineering compromise 
solution that prevents the battery from capturing most of the 
truck’s available braking energy, but it is significantly lighter, 
smaller, and less expensive than a comparable full hybrid 
drive system for this vehicle.
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Daimler made a significant effort to get as much value as 
possible from the hybrid system. This was accomplished by a 
high level of integration of the hybrid drive into the vehicle’s 
overall system design, making it possible to use the same 
equipment for several different purposes. The hybrid system 
in the Daimler SuperTruck plays a role in engine starting, 
waste heat recovery, idle reduction, enabling electric air 
conditioning, and providing torque fill during transmission 
shifting. Torque fill is a feature that uses the electric motor 
to drive the axle during a shift event, while power from the 
diesel engine is interrupted, thus providing smoother vehicle 
acceleration.

Daimler Trucks uses the hybrid system battery to handle 
hotel loads during sleeper use. The 2.4 kWh battery cannot 
cover hotel loads for the entire night, so the engine will 
restart automatically when required to recharge the battery. 
The hybrid system battery also provides engine start power, 
eliminating all but one of the 12 V lead acid batteries. The 
hybrid battery has four sources of power: regenerative 
braking, the waste heat recovery system, solar panels on 
the trailer roof, and, finally, engine power fed to the motor/
generator. Engine power is not used to charge the battery 
on the highway because of the power transformation losses 
involved. Despite the extensive system integration effort, 
Daimler told the committee that the hybrid system was not 
cost-effective, given its high cost, its modest fuel savings on 
a long-haul cycle, and competition from the low-cost eCoast 
functionality. The eCoast feature provides a significant por-
tion of the fuel savings that can be achieved by a hybrid in a 
long-haul application, but eCoast is only a software control 
feature, with no additional hardware required.

The Daimler SuperTruck uses a production 12-speed 
automated manual transmission (AMT) made in-house by 
Daimler. The production design was modified to allow incor-
poration of the hybrid system motor. The calibration of the 
AMT was revised to accommodate the hybrid system and to 
keep the engine closer to its optimum operating point. A fea-
ture called eCoast has been added (Rotz, 2014, Slide 6). This 
feature disconnects the engine from the driveline when the 
vehicle power demand is zero and allows the engine to drop 
to idle. eCoast comes into play on gentle downhill grades and 
any time the driver wants to gradually slow the truck. The 
use of e-Coast preserves vehicle inertia, since the energy is 
not used to spin the engine. That inertia then reduces the fuel 
required the next time the vehicle demands power. In other 
words, the vehicle is its own energy storage device, in which 
energy is stored in the form of kinetic energy. Volvo Trucks 
currently offers a similar feature in some of its production 
trucks under the trade name Eco-Roll (Volvo Trucks, n.d.), 
and Cummins has announced a similar system for 2015 
production availability.

The Detroit Diesel approach to the 55 percent BTE 
requirement is described in Chapter 3. Daimler Trucks and 
Detroit Diesel selected two routes on which to evaluate their 
SuperTruck vehicles (Rotz, 2014). A third route was added 

later (conference call with Rotz, 2015). The first route runs 
from Dallas to San Antonio in Texas, using I-35. This route 
has frequent minor grade fluctuations of ±0.5 percent to 1 
percent) due to numerous underpasses, along with a few 
more significant hills of up to ±5 percent grade. The I-35 
route is run at 65 mph, which tends to favor aerodynamic 
improvements. This route was given a 64 percent weighting 
on a time basis by Daimler, meaning that 64 percent of the 
driving portion of the 24-hour drive cycle consisted of the 
I-35 route. The second route is from Portland to Canyonville 
in Oregon, using I-5. This route has significant segments that 
are flat or nearly flat, along with some hills with grades up 
to about 6 percent. The Oregon route is run at 58 mph, just 
above the state speed limit of 55 mph. This route was given 
a 28 percent weighting, since there are more states with a 
truck speed limit of 65 mph or greater than states with a 55 
mph limit. Daimler Trucks did not compare the grade distri-
bution on these routes to that of the national road network, 
but they appear to the committee to represent reasonably 
typical routes. The third route, which was given an 8 percent 
weighting, used local urban highways in the Portland area. 
This route was meant to represent getting from the loading 
dock out to the long-haul route.

Because the Daimler SuperTruck includes a hybrid 
system, the results reported below are based on having the 
battery in the same state of charge at the beginning and end 
of each test. The headline test result of 12.2 mpg on the San 
Antonio to Dallas I-35 route is an average of 5 round-trip 
runs of approximately 400 miles each, all made at a cruise 
speed of 65 mph. This result was publicly announced at 
the Mid-America Truck Show in March 2015. The 12.2 
mpg number translates to 206 ton-mi/gal, or 4.85 gal/1,000 
ton-mi. These are the best results reported so far in the 
SuperTruck program, but remember that test routes and test 
conditions vary, so results are not directly comparable.

Daimler-Detroit Diesel Project Results

Based on Table 8-7, some calculations can be made to 
determine the relative contribution of engine efficiency and 
vehicle power demand. Assuming that the 2009 baseline 
Detroit engine had a BTE of 44 percent, the reduction in 
vehicle fuel consumption due to improved engine efficiency 
is about 12.4 percent. Average vehicle fuel consumption 
on the two long-haul cycles was reduced by 47.4 percent, 
so about 35 percent fuel consumption reduction is due to 
vehicle power demand reduction, including the effect of the 
hybrid system. These same data can be expressed in another 
way: Of the total vehicle fuel savings on the long-haul drive 
cycle, about 26 percent is due to engine efficiency improve-
ments and 74 percent to vehicle power demand reduction. 
Additional results include these:

•	 Reduction in Cd: 54 percent (final demonstrator, scale 
model wind tunnel result) (Rotz, 2014, Slide 14).
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•	 Net vehicle weight reduction/payload increase: 
1,550 lb (A-Sample truck) (Rotz, 2014, Slide 12) and 
2,800 lb on the final demonstrator (conference call 
between Tom Reinhart, committee member, and Derek 
Rotz, Daimler, April 19, 2015)
—Details of weight reduction/increases were not 

provided.
•	 Distribution of aerodynamic drag reduction:

—Trailer aerodynamic improvements: 72 percent 
of the total vehicle improvement, with 1/3 of the 
aerodynamic engineering effort.

—Tractor aerodynamic improvements: 28 percent 
of the total vehicle improvement, with 2/3 of the 
aerodynamic engineering effort.

It is somewhat surprising that Daimler’s wind tunnel test 
results show that tractor and trailer aerodynamic benefits are 
independent of each other (Rotz, 2014, Slide 14). In a simple 
test that involved swapping between the baseline and final 
demonstration levels of tractor and trailer, no synergy was 
found for the highly aerodynamic final demonstration trac-
tor and trailer. Other researchers have found that tractor and 
trailer aerodynamics do depend on each other, so this result 
may represent an unusual case. It is also worth noting that 
the Daimler Trucks trailer design is compatible with standard 
tractors, unlike the Cummins-Peterbilt trailer design, where 
the tractor and trailer form a matched set.

In many cases, when individual technologies are com-
bined into a package, the fuel saving is less than the sum of 
the individual contributions. This is always the case where 
multiple technologies target the same source of energy 
loss, but it can also occur when unrelated technologies are 
combined. For example, if average vehicle power demand is 
reduced by lowering aerodynamic drag and tire rolling resis-
tance, the engine may spend more time at light load, where 
it is less efficient. On the other hand, Daimler reported at 
least one instance where the whole benefit from a package of 
features is greater than the sum of the parts. Reducing vehicle 
power demand has the effect of increasing the performance 
of the eCoast feature, since as aerodynamic drag and tire 
rolling resistance are reduced, the vehicle power demand 
drops below zero more often. In other words, it takes less of 
a negative grade to produce a zero power demand condition 
as Cd and Crr go down, so the eCoast feature has more kinetic 
energy to work with.

Daimler-Detroit Diesel Project Management

A committee subgroup visited Daimler Trucks North 
America in Portland, Oregon, on October 17, 2014. Another 
subgroup visited Detroit Diesel Corporation on November 
24, 2014. The subgroup that visited Daimler Trucks was 
impressed with the way the project team was taking advan-
tage of the program to improve its modeling and simulation 

TABLE 8-7 Daimler Trucks and Detroit Diesel Project Results to Datea

Target Status Complete?

50% engine BTE at cruise 50.2% engine + WHR BTE demonstrated Yes

50% freight efficiency increase on a long-haul drive 
cycle (33% reduction in LSFC)

Freight efficiency/LSFC results: 96.3% 
increase in freight efficiency (49% reduction 
in LSFC) demonstrated on Oregon route, 
119.5% increase in freight efficiency 
(54.5% reduction in LSFC) demonstrated on 
Texas route. 
Fuel economy/fuel consumption results at 
65,000 lb: 80.1% increase in mpg (44.5% 
decrease in FC) on the Oregon route and 
101.3% increase in mpg (50.3% reduction 
in FC) on the Texas route

Yes

68% freight efficiency increase on a 24-hr duty cycle 
(40.5% reduction in LSFC). Note that this goal is not a 
contract requirement

115% (53.5% LSFC reduction) 
Demonstrated on weighted combination 
route plus idle cycle. 97.4% mpg 
improvement (49.3% reduction in fuel 
consumption)

Yes

55% engine BTE Work under way; no plan for full engine test No

NOTE: FC, fuel consumption.
aThe results presented in this table are based on data collected by the committee prior to May 2015. At the DOE Annual 

Merit Review in June 2015, Sandeep Singh of Detroit Diesel Corporation presented the following results: “Achieving 55% 
BTE is expected to require advanced combustion strategies such as DF-LTC (dual fuel and low temperature combustion), plus 
additional improvements in parasitic reductions, component efficiencies, WHR, etc. beyond those achieved during SuperTruck. 
Daimler and ORNL look to continue DF-LTC efforts beyond SuperTruck to address these issues” (Singh, 2015). However, 
the committee was not in a position to review these results from the June 2015 AMR.
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capability for vehicle aerodynamics, and its fuel economy 
test capability. The improved simulation and test capabilities 
had an impact on the program, but they will also increase the 
ability of the team to deliver improved products in the future.

Detroit Diesel feels that the single operating point 55 per-
cent BTE target is not as attractive as improving efficiency 
over a realistic on-road duty cycle. It also pointed out the 
advantages of a system integration project like SuperTruck 
compared to component-level development projects. When 
integrating the complete system, Daimler made some 
discoveries about the real-world performance of certain 
technologies that were quite different than projections from 
simulation and test cell operation. SuperTruck drove the 
integration of many engine and vehicle technologies that 
had been previously considered only on a stand-alone basis.

Some Daimler suggestions for future research opportuni-
ties are these:

(1) Development of WHR systems to achieve lower 
cost, weight, and complexity, along with higher 
performance;

(2) Development of advanced combustion technologies 
such as dual fuels; and

(3) Development of friction reduction technologies for 
a high-cylinder-pressure engine.

Overall, Daimler was very enthusiastic about the Super-
Truck program. One manager called it “one of the best gov-
ernment projects ever.” By doing a complete vehicle, Daimler 
learned about the potential of many technologies, as well as 
issues and limitations that stand in the way of introducing 
some of these technologies.

VOLVO PROJECT

Because the Volvo SuperTruck project did not begin until 
June 2011, it was not included in the NRC Phase 2 report 
on 21CTP. The project is expected to be completed by June 
2016. Volvo elected to divide the project into two phases. 
Phase 1 delivered a concept evaluation vehicle (VEV-1, or 
mule). This vehicle was used to validate candidate technolo-
gies during 2013. Phase 2 will deliver a final SuperTruck 
demonstrator that will include the technologies validated in 
Phase 1, as well as additional technologies and refinements. 

The total cost of the project is projected to be $38 million, 
with 50 percent cost sharing. This total is about half of the 
budget for the other SuperTruck projects. As of September 
2014 the total spent was $24 million; as of June 2015, $26 
million was spent (Amar, 2015). A list of the key team mem-
bers and their contributions is provided in Table 8-8.

Phase 1 Technologies and Results

The tractor selected for the Phase 1 mule (VEV-1) was a 
model VNL 670 (Figure 8-2). The wheel fairings were modi-

fied for reduced drag. LED lighting was used for both inter-
nal and external lights to reduce electrical power demand 
and weight. The trailer was also equipped with LED lighting. 
Volvo calculates that equipping both tractor and trailer with 
efficient LED lighting in place of the standard incandescent 
system can save up to 120 gal/yr of fuel (DOE VTO, 2013). 
The use of LED lighting allowed the use of light gauge wir-
ing for weight reduction.

According to Volvo’s 2013 FY progress report for vehi-
cles systems simulation and testing, VEV-1 was upgraded 
with a new and lighter 6 × 2 axle configuration, a prototype 
proprietary lighter weight suspension, lightweight aluminum 
wheels, and wide-based low rolling resistance tires (DOE 
VTO, 2013). In addition, the standard two-piece driveshaft 
was replaced with an aluminum one-piece unit that provided 
a 25 percent reduction in weight. The total weight savings 
from these components was approximately 900 lb.

TABLE 8-8 Volvo SuperTruck Collaborators and Partners

Organization Key Contribution

Volvo Technology of America Project lead and concept simulations

Volvo Group Truck Technology Power train, vehicle integration, and 
testing

Ridge/Freight Wing Trailer aerodynamics

Grote Advanced LED lighting systems 

Ricardo Rankine cycle WHR Generation 1 
development

Hendrickson Lightweight trailer axle and 
suspension components

Alcoa Wheels Lightweight wheels

Michelin Advanced low-friction tires

Metalsa Ultralight aluminum frame assembly

ExxonMobil Advanced fuels and lubricants

Chalmers University of 
Technology

55% BTE testing

Penn State University 55% BTE simulation and testing

University of Michigan 55% BTE simulation and testing

Drexel University WHR topology simulation

Figure 8-2

FIGURE 8-2 Volvo VEV-1 preliminary demonstration vehicle. 
SOURCE: Amar (2013).
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The Volvo team used complete vehicle CFD simulations 
to design and optimize aerodynamic parts or add-on devices 
for the tractor and the trailer. Freight Wing’s latest designs 
for trailer aerodynamic devices were used as a starting 
point for the vehicle aerodynamic simulations. In paral-
lel with the aerodynamic optimization activities, Freight 
Wing explored opportunities to make the trailer add-on 
devices more practical from an operational perspective. 
In particular, new methods for enabling the tail fairing 
geometry to fold and provide convenient access to cargo 
were investigated. Different materials including reinforced 
composite panels were also evaluated for opportunities to 
improve product durability. The intent was to make the 
aerodynamic geometry that has proven to be effective in 
prior work as practical as possible for real-world utilization 
and production. 

Prototype parts corresponding to the designs simulated 
through CFD were fabricated and installed on VEV-1. Pri-
marily these included tractor wheel skirts, trailer skirts, and 
a trailer tail, which were tested under real-world conditions 
during the fuel economy tests. Tests results demonstrated a 
13 to 15 percent fuel consumption reduction for the complete 
vehicle, compared with the MY 2009 baseline (DOE VTO, 
2013). This correlated very well with the simulated aerody-
namic drag reduction of 30 percent for the corresponding 
geometry, and confirmed the accuracy of the CFD methods.

For Phase 1, Volvo chose its 13 L engine (DOE VTO, 
2013). This choice was made because the 13 L is Volvo’s 
highest volume production engine, and the 2009 baseline 
vehicle was equipped with a 13 L engine. The basic engine 
improvements included high-pressure common rail fuel 
injection (in place of the production engine’s unit injec-
tors), revised piston bowl geometry, reduced-friction power 
cylinder components, advanced lube and coolant pumps that 
reduce parasitic losses, and a mechanical turbocompound 
system.

A Generation 1, Rankine-cycle WHR system was also 
included in Phase 1. The WHR system exceeded previous 
performance in steady-state operation, despite the addition 
of a more efficient combustion chamber and turbocompound-
ing, both of which reduced the heat available to the system. 
Energy recovery was possible during nearly all positive 
power operation, with interruptions during coasting or engine 
brake operation. The advanced power train system installed 
in the VEV-1 chassis successfully completed multiple on-
road tests with varying route profiles and vehicle loads (DOE 
VTO, 2013). 

The lower exhaust temperatures resulting from the tur-
bocompound and improved combustion efficiency created 
some additional challenges for efficient function of the 
exhaust aftertreatment system (EATS). A chemical model 
of the EATS was developed for the unit delivered as part of 
VEV-1, allowing for transient evaluation of the EATS in the 
SuperTruck environment. 

The transmission choice for Phase 1 was a 12-speed dual 
clutch unit (DOE VTO, 2013). A dual clutch transmission 
eliminates power interruptions during shifts. The elimination 
of power interruptions enables performance improvements 
for both WHR and turbocompounding, since they no longer 
need to deal with the rapid changes in engine gas flow and 
temperature that are characteristic of normal shifting with a 
manual transmission or an AMT. The dual clutch transmis-
sion also allows for further engine downspeeding, since shifts 
are both more comfortable and without power interruption. 
As a result, a driver will tolerate higher shift frequency with 
a dual clutch than with an AMT. 

Advanced lower-friction lubricants were used in all power 
train components as well as axle bearings. These lubricants 
include synthetic low viscosity oil for the transmission and 
axle. Volvo provided the committee with baseline test results 
for its 2009 model truck. These results were measured at a 
steady speed of 65 mph on level ground. Results are averaged 
for two directions to minimize the impact of wind and minor 
grade fluctuations. These results, shown in Table 8-9, cannot 
be directly compared to results from the SuperTruck test pro-
gram, which are run over a defined on-highway drive cycle. 
However, the baseline test results do give a good view of the 
starting point for the Volvo SuperTruck work. SuperTruck 
results against the program goals for Phase 1 are shown in 
Table 8-10. Phase 2 (final) results of the Volvo program are 
expected in 2016.

Volvo Phase 2 Plans and Progress

The Phase 2 vehicle is referred to as VEV-2 or as the dem-
onstrator. A very aggressive approach was taken for weight 
reduction for the demonstrator. A prototype ultralightweight 
frame assembly was designed in 2013 and delivered on 
schedule in the first quarter of 2014 (see Figure 8-3). The 
weight savings achieved was 800 lb, exceeding the internal 
target of 40 percent compared with the equivalent steel 
frame ladder. The subsequent assembly of axles and chassis-
mounted components uncovered no issues with the design. 
Work is under way to build a second vehicle for track evalu-

TABLE 8-9 Volvo 2009 Baseline Test Results

2009 baseline vehicle configuration

NVL 670, D-13 engine with 
485 HP and 1,650 lb-ft, full 
chassis aero treatment, 44” 
trailer gap, cab and roof aero 
fairings, 2.65:1 overall ratio in 
top gear

Tractor-trailer empty weight 33,300 lb

Test weight 65,000 lb

Test payload 31,700 lb

mpg and gal/100 mi at 65 mph 7.2 mpg, and 13.9 gal/100 mi

ton-mpg and gal/1,000 ton-mi 114 ton-mpg and 8.77 gal/ 
1,000 ton-mi
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ation and data collection and to perform further analysis on 
the chassis assembly.

For the Phase 2 (final) demonstrator truck, Volvo selected 
its 11 L engine, which is 400 lb lighter than the 13 L used in 
VEV-1 (Gibble, 2014). The 11 L is calibrated to produce 425 
hp, compared to 485 hp for the 2009 baseline 13 L engine. 
Volvo expects the 11 L to at least match the 1,650 lb-ft torque 
of the 13 L. It projects that the lower vehicle power demand 
will result in comparable vehicle performance, although 
there may be slight misses in low-speed acceleration rate and 
in speed on steep grades. Similar fuel efficiency improve-
ment technologies that were incorporated into the 13 L 
engine in Phase 1 are included in the Phase 2 11 L engine: 
high-pressure common rail fuel injection, revised piston 
bowl geometry, reduced friction power cylinder components, 
advanced lube and coolant pumps, and turbocompounding. 
The final demonstrator vehicle will also include an aftertreat-
ment system with new developments to improve conversion 
efficiency and reduce package size.

For the Phase 2 WHR system, Volvo is focusing its efforts 
on weight and cost reduction and improved reliability. Work-

ing toward the goal of 50 percent BTE, Volvo has operated 
three engines in test cells, as well as six component-level test 
stands. These activities are maturing the various technologies 
in parallel.

In order to maximize overall HVAC system efficiency, cab 
insulation was increased, and the efficiency of the heating 
and cooling systems was improved. The energy management 
system is designed to always select the most efficient energy 
source/storage system to power typical hotel mode loads 
(DOE VTO, 2013).

 To investigate the potential for various idle reduction 
concepts, it was necessary to understand the detailed energy 
usage and balance over a 24-hour period. Several shorter 
road cycles were combined with a number of stops and 
engine-off events to form 24-hour cycles. The proportion of 
the different types of roads (flat, hilly, etc.) was verified by 
Volvo to be representative of typical North American long-
haul operation. A 24-hr electrical load consumption profile 
was developed using representative electrical configurations, 
historical weather conditions, and other factors, in order to 
help size and optimize the hotel load systems. With such a 

TABLE 8-10 Volvo SuperTruck Phase 1 Resultsa

Target Status Complete?

50% engine BTE at cruise 48% engine + WHR BTE demonstrated Planned for 2015

50% freight efficiency increase on a long-haul drive cycle 
(33% reduction in load specific fuel consumption)

43% demonstrated over 6,000 mi of road 
tests 

Planned for 2015

55% engine BTE Work under way; no plan for full engine test Planned for 2015

SOURCE: Amar (2014).
aThe results presented in this table are based on data collected by the committee prior to May 2015. At the DOE Annual 

Merit Review in June 2015, John Gibble of Volvo presented the following results: “50% BTE engine component development is 
complete. System integration and test is ongoing” (Gibble, 2015). Volvo also reported simulation results suggesting that 56.2% 
BTE could be possible, and 48% BTE without waste heat recovery. The final demonstrator vehicle build is under way. However, 
the committee was not in a position to review these results from the June 2015 AMR.

Figure 8-3

FIGURE 8-3 Prototype Volvo aluminum tractor frame. SOURCE: Amar (2014).
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load profile, it was possible to establish rough requirements 
for energy storage capacity and potential fuel savings. 

The requirements established for the APU included 
10,000 Btu for cooling, 10,000 BTU for heating, flexibility 
to operate during driving and when parked in hotel mode, 
and the ability to operate from a battery pack or from shore 
power. A supplier has been selected, and the design direction 
was decided in early 2013. The first prototype system was 
bench tested in late 2013, and the first chassis installation 
took place early in 2014 to identify any changes necessary 
to the design prior to the final assembly.

The application of intelligent controls includes both a 
more fuel-efficient “look-ahead” GPS-type cruise control 
and the management of power-consuming auxiliaries. In 
cruise, the vehicle will legally accelerate on downgrades but 
will hold a gear and reduce speed slightly while cresting a 
hill. Auxiliaries will be engaged during downhill operation 
to maximize the use of available vehicle kinetic energy. 
Modeling work done by Volvo predicts that these intelligent 
controls will provide the following fuel economy improve-
ments: rolling terrain 3 to 5 percent, and hilly terrain 5 to 
8 percent. The development of the Phase 2 power train and 
vehicle is progressing. A technology package to enable the 
11 L engine to meet the 50 percent BTE target at cruise has 
been defined, and performance development work is under 
way. Volvo told the committee that it plans to have the final 
demonstration vehicle completed and begin testing it in the 
fourth quarter of 2015.

Volvo has listed some issues and barriers that need to be 
dealt with before certain SuperTruck technologies can go 
into production (Gibble, 2014):

•	 Cost-effective and timely evaluation of advanced com-
ponents and configurations;

•	 Added weight, packaging difficulty, and complexity of 
certain technologies;

•	 Reduced aftertreatment efficiency at low exhaust 
temperatures (a natural result of engine efficiency 
improvement and vehicle power demand reduction);

•	 Integration of interdependent technologies; and 
•	 Operational effectiveness and end-user acceptance of 

advanced concepts.

Volvo’s 55 percent BTE effort is discussed in Chapter 3.

Volvo Program Management

Volvo, like the other original equipment manufacturers 
(OEMs), also noted how SuperTruck allowed much more 
extensive technology development and learning from system 
integration. A large integration program like SuperTruck 
allows:

•	 A wide scope of technologies to be evaluated,

•	 A range of technologies from short term to exotic to 
be evaluated, and

•	 Vehicle-level targets drive more innovation than 
component-level targets.

Volvo noted that a number of graduate students have been 
developed as a result of SuperTruck funding, and several of 
them are now working in the industry, making use of the 
ideas they worked on under the program. Volvo expects 
some of the features developed under the SuperTruck pro-
gram to be in production soon. The committee was shown a 
2016 model tractor, which incorporates some aerodynamic 
features first developed for SuperTruck. Volvo had some 
suggestions for potential follow-on projects:

•	 Platooning,7

•	 Regional haul, and
•	 Vocational trucks

The discussion around regional haul focused on one main 
question: Is the regional haul duty cycle different enough 
from the long-haul cycle to drive different technical solu-
tions? This is a question that could itself form the basis of 
a research project. One difficulty with a vocational truck 
project is that there are so many types of vocational opera-
tions to choose from, not one of which accounts for a really 
large portion of medium- and heavy-duty vehicle fuel con-
sumption. Some care would be needed to define a vocational 
project that would develop technologies applicable across a 
fairly wide range of vocational applications.

NAVISTAR PROJECT

The Navistar SuperTruck project is unique among the 
projects in one way: the Navistar project was initiated in the 
fourth quarter of 2010 but put on hold in the third quarter 
of 2012. Navistar resumed work on November 1, 2014, 
after a 2-year pause. As a result, this project will be com-
pleted well after the other SuperTruck projects. The current 
schedule calls for completion at the end of 2016. Navistar 
provided a listing of project partners and suppliers in 2011, 
but in its November 2014 presentation to the committee, 
it stated that it had reduced the list of partners from 8 to 2 
(Zukouski, 2014, slide 2) without identifying them to the 
committee. The Navistar presentation to the committee did 
list Wabash as the trailer partner, Michelin as the tire partner, 
and Lawrence Livermore National Lab as an aerodynamics 
partner. A revised list of partners and suppliers has not been 
provided to the committee. Navistar presented their plans 
and results to date to the committee on November 18, 2014 
(Zukouski, 2014). Navistar will retain the baseline 13 L 
engine, with extensive changes to reduce friction, reduce heat 
loss, improve combustion efficiency, and reduce parasitic 

7 See Chapter 9 for further discussion of platooning.
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losses. Work is under way to improve the efficiency of the 
air handling system (EGR, turbocharger, ports, and valve 
events). Navistar has not defined if or by how much the 
SuperTruck power and torque curves might vary from the 
baseline engine.

Navistar’s November 18 presentation shows that conven-
tional diesel combustion was retained, but with revisions 
to the combustion system (compression ratio, piston bowl, 
injector specification, and calibration) (Zukouski, 2014). 
Several turbocharger efficiency options will be evaluated, 
including ball bearings, e-boost (an electric motor/gen-
erator that can either help spool up the turbocharger when 
more boost is required, or extract electrical energy from 
the exhaust when boost is adequate), and turbocompound. 
However, initial results with turbocompounding show a net 
loss at the cruise point (Zukouski, 2014, slide 14). Changes 
were made to reduce cylinder kit friction. A variable-speed 
water pump and variable-displacement oil pump are used to 
reduce parasitic power, and low-viscosity oil is employed at 
a higher than normal operating temperature in an effort to 
reduce friction. The aftertreatment system was upgraded to 
allow for higher engine-out NOx and lower back pressure. 
The engine was calibrated to produce higher engine-out NOx 
than the baseline engine. In response to a question during the 
public session of the November 18 committee meeting, Navi-
star stated that engine-out NOx would increase to 6 g/ hp-hr. 

The original Navistar plan called for a 360 kW, 700 V 
series hybrid system. This system proved to be very heavy, 
expensive, and complex for a modest fuel saving perfor-
mance, so it was dropped from the project. Navistar is still 
considering a 48 V mild hybrid system that would recuper-
ate some braking energy and allow for electrification of 
accessories. The system includes a 48 V motor/generator, a 
supercapacitor, an electric A/C compressor, and a nickel-zinc 
(NiZn) battery (Zukouski, 2014, slide 25).

Navistar plans to use a direct drive automated manual 
transmission combined with a prototype axle ratio of 1.91:1 
(Zukouski, 2014, slide 8). This would provide a cruise rpm of 
just under 1,050 rpm at 65 mph in a direct drive top gear. An 
alternative ratio of 2.05:1 would allow a cruise speed of about 
1,125 rpm with a direct-drive top gear. Navistar projects the 
fuel savings from a direct top gear to be 1.5 percent, with 
additional fuel savings coming from the low cruise rpm.

Navistar is considering a couple of aerodynamic technolo-
gies that are not in the other SuperTruck team plans. One 
is active ride height and pitch control, which is the subject 
of an invention disclosure. Another item is an active trailer 
gap/flow control device. The list of controls features such as 
smart cruise control, and parasitic power demand reduction 
features is similar to that of the other SuperTruck teams. One 
possibly unique feature is “intelligent air control with dryer,” 
which is not further described (Zukouski, 2014, slide 31).

Navistar’s weight reduction plans include a large weight 
reduction effort on the trailer, where a 3,700 lb weight reduc-
tion is projected (Zukouski, 2014, slide 29). Trailer features 

include composite nose, sides, roof, rear door, and skirts, 
along with a 1.125 in. thick aluminum composite floor, alu-
minum cross members, light weight landing gear, and a new 
boat tail. The tractor weight reduction is targeted at 3,250 
pounds, including:

•	 Composite cab (240 lb),
•	 MMC brakes (tractor and trailer, 600 lb),
•	 Light driveshaft and axles (190 lb),
•	 Aluminum wheel hubs and bearings (150 lb),
•	 Aluminum engine and transmission mounts (50 lb),
•	 Aluminum intensive rear suspension (370 lb),
•	 Thin wall, advanced material, and downsized fuel 

tanks (500 lb),
•	 Aluminum wide base single wheels (350 lb), and
•	 Michelin wide-base single tires (350 lb).

Navistar Project Results

Table 8-11 lists the results achieved by the Navistar team 
as of April 2015. Keep in mind that work has just resumed, 
after a 2-yr hold.

Navistar’s 55 percent BTE effort is discussed in Chapter 3.

Navistar Program Management

Because Navistar has been out of the SuperTruck program 
until recently, the committee is not in a position to review 
program management.

OVERALL SUPERTRUCK PROGRAM REVIEW

The consensus of the committee is that the SuperTruck 
projects have provided a significant advancement in the state 
of the art. By combining a large number of technologies into 
complete, running vehicles, many useful results have been 
obtained, such as

•	 Some entirely new technologies have been developed 
and implemented;

•	 Some existing technologies have had their perfor-
mance improved;

•	 Technology combinations that have never been tried 
before were evaluated;

•	 Cost/benefit information on many technologies has 
been developed, although most of this information will 
remain proprietary to the companies involved;

•	 Participating companies have improved their fuel effi-
ciency simulation and test capability;

•	 Participating companies have already selected certain 
technologies for either continued development or pro-
duction implementation; and

•	 Importantly, participating companies have the infor-
mation to decide which technologies are not worth 
further development.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

132 REVIEW OF THE 21ST CENTURY TRUCK PARTNERSHIP, THIRD REPORT

The two teams that have finished their vehicle demonstra-
tions (Cummins-Peterbilt and Daimler/Detroit) have pro-
duced results substantially better than the targets called for 
in the SuperTruck contracts. Their results are very impressive 
and represent substantial achievements by the two teams. 
Both teams just cleared the 50 percent engine BTE target, but 
they went well beyond the goals for overall freight efficiency 
improvement. It is clear to the committee that competition 
among the teams drove them to go well beyond the contract 
requirements. The remaining two teams are expected to try 
to match or beat the results already posted.

The program could be criticized on the grounds that 
the four SuperTruck teams have in many cases converged 
on similar technical solutions. However, there are enough 
differences between the four trucks to provide alternative 
approaches to many technologies. For example, there are 
hybrid and nonhybrid vehicles, and there are single and dual 
clutch transmissions. There is also some variation in the 
approach to aerodynamics. One team chose an integrated 
tractor-trailer approach, where the vehicle must be used as 
a set. Other teams chose an independent approach, where 
the SuperTruck tractor could pull a standard trailer, or the 
SuperTruck trailer could go behind a current tractor. Several 
other features could be listed that are unique to one or two 
of the teams.

Another difficulty with the SuperTruck program is the 
lack of a common point for comparing the results of the four 
SuperTruck teams. Each team chose its own baseline (a 2009 
model engine and vehicle, not all of which were identically 
equipped) and its own test routes (similar in concept, but 
never identical). As a result, if two teams both state that they 
achieved an x percent reduction in fuel consumption, this 
does not necessarily mean that they ended up with identical 
fuel consumption. Their baselines and test routes differ, so 
x improvement for one team cannot be directly compared to 
x for another team. The same issue applies to results such 
as x miles per gallon or y gallons per 1,000 ton-miles. Since 
these results were obtained on different test routes, they are 
not directly comparable. Unfortunately, there are no plans 

to test either the baseline vehicles or the final demonstration 
vehicles under comparable conditions. 

Another issue that the committee found in the SuperTruck 
program is that teams are allowed to take any net reductions 
in empty vehicle weight and increase the payload to maintain 
the same operating weight. For vehicles that run at maximum 
legal weight (80,000 lb in most cases), this is an appropriate 
approach. However, many vehicles “cube out,” i.e., run with 
the trailer full at a gross vehicle weight (GVW) of less than 
80,000 lb. To account for this, the SuperTruck program speci-
fied a 65,000 lb test weight. To allow the teams to take credit 
for increased payload at a 65,000 lb GVW artificially inflates 
the apparent benefits of the weight reductions achieved by 
the SuperTruck teams. A more realistic accounting for the 
benefit of weight reductions would factor in the limited per-
centage of vehicles that can actually turn an empty weight 
reduction into increased payload.

DOE has selected the working GVW for 21CTP at 65,000 
lb, which is near the average GVW value but not necessarily 
representative of typical truck operating weights. In practice, 
trucks tend to run near 80,000 lb when full (with exceptions), 
and then near 34,000 lb when running empty. This is shown 
by weigh-in-motion (WIM) data collected by DOT, as shown 
in Figure 5-4 (Quinley, 2010). The figure shows that 65,000 
lb is actually a rather unusual operating condition.

It is also clear that a 65,000 lb truck is an inefficient 
vehicle by international standards in terms of cargo mass 
capacity (the amount of payload weight that can be carried, 
which in turn affects LSFC). This makes a 65,000 lb truck 
inconsistent with the essential requirements of an exemplar 
future truck. The consequences of low-cargo-weight limited 
vehicles could be significant, because more efficient vehicles 
would require fewer trips for a given freight task, thereby 
reducing fuel use and emissions by virtue of the lower 
number of trips required (exposure). Weight limits would 
also influence crash frequency, given that they are related 
to exposure (Woodrooffe, 2001; Montufar et al., 2007). A 
further possible unintended safety consequence of choosing 
the lower GVW target of 65,000 lb is that engine downsizing 
and power reduction become viable strategies for reducing 

TABLE 8-11 Navistar Project Results to Datea

Target Status Complete?

50% engine BTE at cruise 47.4% BTE engine only Late 2015

50% freight efficiency increase on a long- haul drive 
cycle (33% reduction in LSFC)

Demo vehicle is being designed Late 2016

68% freight efficiency increase on a 24 hr duty cycle 
(40.5% reduction in LSFC)

Demo vehicle is being designed Late 2016

55% engine BTE Dual fuel work under way at ANL Late 2016

a The results presented in this table are based on data collected by the committee prior to May 2015. At the DOE Annual 
Merit Review in June 2015, Russ Zukouski of Navistar presented the following results: Engine BTE of 48.3% demonstrated, and 
50% planned in early 2016 (Zukouski, 2015). The remaining plans presented in the 2015 AMR match the table above. However, 
the committee was not in a position to review these results from the June 2015 AMR.
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fuel consumption, which can have an impact on vehicle 
speed performance in the fully loaded condition, particularly 
on grades. The resulting speed differentials relative to other 
vehicle classes may constitute a safety hazard. It appears that 
the four SuperTrucks in the current program have enough 
power to comply with the contract requirement calling for 
comparable performance, with the possible exception of 
speed on a long grade in the case of the Daimler/Detroit and 
Volvo trucks.

Safety systems development and evaluation were not part 
of the contractual requirements of the SuperTruck program, 
so there has been no reported safety development activity.

The committee did not observe any apparent safety issues 
with the SuperTruck vehicles. One technology that will 
require some safety related review as development continues 
is the waste heat recovery systems. These systems often use 
a flammable working fluid under considerable pressure, so 
provisions to mitigate fire risk must be in place.

Appropriate Federal Role

The SuperTruck program covered a range of technologies 
from relatively straightforward items that can be quickly 
implemented to high-complexity, high-risk, long-term tech-
nologies such as WHR systems. It could be argued that the 
government role does not extend to the short-term, low-risk 
technologies, but never before have so many fuel-saving 
technologies been brought together into actual vehicles for 
on-road testing. The committee finds that the industry on its 
own would never have put together such an extensive vehicle 
integration project. The high level of learning and advance-
ment of the state of the art that came from the SuperTruck 
program is exemplary for the sort of results that government-
sponsored R&D is meant to achieve.

SuperTruck Future

The committee believes that there are roles for a range 
of R&D projects under the 21st Century Truck Partnership. 
These could range from gathering and analyzing data from 
field operations, to the development of specific technologies, 
to large technology integration programs like SuperTruck. 
The clear benefits of the SuperTruck programs mean that 
follow-on projects would be welcome. However, budget real-
ities mean that it will not be possible to fund four projects of 
such a magnitude at the same time in the foreseeable future. 
An alternative approach would be to competitively fund 
one large program every year or two. Potential future topics 
are discussed in the Program Management sections of this 
chapter and in the Findings and Recommendations section.

One of the ideas for a follow-on project—a SuperTrailer 
program—is brought up in Recommendation 8-2. The idea 
for such a program stems from the following circumstance: 
Trailer manufacturers have little engineering capability in 
aerodynamics despite the fact that trailer aerodynamics 

accounts for a significant portion of the fuel savings for all of 
the SuperTruck programs. Because trailer makers have lim-
ited capability, truck OEMs and specialist suppliers took the 
lead in developing SuperTruck trailer aerodynamic features. 
A SuperTrailer program could help to grow an engineering 
capability among trailer manufacturers.

In considering possible future vehicle integration pro-
grams, DOE and 21CTP need to consider a number of issues, 
such as 

•	 Does the regional haul duty cycle differ enough from 
long haul that it would result in a significantly differ-
ent technical solution from the current SuperTruck 
program?

•	 Can a vocational SuperTruck project be defined that 
covers enough vocational applications to represent a 
worthwhile portion of total medium- and heavy-duty 
fuel consumption?

•	 Would a SuperTrailer program have sufficient research 
content to justify government funding?

•	 Should a project target 55 percent BTE at the best 
point, or should some other metric be devised that 
better represents actual on-road engine efficiency?

At the February 17, 2015, committee meeting, Ken 
Howden of DOE explained that the DOE is planning to 
start a SuperTruck 2 project in 2015. Under the current 
plan, there will be a single winning team, and the goal will 
be a 100 percent improvement in freight efficiency over 
a 24-hour duty cycle (50 percent LSFC reduction). This 
project is meant to build on the existing accomplishments 
of the SuperTruck teams. The project may also involve con-
sideration of regional haul applications. This presentation 
was made before Daimler/Detroit announced its 115 percent 
freight efficiency improvement over a 24-hour cycle, so the 
goals may be revised. 

21CTP Partnership Responses to NRC Phase 2 
Recommendations

Recommendation 3-2 in the NRC Phase 2 report (NRC, 
2012) asked DOE to ensure that the 50 percent engine BTE 
requirement gets a sufficient share of the SuperTruck funding 
and that previous DOE-funded research be utilized to give 
a good chance of success. The Partnership replied that this 
was indeed the case, and that the contractors working on the 
SuperTruck programs had already participated in a number 
of DOE-funded research projects related to engine efficiency, 
with considerable success. Given the success to date of the 
three SuperTruck teams who have been working continu-
ously on the 50 percent BTE goal since 2011, the committee 
agrees that the Partnership has done a good job of promoting 
development of 50 percent BTE engines. Two SuperTruck 
teams have met the 50 percent BTE goal, and the other two 
teams have plausible plans in place to meet the goal.
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The NRC Phase 2 Recommendation 5-1 suggested that 
the Partnership consider setting a stretch goal of a 40 percent 
reduction in aerodynamic drag, compared to the existing 
goal of 30 percent. The Partnership responded that it would 
consider adjusting its goals,based on results obtained from 
the SuperTruck program. Cummins-Peterbilt claims a 46 
percent Cd reduction from 2009,8 while Daimler/Detroit Die-
sel has shown 39 percent Cd reduction in scale-model wind 
tunnel testing (Singh, 2014) and Volvo has demonstrated 30 
percent Cd reduction but plans to reach over 40 percent.9 It 
now appears that all four SuperTruck programs will probably 
approach or even exceed the 40 percent target suggested in 
the NRC Phase 2 report.

The NRC Phase 2 Finding 6-3 and Recommendation 6-3 
concluded that the Delphi solid oxide fuel cell APU proto-
type was, after 10 years of DOE funding and development, 
far from meeting performance criteria suitable for truck 
applications. A reassessment of the solid oxide fuel cell pro-
gram was called for to determine whether it made sense to 
continue development. This recommendation was not taken 
up by the Partnership, but after another year of continuing 
development issues, the two SuperTruck teams using the 
solid oxide fuel cell dropped it. Delphi has since discontin-
ued its effort to develop the solid oxide fuel cell APU.

The NRC Phase 2 Recommendation 8-1 asked that LSFC 
be used as the metric for the SuperTruck program (gallons 
per 1,000 ton-miles). The Partnership responded that the fuel 
economy metrics of ton-miles per gallon had been part of the 
initial solicitation and could not be changed. However, the 
Partnership promised that it would “present the results for 
SuperTruck … in terms of reductions in fuel consumption 
… wherever possible.” In reviewing reports on SuperTruck 
activity, such as the Annual Merit Reviews and presentations 
made to the committee, the committee finds no indication 
that the Partnership has actually started to provide results in 
terms of LSFC. Indeed, the LSFC values in this report had 
to be calculated by the committee from fuel economy data 
provided by the SuperTruck teams.

The NRC Phase 2 Recommendation 8-2 asked that the 
SuperTruck contractors agree on “at least one common vehi-
cle duty cycle that will be used to compare the performance 
of all three [now four] SuperTruck vehicles.” The Partnership 
responded that different OEMs were developing with differ-
ent customers in mind, and that using a common test protocol 
for all the vehicles would be prohibitively expensive. The 
committee finds the first objection to be questionable, given 
that all four SuperTruck projects are aimed at long-haul 
vehicles with identical payloads and performance targets. 

8 E. Koeberlein, Cummins-Peterbilt, “Cummins SuperTruck Program: 
Technology and System Level Demonstration of Highly Efficient and 
Clean, Diesel Powered Class 8 Trucks,” presentation to the committee, 
May 14, 2014.

9 A. Greszler, Volvo Group Truck Technology “SuperTruck: Development 
and Demonstration of a Fuel-Efficient Class 8 Highway Vehicle,” presenta-
tion to the committee, May 15, 2014.

However, while getting all four vehicles together for joint 
testing (or at least the three vehicles likely to be available 
soon) would admittedly be quite expensive, getting accurate 
data for comparison does require running vehicles over the 
same route at the same time. The committee believes that a 
comparison test under identical conditions would be very 
useful, and suggests that additional funding be found to 
support such a test.

FINDINGS AND RECOMMENDATIONS

Finding 8-1. Overall, the committee finds the SuperTruck 
program to be a great success, and that the system integration 
aspect of SuperTruck was a key to the program’s success. 
The SuperTruck program drove technology development at 
a faster pace than industry would have achieved on its own. 
SuperTruck teams used the program to do the following:

•	 Increase both test and analysis capabilities, and 
improve the correlation between test and analysis;

•	 Use simulation results to drive improved experimen-
tal techniques, and use experimental results to help 
improve simulation techniques;

•	 Integrate combinations of technologies that had never 
been tested on a complete vehicle before;

•	 Learn about opportunities, issues, and trade-offs with 
fuel saving technologies in real-world vehicle testing; 
and

•	 Understand the challenges that must be overcome in 
order to make certain technologies cost effective.

Finding 8-2. The Cummins-Peterbilt and Daimler Super-
Truck teams have met the goal of an engine with 50 percent 
brake thermal efficiency (BTE) at the cruise power point, 
and the other two teams are working to meet this goal. The 
Cummins and Daimler teams have also exceeded by a wide 
margin the goal of a 50 percent increase in freight efficiency 
(33 percent reduction in LSFC) over a long-haul drive cycle. 
The other two teams are also working to meet or exceed the 
program goal in 2015 (Volvo) and early 2016 (Navistar).

Finding 8-3. The Cummins-Peterbilt SuperTruck team has 
comfortably exceeded a self-imposed goal of a 68 percent 
increase in freight efficiency (40.5 percent reduction in 
LSFC) over a 24-hr long-haul duty cycle. They achieved an 
86 percent increase in freight efficiency (46 percent reduction 
in LSFC). The Daimler Trucks North America team dem-
onstrated a 115 percent increase in freight efficiency (53.5 
percent reduction in LSFC) on a different 24-hour duty cycle. 
This 24-hour goal does not apply to the Volvo program, and 
Navistar’s status is yet to be determined. 

Finding 8-4. Fuel-saving technologies such as extensive 
aerodynamic features, a WHR system, and an APU to handle 
hotel loads all add substantial weight (3,850 pounds in the 
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Cummins-Peterbilt truck). This weight penalty represents 
a significant challenge for improved efficiency trucks, and 
project teams had to work very hard and implement some 
very expensive weight reduction features to achieve an over-
all vehicle empty weight reduction. 

Finding 8-5. All project teams report that the bulk of the 
aerodynamic improvements achieved in SuperTruck projects 
result from features added to the trailer, despite the fact that 
most of the engineering effort went into tractor improve-
ments. This highlights the critical role of the trailer in achiev-
ing real-world fuel savings.

Finding 8-6. Using the results available to date, about 26 to 
44 percent of the total vehicle fuel savings are due to engine 
efficiency improvements, while about 56 to 74 percent are 
due to vehicle power demand reduction. In the Cummins-
Peterbilt project, 42 percent of fuel savings are due to the 
engine and WHR, 14 percent to tractor aerodynamics, 28 
percent to trailer aerodynamics, and 15 percent to tire and 
driveline improvements. In the Daimler SuperTruck, engine 
improvements account for 26 percent of the total fuel savings 
while 74 percent is a result of vehicle power demand reduc-
tions, including the effect of the hybrid system.

Finding 8-7. SuperTruck project results show a limited 
potential impact on long-haul duty cycles for hybrid systems 
using currently available technology. Much of the benefit of a 
hybrid system can be captured with much less expensive and 
not as heavy alternatives, such as a GPS-based cruise con-
trol that uses the vehicle as a kinetic energy storage device. 
Microhybrid systems (smart control of auxiliary power 
demand, possibly combined with limited energy storage to 
handle auxiliary and/or hotel loads) may be a more promising 
hybrid approach for long-haul trucks.

Finding 8-8. Additional component-level R&D is required to 
generate new technologies that could enable a future Super-
Truck program to exceed the results achieved by the current 
program. Promising areas of research include the engine and 
power train system, controls features, and the trailer and its 
integration with the tractor.

Finding 8-9. The SuperTruck vehicles incorporate technolo-
gies with a wide range of production readiness: Some will 
be going into production soon; some will never become 
cost-effective with technology that is now known. The out-
standing fuel savings achieved in this program thus need to 
be treated carefully. Actual production vehicles achieving 
SuperTruck fuel savings may not be cost-effective for several 
decades, unless fuel costs increase substantially. 

Finding 8-10. The SuperTruck contract goals required test-
ing at 65,000 lb gross combined weight (GCW) in recogni-
tion of the fact that many trucks cube out rather than gross out 

(fill the trailer with cargo without reaching the weight limit). 
The goals also allow teams that achieve an empty weight 
reduction to add freight to maintain the 65,000 lb GCW. This 
gives a very large benefit in terms of freight efficiency for any 
weight reduction achieved. Since an operator that cubes out 
would not be able to take advantage of a weight reduction in 
practice, the project goals tend to overemphasize the benefit 
of vehicle weight reduction.

Finding 8-11. The SuperTruck program allowed each OEM 
to select different 2009 baseline vehicles and test routes, so 
the results are not directly comparable. This limits the ability 
to compare the results of the four vehicles.

Finding 8-12. Although it did not conduct a detailed safety 
analysis, the committee believes that it is unlikely that most 
of the efficiency technologies under consideration in the 
SuperTruck program will have a negative impact on safety. 
However, due to elevated temperatures and pressures and 
potentially flammable working fluids, the safety aspects 
of WHR systems will need to be considered during their 
development.

Finding 8-13. DOE is still using fuel economy (FE) in miles/
gallon and freight efficiency in ton-miles/gallon for their fuel 
use metric, while NHTSA regulations that were published 
5 years ago use fuel consumption (FC) in gallons/100 miles 
and load specific fuel consumption (LSFC) in gallons/1,000 
ton miles. When experimental or modeling studies of percent 
improvement for technologies are calculated, a 50 percent 
increase in FE results in a 33 percent reduction in FC. FC and 
LSFC are the correct metrics to use since they are used in the 
regulations and they also multiply directly by miles driven to 
get fuel usage while FE and freight efficiency are inversely 
related to miles driven to get fuel usage. This nonlinear rela-
tionship is harder to understand without doing a calculation.

Recommendation 8-1. The SuperTruck demonstration 
vehicles represent a very large investment. DOE should 
consider ways of extracting additional research results from 
this investment by using the trucks that have been built to 
evaluate additional technologies. Some possibilities include:

•	 Evaluation of additional technologies, such as 
microhybrid;

•	 Comparison of SuperTrucks on identical test cycles, 
with additional work to help understand any differ-
ences in performance;

•	 Vehicle evaluation of hardware resulting from future 
system or subsystem research projects; and

•	 Exploration of a range of routes and payloads to 
determine the sensitivity of technologies to various 
applications.
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Recommendation 8-2. Because of the great value demon-
strated by the SuperTruck program, DOE should maintain at 
least one vehicle integration project at any given time. Owing 
to likely funding limitations, however, it will probably not 
be possible to have three or four similar projects running. A 
range of integration projects are possible, such as:

•	 A regional haul SuperTruck;
•	 A heavy-duty vocational SuperTruck (refuse, dump, 

etc.);
•	 A SuperTrailer program (to help trailer manufacturers 

build engineering capability); and
•	 A delivery truck of Class 3, 4, 5, or 6. 

Recommendation 8-3. Any future system integration pro-
gram with more than one team should entail performance 
testing on identical duty cycles, so that differences in the 
performance of specific technologies can be better under-
stood. The vehicle should also maintain the acceleration and 
speed-on-grade performance of the baseline truck.

Recommendation 8-4. Future complete vehicle programs 
should account for the benefit of weight reductions in an 
appropriate way (at 80,000 lb only for a tractor-trailer), 
taking into account that because only a portion of a vehicle 
fleet runs at the legal weight limit, only that portion of the 
fleet could carry additional cargo if vehicle empty weight 
is reduced. 

Recommendation 8-5. It is important for the 21CTP, prob-
ably through DOT, to monitor and analyze in detail the tech-
nologies implemented in the SuperTruck projects to verify 
that they do not have a negative effect on safety, since one 
or more of these technologies may be considered for future 
production vehicles.

Recommendation 8-6. DOE should use FC and LSFC in its 
studies in order to be consistent with EPA/NHTSA regula-
tions and to provide in the literature the percent improve-
ments in terms that relate to the metrics used in the regula-
tions. Also, DOE should take the lead in changing the culture 
so that FC and LSFC metrics become accepted by industry.
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Efficient Operations

INTRODUCTION

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 on 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 the U.S. Department of 
Transportation (DOT) proposed efficient operations as a 
new area for work under the 21st Century Truck Partnership 
(21CTP) in 2011. At that time no programs or work had 
been initiated in the 21CTP in this new area. The 21CTP’s 
proposal for work on efficient operations was initially 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 explored opportunities to improve the efficiency of 
trucking operations. The paper focused 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.

The draft white paper became available just as the National 
Research Council (NRC) Phase 2 report (NRC, 2012) was 
being prepared. The Phase 2 committee devoted Chapter 9 
of that report to a review of the draft white paper, as well as 
suggestions for improvement. Chapter 9 of the NRC Phase 
2 report provided information on numerous approaches to 
making operations more efficient:

• Vehicle maintenance;
• Optimization of packaging for goods to be shipped, to 

increase the number of units per truckload;
• Load management optimization;1

• Route optimization;
• Supply chain optimization to limit the amount of ship-

ping required;
• Infrastructure improvements;
• Application of Intelligent Transportation Systems 

(ITS);
• Expanding driver training to include fuel efficiency;
• Applying driver management controls features; and
• Reconsideration of regulatory constraints.

The NRC Phase 2 report recommended a number of 
changes to the draft white paper, to broaden its scope and 
include more areas of potential cooperation among the 
agencies. For example, research on ITS usually does not 
take freight efficiency into account, although this can be a 
significant benefit of ITS applications. The Phase 2 report 
recommended consideration of high-productivity vehicles, 
with higher weight limits and/or larger cubic capacity. The 
MAP-21 project on truck size and weight is now exploring 
some of these options. Finally, the Phase 2 report recom-
mended that specific productivity goals be set in the final 
version of the white paper.

1 Load management refers to efforts by trucking companies to ensure 
that trucks run as close to full payload as possible over the shortest distance 
needed to make deliveries.
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In February 2013, the Partnership issued an updated road-
map and technical white papers (21CTP, 2013). Goals were 
stated for the areas of interest for the Partnership. Many of 
the approaches to making operations more efficient identified 
in the Phase 2 report and listed above were included in the 
white paper. Areas not addressed in the white paper include 
vehicle maintenance, optimization of packaging, load man-
agement optimization, route optimization, and infrastructure 
improvements. The goals from the February 2013 white 
paper for efficient operations are repeated below, along with 
the understood progress toward each goal.

GOALS AND STATUS

Goal: Minimizing Impact of Driver Behavior for Optimal 
Acceleration

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

Status

This goal has been met. Various vehicle acceleration con-
trol products are available today in the U.S. heavy-duty indus-
try. One such product from Cummins is SmartTorque2 and 
Vehicle Acceleration Management (VAM). SmartTorque2 
automatically senses vehicle weight, grade, and operat-
ing gear and then selects the optimum torque for the best 
fuel consumption and performance in every gear. VAM is 
a unique electronic feature that is enabled on Cummins 
ISX15 ST2 engines in the SmartAdvantage Powertrain. It 
controls the acceleration rate from the launch of the vehicle, 
maintaining more consistent acceleration for a more efficient 
transition through the gears. Cummins claims that VAM 
results in smoother acceleration and reduced driveline wear, 
while improving fuel consumption (Cummins, Inc., 2013).

Industry has introduced products that go beyond accelera-
tion control to improve fuel consumption. These are referred 
to as predictive adaptive cruise control. Simply stated, these 
products use knowledge of the vertical terrain via loaded or 
learned maps and the Global Positioning System (GPS) to 
control the engine and transmission to optimize the use of 
vehicle kinetic energy. This approach is effective at improv-
ing fuel consumption in rolling or hilly terrains. Such prod-
ucts include Volvo’s I-See, currently available in Europe, and 
Daimler’s new Intelligent Powertrain Management (IPM). 
Daimler Trucks North America announced on December 5, 
2014, that IPM will be standard on all of Detroit Diesel Cor-
porations’s DT12 automated manual transmissions paired 

with any heavy-duty Detroit Diesel engine, beginning in 
March 2015.2 

Predictive adaptive cruise control technology is being 
used in all the SuperTruck projects as well. Additional fea-
tures are being developed under SuperTruck, such as intel-
ligent control of auxiliaries. 

ITS technologies that reduce traffic congestion and 
improve traffic flow, as well as technologies such as adap-
tive cruise control, have good potential to reduce fleet fuel 
consumption. 

Goal: Tools to Estimate Fuel Savings of Advanced 
Technologies

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

Status

The committee is not aware of any activity toward this 
goal under the Partnership. The committee is aware that all 
the major OEMs have very sophisticated tools that can take 
duty-cycle data and payload data and use it to optimize a 
vehicle specification for a given customer. These tools are 
widely used to optimize vehicle specifications for custom-
ers. As a result of this situation, it may not make sense for 
government agencies to invest in the development of addi-
tional tools. 

Goal: ITS/Connected Vehicle Technologies to Reduce Fuel 
Consumption

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

2 Detroit Diesel Corporation is a subsidiary of Daimler Trucks North 
America.
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Status

Vehicle Platooning3

The National Renewable Energy Laboratory (NREL) 
and Peloton have conducted controlled testing to evaluate 
the fuel economy improvement potential provided by heavy 
truck “platooning” (DOE Project VSS001; Walkowicz et al., 
2014). SAE J1321 Type II fuel economy tests were performed 
under controlled track conditions. Two platooned SmartWay 
tractors were used: 2011 Peterbilt 386 line haul sleepers with 
Cummins ISX 450 engines. The two trailers were 53-ft van 
bodies with side skirts. The testing was conducted at 55, 65, 
and 70 miles per hour (mph), with vehicle gaps from 20 to 75 
ft and gross vehicle weights (GVWs) of 65,000 and 80,000 
lb. Fuel savings were seen with both the lead and following 
tractor-trailers (truck). The best “team” fuel saving was 6.4 
percent at 65,000 lb, 55 mph, and 30 ft following distance. 
The lead truck saw increasing benefit with closer following 
distances at all speeds. The savings ranged from 1.7 to 5.3 
percent at 65,000 lb. The trailing vehicle saw savings of 2.8 
to 9.7 percent at 65,000 lb. Savings on the trailing truck were 
reduced at the closer following distances due to a higher 
percentage of engine fan-on time. The authors comment 
that in order to maximize the savings for the trailing truck, 
the following distance should be adjusted based on coolant 
temperature to minimize the engine fan-on duty cycle.

It can be concluded that line-haul fuel savings are possible 
through platooning. Such close following distances for heavy 
trucks raise safety concerns so that additional study and test-
ing are required to address this concern. V2V communication 
should greatly improve the safety aspects of platooning.

Look-Ahead Driver Feedback and Power Train 
Management

The objective of this project is to develop and demonstrate 
on real vehicles a driver assistance technology to reduce 
commercial fleet average fuel consumption by at least 2 
percent (DOE Project VSS087; Verma, 2014). In this project, 
information from various sources, including radar, V2I, V2V, 
GPS, the vehicle data bus and a three-dimensional digital 
map are fed to an “intelligent driver assistance system.” The 
system, through recognition of the environment and driver 
behavior, will estimate optimal fuel consumption behavior. 
A combination of power train control and advisory feedback 
provided to the driver via a human-to-machine interface 
(HMI) will maximize fuel savings with minimal distraction. 
The HMI algorithm and hardware have been developed 
and built. The data acquisition system is integrated and the 
entire system has been installed and validated on a prototype 
vehicle. The project has partnered with Con-Way to install 

3 Platooning refers to a convoy of two or more trucks linked electronically 
with an active driver in each.

and evaluate the system on two pilot vehicles. Preparation 
of the pilot vehicles is in progress.

Connected Vehicle Program

The Connected Vehicle program at DOT (ITS Joint 
Program Office) has several aspects that touch on 21CTP 
interests. A prime example is the Crash Avoidance Metrics 
Partnership (CAMP), the “connected vehicles and infra-
structure” pilot project recently concluded in Ann Arbor. 
This 2012-2014 field project followed 16 heavy trucks and 3 
buses fitted with safety warning equipment to avoid crashes. 
No fuel efficiency or derivative data were collected in Phase 
I of that pilot project. However, future embodiments of the 
research will be conducted under the University of Michi-
gan’s Mobility Transformation Center, and the scope will 
be broadened to include DOE input on desired measures 
of performance. It appears that the scope of the Connected 
Vehicle Program could be broadened to include commercial 
vehicle fuel consumption.

Goal: A Real-World Test Corridor to Improve Vehicle 
Operations

Establish a real-world test corridor for commercial 
vehicles focused on improving commercial vehicle opera-
tions, including fuel efficiency. The test corridor could have 
infrastructure content such as DSRC (dedicated short range 
communication) and Wi-Max technologies, to provide an 
environment compatible with future V2I communications. 
The concept would involve one or more fleets enabled for 
DSRC/Wi-Max capability and outfitted with various appli-
cations designed for improved efficiency of commercial 
vehicles.

Status

The committee is not aware of any Partnership activity 
addressing this goal.

Goal: Regulatory Changes to Replace Mirrors with 
Cameras

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

• Quantify the fuel consumption penalty imposed by 
mirror regulations on highway-based commercial 
vehicle operations.

• Develop safety and robustness requirements for 
camera-based systems and conduct human factors 
research to develop and demonstrate equivalent safety 
of a camera-based system.
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• Assess procedural requirements for implementing the 
necessary regulatory changes and quantify the efforts 
required to modify regulations to permit camera-based 
systems in place of mirrors for Class 8 long-haul 
vehicles.

Status

The committee is not aware of any Partnership activity 
with this as a goal. 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 truck size and weight 
study being conducted under MAP-21 is examining triple 
trailer configurations (FHWA, 2014). The study will address 
fuel savings, safety, infrastructure, and potential freight 
diversion. 

Goal: Use of Long Combination Vehicles

• Demonstrate the fuel savings benefits and develop 
policy guidelines for extending the use of long combi-
nation vehicles (LCVs), particularly triple-trailer units.

• Complete long-term in-fleet measurements to quantify 
the fuel savings of triple-trailer combination vehicles 
in comparison with single- and double-trailer opera-
tions in the same fleet, on a load specific fuel consump-
tion basis (LSFC). 

• Conduct an analysis to quantify the fuel savings if 
triple trailers are permitted on all interstate highways 
in the United States.

Status

The committee is not aware of any active programs with 
this goal under the Partnership.

Goal: Improved Supply Chain Management Strategies

• Promote improved supply chain management strate-
gies in the commercial freight industry with an objec-
tive to increase the loads carried per truck and reduce 
vehicle miles traveled (VMT).

• Conduct a study to identify fleet best practices for sup-
ply chain management, and quantify the fuel savings 
that are achieved with efficient fleet operations vs. 
operations of fleets that do not have streamlined supply 
chains.

Status

The committee is not aware of active programs toward 
this goal under the Partnership. Since there is considerable 
commercial incentive to improve supply chain management, 

there is a lot of activity by the trucking industry on this topic. 
As such, it is not clear that this is an appropriate area for 
government-sponsored research.

RESPONSE TO RECOMMENDATIONS FROM THE NRC 
PHASE 2 REVIEW

In this section the recommendations made by the commit-
tee in the NRC Phase 2 report and the Partnership’s responses 
are addressed.

NRC Phase 2 Recommendation 9-1. As suggested in the 
draft white paper on efficient operations, the DOE and DOT, in 
cooperation 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.

21CTP Response: The Partnership is pleased that the NRC 
panel recognizes the significance of efficient operations and 
supports the objectives of this new white paper. The 21CTP 
concurs with the recommendation for joint DOE and DOT 
research in efficient operations, and members of the Partner-
ship are committed to supporting this effort. The Partnership 
is also interested in identifying opportunities for streamlining 
regulations that can improve operational efficiencies to achieve 
maximum benefit while maintaining or improving safety and 
other areas of operation. 

Committee Comment on Response to 9-1

This response is quite positive, and various goals were 
established in the Partnership’s February 2013 white paper.

NRC Phase 2 Recommendation 9-2. The available data show 
that trailer aerodynamic-improvement features and rolling 
resistance contribute significantly to overall vehicle fuel con-
sumption. Therefore, the DOE and DOT should look in detail 
at options for trailer improvement.

21CTP Response: The Partnership agrees with the recommen-
dation and supports research to quantify the fuel savings benefits 
of trailer technologies in addition to tractor-based technology 
improvements. A systems approach that considers all compo-
nents of the vehicle is expected to provide the greatest benefits, 
and the Partnership understands the gains that can be achieved 
from trailer technologies and promoting their use and further 
development is a worthwhile pursuit. The DOE and DOT are 
committed to better understanding the real world fuel savings 
offered by advanced technologies for both tractors and trailers. 
For example, the DOE conducted a long-term in-fleet study 
in which new generation wide base single (NGWBS) tire fuel 
efficiency benefits were evaluated on both tractors and trailers. 
Such studies are very helpful in promoting the benefits of these 
technologies, and the Partnership supports the continuation of 
this type of research. 

***
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Committee Comment on Response to 9-2

The response gently sidesteps the actual recommendation 
regarding trailer aerodynamic and rolling resistance features. 
However, the SuperTruck participants are seriously pursuing 
improvements in trailer aerodynamics and are demonstrating 
its beneficial effects on fuel consumption.

NRC Phase 2 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.

Partnership Response: The Partnership agrees with the NRC 
panel’s finding and recommendation for further ITS-based R&D 
aimed at reducing fuel consumption. The 21CTP welcomes the 
opportunity to help advance this exciting new technology area to 
extend fuel savings even beyond what is possible with traditional 
engine and vehicle technologies. ITS technology is very unique 
in that it requires a strong infrastructure and participation of 
numerous vehicles before the full benefits can be realized, and 
the Partnership feels that its structure as a broad private-public 
partnership offers a unique opportunity to coordinate the devel-
opment of critical infrastructure and standards while simultane-
ously deploying new technologies into the vehicle market. 

Committee Comment on Response to 9-3

The Partnership’s response is quite positive but lacking in 
any specific goals or plans.

NRC Phase 2 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 accelerate efficiency improvements and to avoid unintended 
negative outcomes of efforts to improve trucking efficiency.

Partnership Response: The Partnership concurs with this 
finding and recommendation. Any efforts aimed at improved lo-
gistics management and trucking operations must be performed 
in collaboration with the trucking industry to ensure that best 
practices are not violated and any new proposed solutions can 
be effectively implemented with minimal or no negative conse-
quences on fleet operations, safety or road damage.

Committee Comment on Response to 9-4

The Partnership’s response is quite positive but lacking in 
any specific goals or plans.

NRC Phase 2 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 consideration 
that the higher productivity of these vehicles can also be used 
to justify the implementation of additional safety technologies.

Partnership Response: The NRC panel pointed out a number 
of important additional points concerning high productivity 
vehicle use that were not highlighted in the draft white paper 
on efficient operations. A more thorough literature review in the 
white paper is appropriate for this topic and is planned for the 
next version of the white paper.

Committee Comment on Response to 9-5

The Partnership’s response is quite positive, and while 
it provides a plan to address the issue, a more thorough lit-
erature review was not included in the February 2013 white 
paper. The white paper did establish a goal concerning the 
use of long combination vehicles (LCVs).

This recommendation is partially addressed by the Fed-
eral Truck Size and Weight study under Map-21. Provisions 
in MAP-21 require DOT to conduct a study addressing safety 
risks, infrastructure impacts, and the effect of enforcement 
for trucks operating at or within federal truck size and weight 
limits in contrast to more productive trucks legally operat-
ing in excess of federal limits. The fuel savings potential for 
these higher productivity vehicles is to be assessed, together 
with estimates of freight diversion from other modes that 
may occur as a result of their introduction. The study report 
was due to Congress by November 15, 2014, but is now 
anticipated in 2015.

NRC Phase 2 Recommendation 9-6. The DOT and DOE, 
in discussion with the Congress, should consider the recom-
mendations of the Transportation Research Board regarding 
the establishment of a Commercial Traffic Effects Institute or 
a similar approach.

21CTP Response: The Partnership fully agrees with these 
findings and recommendations, including the consideration of 
recommendations made in TRB Special Report 267 (Transporta-
tion Research Board 2002). In particular the establishment of a 
Commercial Traffic Effects Institute.

Committee Comment on Response to 9-6

The Partnership’s response is quite positive but lacking 
in any specific plan.

NRC Phase 2 Recommendation 9-7. Specific goals for effi-
cient operations 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 barri-
ers, to the application of fuel-saving features. The draft white 

***

***

***

***

***
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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.

Partnership Response: Although the draft white paper on ef-
ficient operations available at the time of the NRC’s panel review 
did not include goals on this topic, the Partnership has added a 
set of specific goals that are consistent with this recommenda-
tion. A further rewrite of the draft white paper is also planned 
that will address the panel’s recommendations. The Partnership 
is aware that many of the approaches proposed for efficient 
operations involve multiple complexities and agrees that de-
tailed studied are needed to assess the benefits, drawbacks, and 
potential unintended consequences of removing barriers for 
efficient operations.

Committee Comment on Response to 9-7

As these goals are established they should have numerical 
targets and should be prioritized. 

NRC Phase 2 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 operations 
should be established. Programs should then be developed and 
implemented to realize the available fuel savings.

21CTP Response: The Partnership agrees that research is 
needed to quantify the benefits as well as the costs and chal-
lenges of implementation associated with the proposed methods 
for efficient operations. Ultimately, the end goal is to implement 
these approaches for which the benefits clearly justify the costs, 
and the Partnership concurs with the NRC panel’s recommended 
course of action to arrive at this objective.

Committee Comment on Response to 9-8

In order to set specific goals and R&D priorities, it will 
be necessary to do some up-front research. The committee’s 
recommended project would quantify the potential benefits 
of various technologies on efficient operations, determine 
which ones are appropriate targets for government-funded 
research, and identify those technologies with the highest 
potential benefit. 

FINDINGS AND RECOMMENDATIONS

Finding 9-1. The committee supports the effort by the 
Partnership to revise the Efficient Operations section of the 
February 2013 white paper to include specific goals for Effi-
cient Operations. Unfortunately, activity and progress toward 
articulating these goals are limited. 

Recommendation 9-1. In light of the limited activity in 
Efficient Operations, the Partnership should revisit, revise, 

and prioritize the goals to better reflect the areas where 
government-sponsored research can lead to significant fuel 
consumption improvements. A preliminary study may be 
needed to help set appropriate goals and priorities. 21CTP 
should revisit goals in two areas in particular: high pro-
ductivity vehicles and expanded use of ITS to reduce fuel 
consumption. 

Finding 9-2. As noted in Finding 9-3 of the NRC Phase 
2 report, ITS technology holds considerable potential for 
improving fuel consumption in commercial vehicles. 

Finding 9-3. The DOT’s Connected Vehicle Program phase 
1 pilot program did not collect data on fuel efficiency or 
related derivative data.

Recommendation 9-2. DOT should expand the scope of its 
Connected Vehicle Program to measure the effects of various 
technology implementations on fleet fuel consumption. Once 
the potential for fuel savings is clarified, fuel savings targets 
should be set for future projects. 

Finding 9-4. The close following distances that are required 
for vehicle platooning with heavy trucks raise safety concerns.

Recommendation 9-3. 21CTP should conduct additional 
study and testing to address any potential safety concerns 
associated with platooning of heavy trucks. 
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Biographical Sketches of Committee Members

John H. Johnson (Chair) is a presidential professor emeritus 
in the Department of Mechanical Engineering-Engineering 
Mechanics at Michigan Technological University (MTU) and 
a fellow of the Society of Automotive Engineers (SAE) and 
the American Society of Mechanical Engineers (ASME). His 
experience spans a wide range of analysis and experimental 
work related to advanced engine concepts, diesel and other 
internal engine emissions studies, fuel systems, and engine 
simulation. He was previously project engineer at the U.S. 
Army Tank Automotive Center and chief engineer in applied 
engine research at the International Harvester Company 
before joining the MTU mechanical engineering faculty. He 
served as chairman of the MTU mechanical engineering and 
engineering mechanics department from 1986 to 1993. He 
has served on many committees related to engine technology, 
engine emissions, and health effects—for example, com-
mittees of the SAE, the National Research Council (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, 
the NRC Committee on Review of the 21st Century Truck 
Partnership, Phase 1, and the NRC Committee on Review 
of the 21st Century Truck Partnership, Phase 2. Dr. Johnson 
received from SAE the Horning Memorial Award, Colwell 
Merit Award (two), McFarland Award, Myers Award for 
Outstanding Student Paper, the Franz Pischinger Powertrain 
Innovation Award, and from ASME the Honda Medal and the 
Internal Combustion Engine Award. He received his Ph.D. in 
mechanical engineering from the University of Wisconsin.

Julie Chen is a professor of mechanical engineering and 
vice provost for research at the University of Massachusetts 
Lowell (UML). She was one of three founding codirectors 
of the UML Nanomanufacturing Center of Excellence and 
is also codirector of the Advanced Composite Materials 
and Textile Research Laboratory. From 2002 until 2004, 
Dr. Chen served as a program director for materials pro-
cessing and nanomanufacturing at the National Science 
Foundation. She has been a NASA-Langley Summer Faculty 
fellow and an invited participant on three occasions in the 
National Academy of Engineering’s (NAE’s) Frontiers of 
Engineering Program. Dr. Chen has more than 25 years of 
experience in the mechanical behavior and deformation of 
fiber structures, fiber assemblies, and composite materials, 
with an emphasis on composites processing and nanomanu-
facturing. She recently served as a member of the NRC 
Committee on Benchmarking the Technology and Applica-
tion of Lightweighting, which wrote the report Application 
of Lightweighting Technology to Military Vehicles, Vessels 
and Aircraft; the NRC Panel on Review of Manufacturing-
Related Programs at the National Institute of Standards and 
Technology; and the NRC Panel on Air and Ground Vehicles 
Technology. Dr. Chen has co-organized several national 
and international symposia and workshops on composites 
manufacturing, including a National Science Foundation 
(NSF) composites sheet forming workshop, which led to an 
international benchmarking effort and the ASC International 
Symposium on Affordable Composites Manufacturing. 
Dr. Chen served as the technical program chair for the 2010 
ASME International Mechanical Engineers Congress and 
as the ASME Materials Division chair. Dr. Chen holds B.S., 
M.S., and Ph.D. degrees in mechanical engineering, all from 
the Massachusetts Institute of Technology (MIT).

David E. Foster, the Phil and Jean Myers Professor Emeri-
tus of Mechanical Engineering, received his B.S. and M.S. 
degrees in mechanical engineering from the University 
of Wisconsin-Madison in 1973 and 1975 respectively. He 
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received his Ph.D. in mechanical engineering in 1979 from 
MIT. He was a faculty member at the University of Wiscon-
sin (UW) after completing his Ph.D. He is an active member 
of the Engine Research Center (ERC), which he served as 
director from 1994 through 1999 and from September 2008 
through December 2011. He was also the founding codi-
rector of the General Motors–ERC–collaborative research 
laboratory, from its inception in 2002 until he retired in July 
2012. Dr. Foster is a registered professional engineer in the 
State of Wisconsin and has won departmental, engineering 
society, and university awards for his classroom teaching. 
He was a member of NRC’s standing committee to review 
the Partnership for a New Generation of Vehicles for 6 years, 
and has served on the Committee to Assess Fuel Economy 
Technologies of Medium- and Heavy-Duty Vehicles, the 
NRC committee to review the DOE FreedomCAR and 
Fuels Partnership Program, the 21st Century Truck Review, 
and USDRIVE program review. He has been the recipient 
of the Academic Contribution Award from JSAE, the UW 
Engineering Byron Bird Excellence in Research Publica-
tion Award, the ASME Honda Gold Medal for outstanding 
contributions in the field of personal transportation, the 2011 
SAE Horning Award, and is a fellow of SAE.

Thomas M. Jahns (NAE), Grainger Professor of Power 
Electronics and Electric Machines at the University of 
Wisconsin-Madison, has been a driving force behind the 
development of high-performance permanent magnet (PM) 
synchronous machine drives, distinguished by magnets in 
their spinning rotors. Since early in his professional career 
at General Electric, Dr. Jahns has made important technical 
contributions leading to pioneering applications of PM drives 
in machine tools, home appliances, aerospace actuators, 
and electric vehicles. Drawing on these principles, nearly 
all hybrid and battery-electric passenger vehicles in high-
volume commercial production today have adopted PM 
synchronous machines for their electric propulsion systems. 
A fellow of the Institute of Electrical and Electronics Engi-
neers (IEEE), Dr. Jahns’s many honors include the 2005 
IEEE Nikola Tesla Technical Field Award that recognizes the 
significance of his PM machine contributions. He has served 
as president of the IEEE Power Electronics Society and as 
Division II director on the IEEE board of directors. Both 
the IEEE Industry Applications Society and the IEEE Power 
Electronics Society have recognized him as a Distinguished 
Lecturer. He has served on a number of NRC committees, 
including the Committee on Review of the 21st Century 
Truck Partnership, Phase 1; the Review for the Intelligent 
Vehicle Initiative, Phase 1, and the Committee on Advanced 
Automotive Technologies Plan. He earned his Ph.D. in elec-
trical engineering from MIT.

Timothy V. Johnson is director for emerging regulations 
and technologies at Corning Incorporated. He tracks emerg-
ing mobile emissions regulations and technologies and 

helps develop strategic positioning for new products. He 
has been with Corning for 28 years, and has 18 years in his 
current position. He is a three-time recipient of the Lloyd L. 
Withrow Distinguished Speaker Awards from SAE, and in 
2008 was named SAE fellow. He also received California’s 
2009 Haagen-Smit Clean Air Award. Dr. Johnson is active 
in various advisory committees with government agencies, 
universities, and private organizations and is a frequent 
speaker at international technical conferences. He is on the 
editorial board of three leading engine journals. He earned 
B.S. and M.S. degrees in engineering from the University of 
Minnesota in 1978 and 1979 and received a Doctor of Sci-
ence from MIT in 1987.

Paul Menig is CEO of Tech-I-M, a consultancy. Previously 
he was employed by Freightliner, where he was responsible 
for daily production problems, field problems, custom work 
orders, and advanced engineering for electrical and elec-
tronic items such as engines, transmissions, brakes, and 
safety devices. Mr. Menig joined Daimler Trucks North 
America in July of 1994 and initially led the development 
of electronics for the new Freightliner Century Class truck 
product line. Before joining Freightliner, Mr. Menig spent 7 
years with Eaton Truck Components, leading a team of as 
many as 65 people in the development of electronic products 
for automated mechanical transmissions, brakes, and tire 
pressure control. These activities included some worldwide 
responsibility and coordination with engineering in Europe 
and joint venture development with Japanese companies. 
Before that, Mr. Menig worked for the industrial automa-
tion part of Eaton known as Cutler-Hammer. During those 
8 years he lead teams working on sensors, factory commu-
nications, programmable and motion controllers and vision 
inspection equipment. Earlier, Mr. Menig worked 5 years 
for General Electric in the areas of medical equipment for 
hospitals, remotely guided military vehicles (smart bombs), 
and charge- coupled device imagers and signal processors. 
He is currently cochair of the Future Truck/Far Horizon 
committee of the Technology and Maintenance Council 
of the American Trucking Associations and also serves on 
the NRC Committee on Approaches and Technologies for 
Reducing the Fuel Consumption of Medium- and Heavy-
Duty Vehicles. Mr. Menig graduated from MIT in 1976 with 
a bachelor’s degree in electrical engineering. He participated 
in the ABC program of General Electric, completing the A 
and B portions. Master’s degree work in electrical engineer-
ing was completed with the exception of a thesis at Marquette 
University. In addition, Mr. Menig has participated in numer-
ous training programs such as total quality management, 
software development, strategic planning, finance for the 
nonfinancial manager, ISO 9000, and vehicle dynamics.

James W. Morris is retired from his position as director, 
advanced engineering, Volvo Powertrain North America 
(VPTNA). Previous positions with Mack Trucks and Volvo 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

APPENDIX A 147

Powertrain included director, Product Development Labora-
tories and Engineering Services; chief engineer for the Mack 
ETECH Engine and Engineering Services; Mack engineer-
ing liaison to the Atlantis Project, a joint program between 
Renault and Mack to design and develop a new 13 L engine; 
chief engineer 10 L and 16 L product engineering; manager 
of emissions control; manager of engine development; and 
a number of the positions related to the development of not 
only engines but also electronic control engine products, 
transmissions, structures, and fuel systems. At Mack Trucks 
and Volvo he gained extensive expertise in development, 
design, validation, and production support of new technolo-
gies, especially for engines, drivelines, exhaust emissions, 
engine maintenance, and cost reduction, as well as knowl-
edge of the needs and requirements of the trucking industry. 
He also served as a consultant from September 2010 to June 
2012 for the Advanced Combustion Group of Volvo Power 
Train. He has a BSME from Pennsylvania State University.

Thomas E. Reinhart is an institute engineer in the Depart-
ment of Engine Design and Development, which is part of 
the Division of Emissions and Vehicle Research at Southwest 
Research Institute. His previous positions include Cummins 
Inc., 1980-2000; Roush Industries, Inc., 2001-2004, and 
Visteon Corporation, 2004-2005. He leads projects in engine 
design, performance and emissions development, and gaso-
line and diesel engine noise, vibration, and harshness (NVH) 
improvement. Since 2007, he has led a number of projects 
to investigate technologies for improved engine, power train, 
and vehicle fuel efficiency and GHG reduction, focused on 
medium- and heavy-duty vehicles. Currently, Mr. Reinhart 
is leading projects for the National Highway Traffic Safety 
Administration (NHTSA) and the National Academies of 
Sciences, Engineering, and Medicine to evaluate the costs 
and benefits of various fuel efficiency technologies that 
could be applied to comply with future truck fuel efficiency 
regulations. Mr. Reinhart has served on two previous NRC 
committees: Technologies and Approaches to Reducing the 
Fuel Consumption of Medium- and Heavy-Duty Vehicles 
and Review of the 21st Century Truck Partnership, Phase 2. 
He is a member of SAE, the Institute of Noise Control Engi-
neering (INCE), where he served on the board of directors 
from 2008 through 2011, and the International Institute of 
Acoustics and Vibration (IIAV). He has a B.S. and an M.S. 
in mechanical engineering from Purdue University.

Bernard Robertson (NAE) is president of BIR1, LLC, 
an engineering consultancy specializing in transportation 
and energy matters that he founded in January 2004 on his 
retirement from DaimlerChrysler Corporation. During 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 regulatory 
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 elec-
tric, battery electric, fuel cell, and military vehicle develop-
ment. In addition, he was responsible for regulatory analysis 
and compliance for safety and emissions. He is a member of 
the NAE, a fellow of the Institute of Mechanical Engineers 
(U.K.), a Chartered Engineer (U.K.), and a fellow of SAE. 
He has served on a number of NRC committees, including 
the Committee on Review of the Research Program of the 
U.S. DRIVE Partnership and the Committee on Review of 
the 21st Century Truck Partnership, Phase 2. 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 mechanical sciences from 
Cambridge University, England. 

Subhash C. Singhal (NAE) is Battelle fellow emeritus, 
Pacific Northwest National Laboratory (PNNL). At PNNL 
he worked in the Energy Science and Technology Directorate 
after having worked at Siemens Power Generation (formerly 
Westinghouse Electric Corporation) for over 29 years. At 
PNNL, Dr. Singhal provided senior technical, manage-
rial, and commercialization leadership to the laboratory’s 
extensive fuel cell program. At Siemens Westinghouse, he 
conducted and/or managed major research, development, 
and demonstration programs in advanced materials for 
various energy conversion systems, including steam and 
gas turbines, coal gasification, and fuel cells. He was man-
ager of fuel cell technology there, and was responsible for 
the development of high-temperature solid oxide fuel cells 
(SOFCs) for stationary power generation. In this role, he led 
an internationally recognized group in SOFC technology and 
brought this technology from a laboratory curiosity of a few 
watts to fully integrated, 200 kW power generation systems. 
He has authored 100 scientific publications, edited 17 books, 
received 13 patents, and given numerous plenary, keynote, 
and other invited presentations worldwide. Dr. Singhal is a 
member of the National Academy of Engineering; a fellow 
of four professional societies (American Ceramic Society, 
The Electrochemical Society, ASM International, and the 
American Association for the Advancement of Science 
[AAAS]); a senior member of the Mineral, Metals & Materi-
als Society (TMS), received the Electrochemical Society’s 
Outstanding Achievement Award in High Temperature 
Materials in 1994, and continues as the chairman of the 
Society’s International Symposium on Solid Oxide Fuel 
Cells. He served as president of the International Society 
for Solid State Ionics during 2003-2005. He received the 
American Ceramic Society’s Edward Orton Jr. Memorial 
Award in 2001; an Invited Professorship Award from the 
Japan Ministry of Science, Education and Culture in 2002; 
and the Christian Friedrich Schoenbein Gold Medal from 
the European Fuel Cell Forum in 2006. He serves on the 
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editorial boards of Elsevier’s Journal of Power Sources and 
the Fuel Cell Virtual Journal and is an associate editor of 
ASME’s Journal of Fuel Cell Science and Technology. He 
has also served on many national and international advisory 
panels including those of the National Materials Advisory 
Board of the National Research Council, National Science 
Foundation, Materials Properties Council, U.S. Department 
of Energy, NATO Advanced Study Institutes and NATO 
Science for Peace Programs, United Nations Development 
Program (UNDP), United Nations Industrial Development 
Organization (UNIDO), International Energy Agency (IEA), 
and the European Commission. He has a B.S. in physics, 
chemistry, and mathematics from Agra University; a B.E. 
in metallurgy from the Indian Institute of Science; a Ph.D. 
in materials engineering and science from the University of 
Pennsylvania; and an M.B.A. in technology management 
from the University of Pittsburgh.

James A. (Jim) Spearot is currently president of his own 
consulting company, Mountain Ridgeline Consulting, LLC. 
His consulting efforts focus on transportation energy and 
automotive fuel and lubricant issues as they affect emis-
sions and fuel efficiency. In 2009, Dr. Spearot retired from 
General Motors Research and Development Center, where 
he was director of the Chemical and Environmental Sciences 
Laboratory, whose mission was to develop cost-effective 
environmental strategies and systems for GM’s products 
and processes. Additionally, Dr. Spearot served as chief 
scientist for GM’s Public Policy Center, lead executive for 
research programs in Russia and CIS countries, and manager 
of GM’s Hydrogen Storage Innovation Program. Dr. Spearot 
began his GM career in 1972 as an assistant senior research 
engineer in the Fuels and Lubricants Department. He was 
appointed department head of Fuels and Lubricants in 1992 
and director of the Chemical and Environmental Sciences 
Laboratory in 1998. He is a member of several organizations: 
SAE, the Society of Rheology, the Society of Tribologists 
and Lubrication Engineers, and the American Institute of 
Chemical Engineers. He is a former chairman of the SAE 
Fuels and Lubricants Division and a former chairman of the 
Coordinating Research Council (CRC). He has served as 
chairman of the Fuels Working Group of the U.S. Council 
for Automotive Research (USCAR) and the USCAR Envi-
ronmental and Hydrogen Technical Leadership Councils. 
His professional honors include an ASTM Award for Excel-
lence in 1990; the Arch T. Colwell Merit Award from SAE in 
1987; and the Award for Research on Automotive Lubricants, 
also from the SAE, in 1987. He is a fellow member of the 
SAE and has received a Lifetime Achievement award from 
USCAR. He holds a B.S. in chemical engineering from 
Syracuse University and master’s and doctorate degrees, also 
in chemical engineering, from the University of Delaware.

Kathleen C. Taylor (NAE) is retired director of the Materi-
als and Processes Laboratory at General Motors Research 
and Development and Planning Center. She was simultane-

ously chief scientist for General Motors of Canada, Ltd. in 
Oshawa, Ontario. Earlier Dr. Taylor was department head 
for physics and physical chemistry and department head for 
environmental sciences. Currently Dr. Taylor is a member 
of the DOE Hydrogen Technology Advisory Committee. 
Dr. Taylor was awarded the Garvan Medal from the Ameri-
can Chemical Society. She is a member of NAE, a fellow of 
SAE International and the American Academy of Arts and 
Sciences, and a foreign fellow of the Indian National Acad-
emy of Engineering. She has been president of the Materials 
Research Society and chair of the board of directors of the 
Gordon Research Conferences. She has served on many NRC 
committees, including the Committee on Review of the U.S. 
DRIVE Research Program, Phase 4, and the Review of the 
21st Century Truck, Phase 2, and was a member of the Board 
on Energy and Environmental Systems. 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.

John Woodrooffe heads Transportation Safety Analytics and 
is director of the Commercial Vehicle Research and Policy 
program at the University of Michigan Transportation Insti-
tute (UMTRI). He is responsible for the Center for National 
Truck and Bus Statistics, which conducts nationwide sur-
veys of trucks involved in fatal accidents (TIFA) and buses 
involved in fatal accidents (BIFA), and for the Statistical 
Analysis Group, which performs analytical modeling and 
conducts research to advance statistical methods for road 
and vehicle safety analysis. He is an international expert 
on policy and safety evaluation of large vehicles, includ-
ing stability and control, accident reconstruction, vehicle 
productivity, fuel use, and environmental impact. He has 
participated in many large international technical projects 
and has been a member of vehicle-related Organisation for 
Economic Development (OECD) technical expert work-
ing groups, most recently the OECD/JTRC project entitled 
“Heavy Vehicles: Regulatory, Operational and Productivity 
Improvements.” This Paris-based international task force 
examined regulatory concepts and future truck technology 
for sustainable road transport. Before joining UMTRI, Mr. 
Woodrooffe founded the Road Vehicle Research Program at 
the National Research Council of Canada and developed it 
into a successful, internationally active heavy truck research 
laboratory. He served on the NRC Committee on Fuel Econ-
omy of Medium- and Heavy-Duty Vehicles, Phase 1, and is 
currently serving on the Committee on Fuel Economy of 
Medium- and Heavy-Duty Vehicles, Phase 2, and the Com-
mittee on Motor Vehicle Size and Weight. He was a consul-
tant to Australia’s National Road Transport Commission for 
a unique 3-year performance-based standards development 
project that produced a new performance-based regulatory 
system for large vehicle combinations. Mr. Woodrooffe holds 
master’s and bachelor’s degrees in mechanical engineering 
from the University of Ottawa.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

149

Appendix B

Committee Meetings and Presentations

MAY 14-15, 2014, WASHINGTON, D.C.

Overview of DOE’s Vehicle Technologies Office R&D
Patrick Davis, DOE Office of Vehicle Technologies

Overview of 21st Century Truck Partnership
Ken Howden, DOE Office of Vehicle Technologies

Overview of U.S. Army (NAC/TARDEC) Activities
David Gorsich, U.S. Army Tank Automotive Research, 
Development and Engineering Center (TARDEC)

Alternative Fuel Safety Projects at FMCSA
Brian Routhier, Federal Motor Carrier Safety 
Administration (FMCSA)

NHTSA Heavy Vehicle Safety Research
Alrik Svenson, National Highway Traffic Safety 
Administration (NHTSA)

Review of Previous NAS Review Recommendations, with 
Responses
Ken Howden, DOE Office of Vehicle Technologies

Cummins SuperTruck Team Presentation
David Koeberlein, Cummins Inc.

Daimler SuperTruck Team Presentation
Derek Rotz, Daimler Trucks North America

Volvo SuperTruck Team Presentation
Tony Greszler, Volvo Trucks North America

SEPTEMBER 3-4, 2014, WASHINGTON, D.C.

Introduction and Background on 21CTP Goals and 
Activities 
Ken Howden, DOE Office of Vehicle Technologies 

Overview of Advanced Combustion Engine R&D Program
Gurpreet Singh, DOE Office of Vehicle Technologies

Overview of Fuel and Lubricant Technologies R&D
Kevin Stork, DOE Office of Vehicle Technologies

Vehicle Systems Simulation and Testing
David Anderson, DOE Office of Vehicle Technologies

Electric Drive Technologies Overview 
Steven Boyd, DOE Office of Vehicle Technologies

Energy Storage Overview
Brian Cunningham, DOE Office of Vehicle Technologies

Review of Materials Program 
Jerry Gibbs, DOE Office of Vehicle Technologies

Update on Idling Reduction Activities
Glenn Keller, Argonne National Laboratory

Supporting Safe and Efficient Goods Movement on the 
Nation’s Highways: An Overview of Research and Data 
Programs
Caitlin Hughes Rayman, Federal Highway Administration 

Looking Ahead to the Next Phase of Heavy-Duty 
Greenhouse Gas and Fuel Efficiency Standards
Matthew Spears, Environmental Protection Agency 
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21st Century Truck Partnership Management Structures 
and Considerations
Ken Howden, DOE Office of Vehicle Technologies

NOVEMBER 18-19, 2014, WASHINGTON, D.C.

The Navistar SuperTruck Project: Development and 
Demonstration of a Fuel-Efficient Class 8 Tractor & Trailer 
Vehicle System
Russ Zukouski, Navistar

Oak Ridge National Laboratory (ORNL) Vehicle Systems 
Integration (VSI) Laboratory
David Smith, ORNL

Vehicle Technologies Office Connected and Automated 
Vehicles Overview
David Anderson, DOE Office of Vehicle Technologies 

FMCSA Research and Technology
Luke Loy, Federal Motor Carrier Safety Administration

Technologies for MD/HD GHG and Fuel Efficiency
Tom Reinhart, Committee Member, Southwest Research 
Institute (SwRI)

Summary of ORNL Site Visit
Kathy Taylor, Committee Member 

FEBRUARY 18-19, 2015, WASHINGTON, D.C.

Energy Efficiency and Renewable Energy FY 2016 Budget 
Request Presentation
Ken Howden, DOE Office of Vehicle Technologies 

COMMITTEE SUBGROUP MEETINGS

Committee subgroups also made visits to Cummins Inc., 
Columbus, Indiana; Daimler Trucks North America, Port-
land, Oregon; ORNL, Oak Ridge, Tennessee; Detroit 
Diesel Corporation, Detroit, Michigan; U.S. Army TAR-
DEC, Warren, Michigan; Volvo Trucks, Greensboro, North 
Carolina.
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Appendix C

21CTP Responses to Findings and Recommendations from 
NRC Phase 2 Report

This document provides a compilation of the findings 
and recommendations from the National Academy of Sci-
ences Review of the 21st Century Truck Partnership, Second 
Report, published in June 2012. This document also provides 
the 21st Century Truck Partnership’s responses to these find-
ings and recommendations, organized in groups by report 

section. Within each section, findings and responses have 
been grouped together (and responded to) by topic. 

NOTE: Findings/Recommendations marked with u were 
highlighted in the executive summary of the 2012 report and 
are considered of particular importance.



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

152 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-2

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 153

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-3

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

  



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

154 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-4

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 155

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-5

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

156 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-6

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 157

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-7

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

158 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-8

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 159

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-9

 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

160 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

0 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 161

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

1 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

162 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

2 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 163

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

3 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

164 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

4 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 165

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

5 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

166 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

6 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 167

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

7 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

  



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

168 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

8 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 169

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-1

9 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

170 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-2

0 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

 171

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-2

1 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

172 

PR
E

PUU
B

L
IC

A
T

IO
N

 CC
O

PY
 –

 S
U

B
JE

CC
T

 T
O

 F
U

R
T

H
E

C
-2

2 
E

R
 E

D
IT

O
R

IA
LL

 C
O

R
R

E
C

T
IOO

N
 

 



Copyright © National Academy of Sciences. All rights reserved.

Review of the 21st Century Truck Partnership:  Third Report

173

Appendix D

21CTP Project Inventory and Summary of 21CTP Goals

The following project list showing 21st Century Truck 
Partnership activities was submitted to the committee by the 

21st Century Truck Partnership on December 29, 2014, along 
with the summary of 21CTP goals listed at the end.
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Summary of 21CTP Goals 

PREPUBLICATION COPY – SUBJECT TO FURTHER EDITORIAL CORRECTION 
D-9 

Goal Number Goal Text 

E-1 Develop and demonstrate an emissions compliant engine system for Class 7-8 highway trucks that achieves 
50% brake thermal efficiency in an over-the-road cruise condition, improving the engine system fuel efficiency 
by about 20% (from approximately 42% thermal efficiency today). (2015) 

E-2 Research and develop technologies which achieve a stretch thermal efficiency goal of 55% in prototype engine 
systems in the lab. (This efficiency gain would be equivalent to an additional 10% gain in over-the-road fuel 
economy when prototype concepts are fully developed for the market.) (2015) 

E-3 Through experiments and models with FACE fuels and other projects, determine the most essential fuel 
properties, including renewables, needed to achieve 55% engine brake efficiency. (2014) 

E-4 Identify alternatives to fossil petroleum based fuels and technology pathways (vehicle, fuels, and infrastructure) 
to a sustainable, long-term fuel supply. 

HE-1 Ability to attain fuel consumption reductions (compared to today’s conventional, non-hybridized heavy-duty 
vehicles) in a commercially viable manner. 

HE-2 Develop a hybrid system with a design life of 15 years. 

HE-3 Achieve cost targets for energy storage ($45 per kW and/or $500/ kW- hour for an energy battery by 2017; $40 
per kW and/or $300/ kW- hour for a power battery by 2020; and cost of overall battery pack should not exceed 
cost of the cells themselves by more than 20% by 2016) and for e-machines ($23/kilowatt by 2016). 

HH-1 N/A - EPA program cancelled 

HH-2 N/A - EPA program cancelled 

HH-3 N/A - EPA program cancelled 

HH-4 N/A - EPA program cancelled 

HH-5 N/A - EPA program cancelled 

PD-1 Develop and demonstrate advanced technology concepts that reduce the aerodynamic drag of a Class 8 highway 
tractor-trailer combination by 20%. Evaluate a stretch goal of 30% reduction in aerodynamic drag. (2021 

PD-2 Develop and demonstrate low rolling resistance tires that can reduce vehicle rolling resistance and wheel weight 
for a Class 8 tractor-trailer. Demonstrate 35% reduction in rolling resistance. (2021) 

PD-3 Develop and demonstrate technologies that reduce essential auxiliary loads by 50% for Class 8 tractor-trailers. 
(2021) 

PD-4 Develop and demonstrate engine, transmission, and driveline systems that enhance engine cycle operating 
efficiency and reduce friction losses. (2021) 

PD-5 Develop and demonstrate lightweight material and manufacturing processes that lead to a 10% reduction in tare 
weight for a tractor/trailer combination. Establish a long-term stretch goal of reducing combined vehicle weight 
by 20%. (2021) 

PD-6 Increase heat-load rejected by thermal management systems by 20% without increasing radiator size. Develop 
and demonstrate technologies that reduce powertrain and driveline losses by 50%. (2021) 

IR-1 Promote the incorporation of idle reduction (IR) equipment on new trucks as fuel saving devices as they are 
identified through the DOE SuperTruck Initiative. 

IR-2 Establish a nationwide multi-mode IR education program. 

IR-3 Work with OEM truck manufacturers to obtain data on the number of new trucks being ordered with IR options.
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Summary of 21CTP Goals 

PREPUBLICATION COPY – SUBJECT TO FURTHER EDITORIAL CORRECTION 
D-10 

 
 

IR-4 Conduct a fleet survey to gather data on the amount of in-use idling hours that are accumulated by type of 
heavy-duty vehicle. 

IR-5 Analyze data from the EPA SmartWay Transport Partnership to measure fuel savings and emissions reductions 
associated with the various type of IR equipment available. 

IR-6 Develop improved IR systems to minimize fuel required, cost, and weight to meet hotel functions in sleeper 
cabs. 

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

EO-1 Develop and demonstrate technologies that minimize the impact of driver behavior for optimal acceleration 
efficiency by automatically controlling vehicle accelerations at a level for which the engine operates in its most 
efficient operational state for the current environment. Driver feedback information devices can also be 
implemented as a retrofit option for existing vehicles. 

EO-2 Develop simple tools for the trucking industry that will provide estimates of the fuel savings potential of 
advanced efficiency technologies and technology combinations depending on specific usage information of a 
particular fleet (measured drive cycle data). The tools will provide cost and benefit analyses for the selection of 
technologies on a case-by-case basis when representative drive cycles for an individual fleet or owner-operator 
are available (and recommendations to the fleet for obtaining the drive cycles can be provided). 

EO-3 Conduct a study to identify proposed ITS/connected vehicle technologies that offer significant fuel savings and 
quantify the reduction in fuel consumption for technologies that offer the greatest benefits. Select one 
technology, evaluate the benefits for fuel consumption as a function of market penetration and identify the 
infrastructure needs and costs for deployment of the technology to a level at which the benefits of vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) networking are realized. 

EO-4 Establish a real-world test corridor for commercial vehicles focused on improving commercial vehicle 
operations, including fuel efficiency. The test corridor should include DSRC and WiMax technologies in the 
infrastructure, would involve one or more fleets enabled for DSRC/WiMax capability and outfitted with various 
applications designed for improved efficiency of commercial vehicles. 

EO-5 Explore regulatory changes to permit the replacement of body-mounted mirrors with a camera-based system and 
quantify the fuel saving benefits associated with such a change. 

EO-6 Demonstrate the fuel savings benefits and develop policy guidelines for extending the use of long combination 
vehicles (LCVs), particularly triple trailer units. 

EO-7 Promote improved supply chain management strategies in the commercial freight industry with an objective to 
increase the loads carried per truck and reduce vehicle miles traveled. 
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Appendix E

Acronyms

21CTP 21st Century Truck Partnership

ABT averaging, banking, and trading
ACC American Chemistry Council; also, 

adaptive cruise control
ACE advanced combustion engine
ACES Advanced Collaborative Emissions Study
AFCI alternative fuel compression ignition
AFV alternative fuel vehicles
AHSS advanced high-strength steel
AMOX ammonia oxidation
AMR Annual Merit Review (DOE)
AMT automated manual transmission
ANL Argonne National Laboratory
APEEM advanced power electronics and electric 

motors
API American Petroleum Institute
APS Advanced Photon Source
APU auxiliary power unit
ARRA American Recovery and Reinvestment Act 

of 2009
ASTM American Society for Testing and 

Materials (now ASTM International)
ATA American Trucking Association
ATP-LD Advanced Technology Powertrains for 

Light-Duty Vehicles
ATRI American Transportation Research 

Institute
AVPTA Advanced Vehicle Power Technology 

Alliance

bhp-hr brake horsepower-hour
BMEP brake mean effective pressure
BSM blind spot monitoring
BTE brake thermal efficiency

Cd coefficient of drag
Crr coefficient of rolling resistance

CAFE  corporate average fuel economy
CAGR compound annual growth rate
CAMP Crash Advoidance Metrics Partnership
CARB California Air Resources Board
CEC California Energy Commission
CFD computational fluid dynamics
CGVW combined gross vehicle weight
CH4 methane
CI compression ignition
CLEERS Cross-cut Lean Exhaust Emissions 

Reduction Simulation
CMB collision mitigation braking
CNG compressed natural gas
CO carbon monoxide
CO2 carbon dioxide
CPF catalyzed particulate filter
CR compression ratio
CRADA cooperative research and development 

agreement
CRC Coordinating Research Council
CVT continuously variable transmission

DCN derived cetane number
DCT dual clutch transmission
DEER Directions in Engine-Efficiency and 

Emissions Research (conference); also, 
Diesel Engine-Efficiency and Emissions 
Research (conference)

DEF diesel exhaust fuel
DME dimethyl ether
DOC diesel oxidation catalyst; also, U.S. 

Department of Commerce
DOD U.S. Department of Defense
DOE U.S. Department of Energy
DOT U.S. Department of Transportation
DPF diesel particulate filter
DSRC dedicated short-range communications
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EATS exhaust aftertreatment system
EBS electronically controlled braking system
ECM electronic control module
EDT electric drive technologies
EERE Energy Efficiency and Renewable Energy 

(DOE Office of)
EHN ethylhexyl nitrate
EGR exhaust gas recirculation
EIA Energy Information Administration
EISA Energy Independence and Security Act of 

2007
EMA Truck and Engine Manufacturers 

Association
EPA U.S. Environmental Protection Agency
EPAct Energy Policy Act of 2005 (P.L. 109-58)
ES energy storage
ESC electronic stability control

FACE fuels for advanced combustion engines
FAME fatty acid methyl ester
FC fuel consumption
F-CAM Forward Collision Avoidance and 

Mitigation
FCVT FreedomCAR and Vehicle Technologies
FCW forward collision warning
FE fuel economy
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety 

Administration (DOT)
FMEP friction mean effective pressure
FMVSS Federal Motor Vehicle Safety Standards
FSP friction stir processing
F-T Fischer-Tropsch
FTA Federal Transit Administration
FTP federal test procedure
FY fiscal year

g/bhp-hr grams per brake horsepower-hour
GCW gross combined weight
GDI gasoline direct injection
GEM GHG emissions model
GHG greenhouse gas
g/mi grams per mile
GPS global positioning system
GPU Graphical Processor Unit
GTL gas-to-liquid
GVW gross vehicle weight

HC hydrocarbon
HCCI homogeneous-charge compression ignition
HD heavy duty
HEV hybrid electric vehicle
HHDDT heavy heavy-duty diesel truck
HMI human–machine interface
hp horsepower

HPCR high-pressure common rail
HPL high-pressure loop
HTHS high-temperature, high-shear
HTML High-Temperature Materials Laboratory
HTUF High-Efficiency Truck Users Forum
HVAC heating, ventilation, and air conditioning
HVIP Hybrid and Zero-Emission Truck and Bus 

Voucher Incentive Program

ICE internal combustion engine
ICME integrated computational materials 

engineering
IPM Intelligent Powertrain Management
IQT ignition quality test
IR idle reduction
ISG Integrated Starter Generator
ITS Intelligent Transportation Systems

KOH potassium hydroxide
kWh kilowatt-hour

LCFS Low Carbon Fuel Standard
LCM lane change/merge
LCV long combination vehicle
LDV light-duty vehicle
LDW lane departure warning
LED light-emitting diode
LES large eddy simulation
LLFC leaner lifted flame combustion
LLNL Lawrence Livermore National Laboratory
LNG liquefied natural gas
LOC loss of control
LSFC load-specific fuel consumption
LTC low-temperature combustion
LTCC Large Truck Crash Causation
LTGC low-temperature gasoline combustion

MD medium-duty
MHDVs medium- and heavy-duty vehicles
MIT Massachusetts Institute of Technology
mpg miles per gallon
mph miles per hour
MY model year

NAAQS National Ambient Air Quality Standards
NACFE North American Council for Freight 

Efficiency
NETL National Energy Technology Laboratory
NGV natural gas vehicle
NGWBS next-generation wide base single (tire)
NHTSA National Highway Traffic Safety 

Administration
N2O nitrous oxides
NOx oxides of nitrogen
NPBF non-petroleum–based fuels
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NRC National Research Council
NREL National Renewable Energy Laboratory
NVH noise, vibration, and harshness

OBD on-board diagnostic
OECD Organisation for Economic Co-operation 

and Development
OEM original equipment manufacturer
OMB Office of Management and Budget
ORC organic Rankine cycle
ORNL Oak Ridge National Laboratory

PACCAR Pacific Car and Foundry Company
PCCI premixed charge compression ignition
PCI passenger compartment intrusion
PCP peak cylinder pressure
PDF probability distribution function
PM particulate matter
PMC Project Management Center
PN particle number
PNGV Partnership for a New Generation of 

Vehicles
PNNL Pacific Northwest National Laboratory
PPCI partially premixed charge compression 

ignition

R&D research and development
RCCI reactivity-controlled compression ignition
RD&D research, development, and demonstration
RF radio frequency
RFS Renewable Fuels Standard
rpm revolutions per minute
RSC roll stability control
RSP renewable super premium

SAE Society of Automotive Engineers
SC single cylinder
SCAQMD South Coast Air Quality Management 

District
SCFI Stronach Center for Innovation

SCR selective catalytic reduction
SET Supplemental Emission Test
SI spark-ignition
SMC sheet molding compound
SOFC solid oxide fuel cell
STEP ShorePower Truck Electrification Project 

(DOE)
SUT single unit truck
SUV sport utility vehicle

 
TARDEC Tank-Automotive Research, Development 

and Engineering Center
TCFB Texas Clean Fleet Program
TEM transmission electron microscopy
TPMS tire pressure monitoring system
TRU transportation refrigeration unit

UMTRI University of Michigan Transportation 
Research Institute

U.S. DRIVE U.S. Driving Research and Innovation 
for Vehicle Efficiency and Energy 
Sustainability

V2I vehicle-to-infrastructure
V2V vehicle-to-vehicle
VAM Vehicle Acceleration Management
VERIFI Virtual Engine Research Institute and 

Fuels Initiative
VG variable geometry
VIUS Vehicle Inventory and Use Survey
VMT vehicle miles traveled
VSI Vehicle Systems Integration (ORNL)
VSST vehicle systems simulation and testing
VTO Vehicles Technology Office (DOE)

WAAS weighted aerodynamic-average speed
WHR waste heat recovery
WIM weigh-in-motion
WTW well to wheel
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