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INTRODUCTION

This document contains the 17 technology assessments (TAs) that were carried out as
part of the Department of Energy’s (DOE’s) Quadrennial Technology Review (QTR).
These are meant to be accessible summaries of the techno-economic aspects (e.g.,
current deployment, historical pace of progress) and research and development
(R&D) opportunities in the most important energy technologies or systems. Collec-
tively, these assessments support the analysis and judgments of the Report on the
QTR, available at www.energy.gov/qtr.

The Report on the QTR developed portfolio principles to apply to these 17 technolo-
gies to prioritize energy R&D over the next five years. Its recommendations there-
fore rest upon the more detailed understanding of individual technologies. Similarly,
the 17 TAs should play an important role when technology programs articulate R&D
priorities to guide their activities. The TAs can help decision makers speak from a
common framework, fact base, and set of analyses.

These TAs will serve a number of audiences. Policymakers in Congress, DOE, and oth-
er federal and local officials can use them when assessing options for energy policy
and technology R&D. Scientists and technology leaders can use them to inform deci-
sions on what R&D to pursue: whether they pursue priorities identified in the assess-
ments or breakthroughs that alter the view of a technology’s future. Similarly, the
assessments provide industry with a structured landscape of technology areas help-
ing companies place their own R&D priorities in broader context. Finally, constituent
groups focused on particular industries or policy goals can use these assessments to
inform their interests within a broad context.


www.energy.gov/qtr
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2 | INTRODUCTION

NATURE OF THE
ASSESSMENTS

The following points are important in reading and using these TAs:

The TAs are not program plans or policy or funding recommendations. While they outline certain re-
search needs and opportunities for risk reduction, they are not statements of the Department’s intended invest-
ments. Activities that DOE supports are subject to a number of considerations, including budgets and evolving
technology landscapes. The principles discussed in the Report on the QTR will be considered as DOE makes
future investment decisions.

Given the diversity of topics the TA's cover, they are not fully uniform in style, format, or content. Further-
more, the TAs are descriptive, not prescriptive. In general, they include a discussion of the current state of
the technology, including the historical pace of development in terms of cost, performance, and deployment,
and the current state of the industry—in the United States and the world. They then describe the future poten-
tial of the technology: a summary of published views on technical headroom to improve cost and performance,
including a view of key R&D opportunities; a summary of agreements and disagreements among major pub-
lished roadmaps; and a summary of non-technical factors that would impact the pace of technology progress.
Finally, the TAs include a summary of DOE’s history, accomplishments, and role.

The cost analyses of the TAs are not based on a single set of metrics and assumptions. As identified in
the Report on the QTR, the Department needs to develop a strong internal capability in techno-economic and
policy analysis to support its energy R&D strategy. The Department needs a professional group that can inte-
grate the major functions of technology assessment and cost analysis, program planning and evaluation, eco-
nomic-impact assessments, industry studies, and energy and technology policy analysis. Such a group would
harmonize assumptions across technologies and make the analyses transparent in order to inform future QTRs.

Our grouping of technologies among the TAs is necessarily imperfect. As a result, the TAs are clusters of
interrelated assessments, all of which should be considered to get a complete view. In characterizing the
energy technologies, we have focused on individual components. For an integrated view of the systems these
technologies comprise, please consult the Report on the QTR.

The TAs are not meant to be advocacy documents. Energy is plagued by technological advocacy, wherein
each particular technology in turn is presented as “the solution.” Yet no technology—at present or in the fu-
ture—can do it all, so an appreciation of the broader context or capabilities of technologies that are competing
to provide the same service is vital. These assessments have attempted to avoid advocacy and consistently bal-
ance optimism with realism, in part through relevant techno-economic data. And in citing the latter, we have
tried to provide context within which to judge claims. The size of the energy sector can produce big numbers,
which we also express as fractions of the relevant scale.

QUADRENNIAL TECHNOLOGY REVIEW TECHNOLOGY ASSESSMENTS 2012
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We have avoided projections of deployment. Potential materiality is certainly an important factor in judging
technologies, and technology improvements can certainly facilitate deployment. However, market and regula-
tory conditions are even more important factors, and these are largely beyond the purview of DOE.

The TAs are largely not new technical and performance analyses. Rather, they rely upon published external
assessments to the greatest extent possible. As such, they do not include the Administration’s analysis of
these external assessments. The National Research Council's America’s Energy Future' reports have been an
important resource in that regard.

The TAs do not cover all energy technologies. Among the technologies excluded are those sufficiently ma-
ture to not warrant significant DOE R&D support (e.g., gas turbines). Equally omitted are immature technolo-
gies that cannot have material impact within two decades (e.g., nuclear fusion). DOE investment in immature
yet high-reward technologies is important, but cannot substitute for energy technology activities that more
immediately address urgent energy challenges.

In accordance with the Report on the QTR, the TAs include brief descriptions of DOE’s role in each technol-
ogy area. There are three categories of DOE activities in energy technology:

e Capability: Pre-competitive R&D and fundamental engineering research creates a depth of knowledge
about new and incumbent energy technologies, harnessing the capability of the national laboratories
and universities and strengthening those capabilities in our private-sector partners.

¢ Informational: Information collected, analyzed, and disseminated by DOE shapes the policies and
decisions made by other governmental and private-sector actors.

e Targeted Initiatives: Targeted initiatives bring goal-driven, coordinated efforts to bear throughout
the research, development, and demonstration process to help prove technologies for adoption by the
private sector.

Operating in any of these modes, DOE has a unique ability to convene energy-sector participants from the
public and private sectors and coordinate their efforts. We also have opportunities to leverage the globalization
of innovation, capital, and markets by engaging international partners in energy technology development and
deployment.

' National Academies of Science, National Academies of Engineering, National Research Council. (2009). America’s Energy Future.
Washington, DC.
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TIMELINE AND
DELIVERABLES

Consistent with the QTR project plan approved in late January 2010, DOE initiated the QTR’s TA activities in
early March 2010. After the QTR core team organized the clean-energy landscape into 17 areas, 12 teams
conducted these 17 assessments. A total of 135 assessment team members were drawn from the DOE
program offices and the national laboratories.

Each of the teams was responsible for three deliverables in each assessment:

e A scoping document that mapped the full landscape of technical pathways in each area. Pathways
that had both sufficient data for assessment and the potential to have significant impact on national
energy challenges were in scope. The scoping documents also noted those promising technologies
with insufficient data.

e Ateam presentation at one or more of the five QTR strategy-specific workshops. These presentations
provided immediate and interactive feedback on the team’s interim product from thought-leaders in
industry, academia, and the non-profit sectors.

e The TA included in this document.

Each TA was reviewed in three phases. First, all members of each technology team had the opportunity
to review all other TAs. Next, several members of the QTR team (Shouvik Banerjee, Megan Chambers,
Avi Gopstein, Michael Holland, Asa Hopkins, Cynthia Lin, and Laurel Miner) reviewed the assessments,
normalizing content and providing context. Finally, the TAs were sent to independent energy experts for
external peer review.

QUADRENNIAL TECHNOLOGY REVIEW TECHNOLOGY ASSESSMENTS 2012
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DOE-QTR Technology Teams

Strategy Technology Team Member Organization
Hank Kenchington DOE - OE
. | m re GyUK ........................ DOE OE ........................
arid Energy Storage  Kerry Cheung | O
(Temporal Flexibility) Mark Johnson ARPA-E
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The TAs have been reviewed in draft form by individuals chosen for their diverse perspectives and technical ex-
pertise. The purpose of this independent review was to provide candid and critical comments that assisted the
QTR team in making the TAs as sound as possible. The following individuals reviewed one or more of the TAs:

Terry Boston, PJM Interconnection
Marilyn Brown, Georgia Institute of Technology
James Degraffenreidt, Jr., WGL Holdings, Inc.

Paul Dimotakis, California Institute
of Technology

Hamid Elahi, General Electric
Robert Fri, Resources for the Future

David Goldstein, Natural Resources Defense
Council

Charles Goodman, Tulane University
James Katzer, lowa State University

Mark Lauby, North American Electricity Reliability
Corporation

Nate Lewis, California Institute of Technology
Franklin Orr, Stanford University

Tom Overbye, University of lllinois, Urbana-
Champaign

Jeffrey Peterson, New York State Energy
Research & Development Authority

Per Peterson, University of California at Berkeley
William Powers, Ford Motor Company, Retired

Michael Ramage, Exxon Mobile Research and
Engineering Company, Retired

Burt Richter, SLAC National Accelerator
Laboratory

Maxine Savitz, Honeywell, Retired

Chris Somerville, University of California at
Berkeley

Dan Sperling, University of California at Davis
Carl Weinberg, Weinberg Associates

Bob Williams, Princeton University

Kurt Yeager, Electric Power Research Institute

This report is being disseminated by DOE. As such, the document was prepared in compliance with Section 515
of the Treasury and General Government Appropriations Act for Fiscal Year 2001 (Public Law 106-554), as well
as information quality guidelines issued by the Department. Further, this report could be considered “influential
scientific information,” as the term is defined in the Office of Management and Budget's Information Quality
Bulletin for Peer Review (Bulletin). This report has been peer reviewed pursuant to section I1.2 of the Bulletin.
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INTERNAL
COMBUSTION ENGINES

Current internal combustion engines (ICEs) offer outstanding drivability and reliability at a low cost; they are
able to use natural gas and biofuels, such as ethanol (more than 12 billion gallons in 2010) or biodiesel. Over
the last 30 years, ICE emissions of criteria pollutants* have been reduced by more than 99%, while performance
has increased. ICEs are expected to maintain significant market share for many years in conventional vehicles,
hybrid electric vehicles, and plug-in hybrid electric vehicles. Integrating electric hybrid powertrains with ad-
vanced engines will enable operation at higher efficiencies for additional fuel savings.

Although ICE technology is more than a century old, there remain substantial opportunities to improve en-
gine efficiency and reduce emissions. Innovations in combustion, emission controls, fuel and air controls, and
turbomachinery have maintained or improved fuel economy, even as vehicle size and weight have increased.
Further improvements will be driven by industry compliance with increasing fuel economy standards through
2016° and beyond.® Technical opportunities for increased engine efficiency apply to a range of light-duty gaso-
line engines, light-duty diesel engines, and heavy-duty diesel engines.

Engine efficiency has improved as a result of reducing energy losses due to throttling, heat transfer, friction,
exhaust energy, and unburned fuel. There are a number of technologies that have led to these energy-loss
reductions. In a 2011 National Research Council (NRC) report,” Tables S.1 and S.2 (pp. 2-3) list more than 30
light-duty vehicle technologies—a mix of which can be implemented in the near term—including information
about their effectiveness to improve vehicle fuel economy and estimates of technology costs in 2009 dollars.
Similarly, a 2010 NRC report® conducted a review of technologies for medium- and heavy-duty vehicles that
could be implemented in the near term to improve fuel economy.

While all gasoline vehicles sold in the United States operate with stoichiometric combustion (needed for emis-
sion control by the now universal three-way catalyst), higher-efficiency lean-burn gasoline engines are entering
non-U.S. markets with less stringent emissions regulations. Lean-burn gasoline engines could also enter the
U.S. market without increasing criteria pollutants by building upon recent advances in after-treatment tech-
nologies for diesel engines.

QUADRENNIAL TECHNOLOGY REVIEW TECHNOLOGY ASSESSMENTS 2012
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Figure 1. Car Engine Technology Penetration After First Significant Use
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U.S. Environmental Protection Agency. (2010). Light-Duty Automotive Technology, Carbon Dioxide Emissions, and Fuel
Economy Trends: 1975 through 2010. Page 69, Figure 28. (EPA-420-R-10-023). Washington, DC. Accessed at http://
www.epa.gov/otaqg/cert/mpg/fetrends/420r10023.pdf

The time it takes for market penetration of light-duty engine technologies varies widely—it can take 3-5 years
for individual manufacturers to integrate a new technology into their fleet, 5-15 years to penetrate industry-
wide (Figure 1), and decades to penetrate the majority of the vehicle fleet. Since the invention and adoption
of the three-way catalyst for emission control in the early 1970s (made possible only by implementation of
unleaded gasoline), conventional engine efficiency has increased at a steady rate with some variation due to
new emissions or fuel economy regulations. Regulation-accelerated deployment of advanced catalysts and the
new Corporate Average Fuel Economy (CAFE) standards are expected to similarly drive deployment of other
efficiency technologies.

Diesel engines are also well-suited for light-duty vehicle applications, offering an improvement in fuel economy.
Diesel engines can achieve 20%-30% higher fuel economy than conventional gasoline engines; they account
for nearly 50% of new car sales in Europe.® Diesel engines re-entered the U.S. passenger vehicle market in 2006
following engine innovations and ultra-low sulfur diesel fuel, which enabled the machinery to achieve required
emission levels. However, diesel penetration in the U.S. light-duty vehicle market has been small, primarily due
to the additional cost of the engine and emission control components, as well as the price of diesel fuel. In
addition, there is a misperception that emissions from modern diesel engines have disproportionately adverse
health impacts when compared to other engine technologies, which limits penetration.

QUADRENNIAL TECHNOLOGY REVIEW TECHNOLOGY ASSESSMENTS 2012
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Figure 2a. Historical Progress in Heavy-Duty Engine Efficiency and the Challenge of
Simultaneous Emissions Reduction: Efficiency
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DPF = diesel particulate filter. ULSD = ultra-low sulfur diesel. EGR = exhaust gas recirculation. SCR = selective
catalytic reduction. HC = hydrocarbons. NMHC = non-methane hydrocarbons. PM = particulate matter. Adapted
courtesy of Detroit Diesel Corporation. (2009). Dearborn, Michigan: Directions in Engine-Efficiency and Emissions
Research Conference. Accessed at http://wwwl.eere.energy.gov/vehiclesandfuels/pdfs/deer_2009/session5/
deer09_kalish.pdf

Heavy-duty diesel is the primary engine for commercial vehicles because of its high efficiency and outstanding
durability. However, increasingly stringent emission standards over the last decade restrained efficiency gains
while emissions were reduced by more than 95% (Figure 2a. and 2b.). As regulations for nitrogen oxides (NOx)
and particulate matter emissions stabilized in 2010, further gains in efficiency are now seen as achievable.

Historically, efficient heavy-duty engine technologies have been quickly adopted by the commercial heavy truck
fleet where fuel economy and fuel costs are major concerns and vehicle lifetime is shorter. At the level of an
individual manufacturer, technologies can typically be implemented across a range of engine models within
one year. Nationally, technologies developed for the Class 8 market (e.g., long-haul tractor-trailers) are typically
implemented in three years or less. These technologies quickly penetrate into the Class 6 and Class 7 markets
(e.g., delivery trucks, buses) because of the similarity of the vehicle classes.

QUADRENNIAL TECHNOLOGY REVIEW TECHNOLOGY ASSESSMENTS 2012
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Figure 2b. Historical Progress in Heavy-Duty Engine Efficiency and the Challenge of
Simultaneous Emissions Reduction: Emissions
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Source: 21 Century Truck Partnership. (2006). Roadmap and Technical White Papers. (21CTP-0003). Page 11, Figure
1.2. Washington, DC: Department of Energy, Office of Energy Efficiency and Renewable Energy. Accessed at
http://www1.eere.energy.gov/vehiclesandfuels/pdfs/program/21ctp_roadmap_2007.pdf

Current Industry

With the exception of sharp declines in 2008 and 2009, energy consumption in the transportation sector has
grown over the last several decades. This growth is partly due to an increase in miles driven, but is also the result
of expanding market share for light trucks, which has limited improvements in CAFE for the overall fleet. The
price of fuel is also an important economic factor that affects the number of miles driven by the current fleet,
as well as consumer choices that determine the future fleet. The current state of the light-duty and heavy-duty
vehicle industries is summarized in a recent market report.'

Technology Potential

The maximum efficiency of the slider-crank architecture that dominates current engines can be doubled to
about 60% if cost is not a constraint.!" This could double the fuel economy of passenger vehicles and increase
heavy vehicle fuel economy by more than 40%. However, commercially achievable fuel economies are con-
strained not only by basic chemistry and physics, but also by factors such as cost, consumer driving needs and
comfort, and environmental regulations. Practical engine efficiencies will depend heavily on the targeted trans-
portation sector; the cost-sensitive commercial trucking sector and its high rate of fuel use results in thermal
efficiencies for heavy-duty engines that can be as much as 10% higher than light-duty engines.

QUADRENNIAL TECHNOLOGY REVIEW TECHNOLOGY ASSESSMENTS 2012
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Near-term options to improve fuel economy were outlined in two recent NRC reports.'? Some of the options
considered to have the most potential include: (a) lean-burn combustion; (b) homogeneous-charge compres-
sion ignition (HCCI); (c) variable compression ratio (VCR); (d) waste heat recovery; and (e) improved particulate
and NOx aftertreatment. The Department of Energy (DOE) believes that these technologies have the potential
to contribute to fuel economy improvements of 25%-40% for passenger vehicles and 20%-30% for commer-
cial vehicles.' Estimates of potential improvements afforded by these technologies vary and are not necessarily
additive. Further, these technologies must be cost competitive to make a business case for market introduc-
tion if their benefits are to be realized. Cost estimates for these technologies vary greatly.' The success of the
combustion and emission control technologies is particularly impacted by, or dependent upon, the chemical
and physical properties of fuels. This interdependence needs to be understood, and preferably exploited, to
capture efficiency gains.

(a) Lean-Burn (stratified charge) Combustion

Lean-burn combustion refers to a spark ignition (SI) engine operating with more air than is required to burn the
fuel. The lean-burn engine with the greatest fuel-efficiency potential is the stratified-charge, lean-burn engine.
In this type of engine, fuel is directly injected into the cylinder and timed so that a stratified, but combustible,
fuel-air mixture occurs near the spark plug at the time of spark. The amount of fuel injected is used to control
the power rather than restricting the intake air flow, as is done in the Port-fuel-injected (PFI) SI engines that are
dominating the road today.

These engines—which are primarily for automotive and light truck applications—wiill operate on current gaso-
line and gasoline/ethanol blends. Moreover, this combustion approach is compatible with the industry trend
toward engine downsizing and turbo-charging. All major automotive engine producers are investigating this
technology because of its fuel-efficiency potential. Engines of this type have been produced in the past; how-
ever, only two (Mercedes and BMW) are in production today, and they are only being produced for the Euro-
pean market.

The lean-burn technology will be more expensive than a 2009 baseline PFI-SI engine, but will most likely cost
less than a 2010 emission-compliant diesel engine. Primary cost drivers include the need for lean NOx emission
control technology and increased fuel injection system and control system costs. The principal barriers to this
technology are inadequate understanding of the combustion system; lack of accurate computational models
for rapidly developing, robust lean-burn combustion systems; and the need for low-cost NOx and particulate
emission control technology for lean-burn combustion systems.

(b) Homogeneous-Charge, Compression Ignition Combustion

HCCI combustion refers to the general class of compression ignition, low-temperature combustion (LTC) strate-
gies for engines. These range from LTC strategies that are more appropriate for diesel-like fuels (often called
diesel LTC) to strategies that are more appropriate for gasoline-like fuels (most commonly called HCCI). Like
lean-burn combustion engines, LTC combustion ignition engines operate with a high air-to-fuel ratio, and they
control power through the amount of fuel injected. There is also long-term potential for even greater efficiency
when using gasoline or dual fueling with gasoline and diesel fuel."
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All major light-duty and heavy-duty engine producers are investigating this technology because of its fuel-
efficiency potential and prospect for reducing emission control requirements relative to a high-efficiency diesel
engine. General Motors and Daimler have built vehicles with prototype HCCl engines. Heavy-duty companies
are widely employing higher fuel-injection pressures, advanced fuel-injection strategies, and exhaust-gas recir-
culation to force some of the fuel that was injected to burn under LTC conditions, thus minimizing engine out
emissions.

LTC technologies will be more expensive than a 2009 baseline PFI-SI engine, but will most likely cost less than
a 2010 emission-compliant diesel engine. Primary cost drivers relative to the PFI-SI will be associated with the
control system, with fuel injection system and emission control system adding additional costs. Principal bar-
riers include the need for improved understanding of LTC combustion that will allow operation and control
over the full speed range; lack of accurate computational models for rapidly developing, robust LTC combus-
tion systems; and the potential need for unburned hydrocarbon and carbon monoxide exhaust aftertreatment
technology for lower-temperature exhaust gases.

(c) Variable Compression Ratio

VCR could increase efficiency and improve emissions by better matching the compression ratio to engine speed/
power demands. For example, medium- to high-load operation in SI gasoline engines requires a sub-optimal
spark timing to avoid engine knock. The ability to adjust the compression ratio would allow for more efficient
spark timing over a wider operating range. Estimated efficiency improvements are 2%—-6% for light-duty and
heavy-duty applications.’® The ability to adjust compression ratio on the fly also expands fuel flexibility by bet-
ter matching compression and fuel properties. Another important application of VCR technology is enabling
advanced combustion modes. For example, the sensitivity of HCCI combustion to in-cylinder charge conditions
makes control of compression ratio necessary to enable and sustain HCCI combustion over a wider range of
speed/load demands.

This technology has been, and continues to be, investigated by engine companies, automobile companies,
suppliers, and research institutions with both light-duty and heavy-duty vehicles. Approaches to VCR include
using variable valve systems to control the effective compression ratio and new mechanisms to adjust the swept
volume of the cylinder. VCR has many material, design, and durability challenges due to the harsh environment
and cyclic loading on the piston, connecting rod, and crank shaft.

(d) Waste Heat Recovery

Substantial improvements in engine efficiency will require a reduction in thermal-energy losses. With less than
half of the fuel energy converted to useful work in a modern engine, there are opportunities to improve engine
efficiency through the recovery of pressure and thermal energy. Technologies under investigation include tur-
bo-compounding, organic Rankine cycles, and thermoelectric generators. Turbo-compounding has been com-
mercialized to a limited extent in heavy-duty vehicles, but will require further development for more widespread
use. The other two technologies have not been commercialized for the conversion of waste heat to shaft or
electrical power. All of these technologies have challenges related to packaging, cost, weight, and drive-cycle
matching. The usage patterns of heavy-duty vehicles make them a good match for waste heat recovery.
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(e) Improved Particulate and NOx Aftertreatment

Particulate and NOx aftertreatment are required to ensure that current, advanced fuel-efficient engines can
meet emission regulations. Aftertreatment technology is an essential part of the overall engine system. Any
effort to improve the overall efficiency of this system must address the performance of the emissions con-
trols. Specifically, improvements in aftertreatment effectiveness allow the base engine to be tuned into higher
thermal-efficiency operation. Optimal fuel efficiency can be attained only through coordinated development of
both components. Advanced aftertreatment technologies are new versions of catalytic converters that control
pollution in the oxygen-rich exhaust system of lean engines; these catalysts are similar for both light-duty and
heavy-duty vehicles.

Research needs are twofold: (1) catalysts to cost effectively reduce particulate, NOx, carbon monoxide, and
hydrocarbons with minimal impact on fuel efficiency that are intimately integrated with the engine system;
and (2) advancements in catalysts to address changing exhaust conditions created by new, renewable/alterna-
tive fuels and new, fuel-efficient engine designs. Current catalyst technologies that meet existing regulations
contain high levels of expensive platinum group metals, which raise total vehicle costs.

Basic research and unique scientific tools can advance combustion research in a variety of ways. Light-based
examination of combustion phenomena helps provide the insight and data necessary to advance engine com-
bustion technologies. X-rays of varying intensity produced at light sources enable investigation of combustion
chemistries and dynamics over very short timeframes. X-ray-based capabilities, such as photoionization mass
spectrometry, have validated combustion theory by confirming the existence of predicted chemical intermedi-
ates and enhanced understanding of the chemical mechanisms for engine combustion. Similarly, quantitative
characterization of fuel spray and imaging of combustion in real engines under full engine speed and load
have allowed manufacturers to improve component designs from fuel injectors to particulate filters. Longer
wavelength lasers allow for real-time investigation of engine-based combustion kinetics and exhaust stream
particulate matter. In combination with a large set of specially designed optically accessible engines and high-
pressure engine combustion simulators, such laser-based and optical diagnostics allow for investigation of the
science behind advanced engine combustion approaches, such as stratified-charge ignition or HCCI.

Beyond photon examination, particles like neutrons enable non-destructive characterization and imaging of op-
erating engines and components. Synthesis, modeling, and characterization of catalysts can be used to advance
the state of exhaust emissions abatement technology for diesel- and gasoline-engine platforms.

Breakthrough Technologies

Advancing engine technology to improve automobile fuel economy by more than 50% and heavy-duty fuel
economy by more than 30% will require industry to accelerate its pursuance of multiple product development
cycles, even as it explores innovative designs. The co-evolution of fuels adds additional complexity and oppor-
tunities and further highlights the need for efficient product development. Design processes that over-rely on
“build and test” prototype engineering are too slow. These challenges present a unique opportunity to marshal
U.S. leadership in science-based simulation to develop new capabilities in predictive computational design and
predictive simulation to enhance engine performance. Predictive computational design and simulation tools will
shrink engine development timescales, reduce development costs, and accelerate time to market.
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A potential breakthrough engine design is a free-piston HCCl concept that uses a linear-motion piston that
is not connected to a crankshaft, but rather coupled to a rebound device (e.g., another opposed combustion
chamber); it produces electricity for a hybrid electric vehicle via a linear alternator.’ An electronically controlled
VCR optimizes combustion phasing based on the fuel utilized and intake air/engine temperature. Data from
single-shot, free-piston experiments demonstrated a thermal efficiency of around 56%. Work on a continuous-
running research engine would begin to quantify efficiencies achievable. Such a design could also find applica-
tion in distributed power generation.

Other breakthrough technologies could capture and use waste heat in the vehicle. Thermoelectric generators
can convert engine waste heat directly to electricity to power vehicle auxiliary loads and accessories. With “zon-
al” or disbursed thermoelectric heating, ventilation, and air conditioning, the vehicle occupants can be cooled
more directly than by cooling the whole cabin, thus providing a more energy-efficient alternative to currently
used mobile air conditioners. Thermoelectric heating, ventilation, and air conditioning is a direct current system
that can easily convert from cooling the vehicle to heating the vehicle. Over the next five years, production pro-
totype first-generation thermoelectric generators, integrated with engine and electrical systems to augment a
scaled-down alternator, are expected to be tested and evaluated to quantify real-world fuel economy improve-
ments. A second-generation thermoelectric generator that uses better performing thermoelectric materials
could eliminate the alternator entirely and improve the fuel economy of a passenger vehicle by 5%-7%. Such
technologies could also be used for energy harvesting in the stationary sector.

Assessment of Gaps

Technological barriers to the development of more efficient ICEs include the following:

e Inadequate understanding of fundamentals of in-cylinder combustion/emission-formation processes
and inadequate capability to accurately simulate them, as well as incomplete understanding and pre-
dictive capability for exploiting or accommodating the effects of fuel composition.'®

e Lack of cost-effective emissions control to meet Environmental Protection Agency standards for oxides
of nitrogen and particulate matter emissions at smaller penalty in fuel economy.

e Incomplete fundamental understanding of, and insufficient practical experience with, new catalyst
materials and processes for lean-burn engine emission control.

e lack of integrated computational models that span engine and emission control processes with vehicle
loads to predict vehicle fuel economy improvements.

e lack of effective engine controls to maintain robust lean-burn combustion for boosted, down-sized
engines.

e Inadequate durability of new emission control systems for engines operating in novel combustion re-
gimes that need to perform effectively for 120,000 miles in passenger vehicles and 435,000 miles for
heavy-duty engines.

e lack of actual emissions data on pre-commercial and future combustion engines (for evaluation of
potential health impacts and unintended consequences).

e lack of thermoelectric-based devices for waste heat recovery. Challenges include improving properties
of thermoelectric materials, producing such materials at scales and in forms necessary for automotive
applications, and validating performance in automotive environments (e.g., durability).

e High cost of more efficient ICE technologies (LTC engines are expected to be more expensive than
conventional gasoline engines; thermoelectric devices add cost that must be offset by benefits).
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Past DOE Activities

DOE started pursuing engine research and development (R&D) in 1975 when it supported R&D that improved
the original catalytic converters, as well as the first use of lasers to visualize the combustion process and emis-
sions formation in an operating engine.

DOE funding for advanced engine R&D has been relatively constant over the past decade, ranging from $40-
$60 million per year. Some of DOE's accomplishments' in light- and heavy-duty engine R&D include:

e Providing tools and knowledge that have helped engine manufacturers improve heavy-duty diesel ef-
ficiency by 4%-5% since 2002, as well as heavy-duty engine manufacturers meet 2007 regulations
that required a 90% reduction in particulate matter emissions* and a more than 50% reduction in NOx
emissions. Sandia National Laboratories developed a system of laser and optical diagnostics for opti-
cal engine experiments that allows researchers to view and measure detailed combustion processes
and emissions formation as they occur in real time. These experiments, combined with new models of
combustion, provided a new understanding of the combustion and emissions formation process in a
diesel engine that differs significantly from the previous picture.

e Spearheading the development of clean-diesel technologies for passenger vehicles in the 1990s that
met Environmental Protection Agency 2009 Tier 2 Bin 5 standards as early as 2000, while also boosting
fuel economy to 30% better than comparable gasoline-powered vehicles. DOE funded three competi-
tively selected, cost-shared projects with diesel engine companies and partnered with passenger car
original equipment manufacturers (OEMs) and their suppliers to develop diesel engines for light trucks.

e Supporting the development of industry-standard engine design software. The KIVA family of model-
ing software was developed by Los Alamos National Laboratory in collaboration with other national
laboratories, universities, and industry. It is now used by all engine manufacturers in their engine-de-
sign processes. Using this software with data from the optical engine experiments, Cummins was able
to reduce the development time and cost of its high-efficiency 2007 ISB 6.7-L engine by 10%-15%.

e Supporting catalyst development that helped enable that same Cummins ISB 6.7-L engine to enter the
commercial market in 2007, meeting the 2010 emission standards. R&D collaboration between Cum-
mins, the company’s catalyst manufacturer Johnson Matthey, and national laboratory scientists used
DOE's national scientific facilities to identify and address problems of catalyst deactivation. This work
enabled the first U.S. introduction of a new catalytic emission control technology, concurrent with the
deployment of the high-efficiency engine.

e  Establishing databases for fundamental reaction mechanisms and deactivation processes in new emis-
sion control technologies for high-efficiency, lean-burn gasoline and diesel engines. DOE's collabora-
tion with industry and university partners in the Cross-Cut Lean Exhaust Emissions Reduction Simula-
tion project has identified promising emissions aftertreatment technologies. The collaboration also
performed fundamental and applied R&D that was aimed at making these simpler and less costly than
current technologies. Car manufacturers use the large Cross-Cut Lean Exhaust Emissions Reduction
Simulation compilations of combustion and emissions data in their commercial product development.

e Developing engine and emission control technologies in joint DOE/industry research efforts that were
adopted by all major engine manufacturers, which enabled them to meet the 2007 heavy-duty emis-
sions standards without efficiency losses.
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In addition to these successes, DOE research showed that specific engine technologies were unpromising. Suf-
ficient cost and performance data were acquired to show that, at the time, the following had no clear efficiency
and cost advantages, did not meet criteria pollutant standards, or both, for motor-vehicle applications.

e Steam (Rankine cycle) engines (1960s)

e Stirling engines (1970s to early 1990s)

e Gas turbines (1970s to early 1990s)

e Rotary engines (1980s)

e Two-stroke engines (1980s to 1990s)

e Adiabatic engines (1980s to early 1990s).

These judgments are revisited as technologies and needs evolve.

DOE Role
DOE's R&D roles have been to:
e Facilitate development of precompetitive technical knowledge base through investments in fundamen-
tal and applied R&D
e Undertake mid- to long-term pre-competitive research
e Provide access to unique national laboratory expertise and facilities
e Help create a national consensus on R&D areas of common public and private interest
e Enable public-private partnerships to integrate R&D into industrially useful design tools.
DOE has set the following fuel efficiency demonstration targets for its activities on passenger and commercial
vehicles:

e By 2015: demonstrate engine efficiency improvements that advance the fuel economy of light-duty
gasoline engines by 25% and light-duty diesel engines by 40%, compared to the baseline 2009 gaso-
line vehicle.

e By 2015: improve heavy-truck engine thermal efficiency to 50% with demonstration in commercial
vehicle platforms. This would be about a 20% improvement over current engine efficiency.

e By 2018: further increase the thermal efficiency of a heavy-truck engine to 55%, which would be
about a 30% improvement over current engines.

Today, DOE supports a portfolio of engine activities that spans fundamental research, applied technology
development, and technical support for technology maturation and deployment.?® Basic R&D in combustion
chemistry, fluid dynamics, advanced laser diagnostics, and combustion model development supports applied
R&D work.

Leveraging unique, world-class theoretical and experimental capacity, major research facilities at the national
laboratories accelerate industry and university R&D by providing capabilities that are too costly for users to
support on their own. Experimental capabilities relevant to the ICE span from broadly used scientific platforms,
such as light and neutron sources, to technology specific capabilities, such as engine combustion test beds.

Coupling simulation with experimental validation allows the Department to improve predictive models for the
complex physics of ICEs, where improved models can accelerate the design of cleaner, more efficient engines.
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LIGHTWEIGHTING
AND AERODYNAMICS

Vehicle weight and aerodynamics are two major determinants of fuel economy beyond engine efficiency. Roll-
ing resistance, which is related to vehicle weight, is the dominant energy-loss mechanism at low speeds, while
aerodynamics is the dominant mechanism at high speeds.

Lighter weight can significantly reduce a vehicle’s fuel consumption at all speeds. For example, a 10% reduction
in the weight of an ICE vehicle can improve fuel economy some 6%-8%.2" Weight reduction in hybrid electric
vehicles and plug-in hybrid electric vehicles can similarly increase electric range or overall vehicle efficiency. The
benefits of lightweighting apply to all vehicle size classes, including heavy-duty trucks.

Aerodynamic drag is primarily a function of vehicle speed, frontal area, and coefficient of drag. As vehicle fron-
tal area increases, aerodynamics at common highway speeds (60-70 miles per hour) has an increasing impact
on transport efficiency to the point where more than 65% of usable engine output for Class 8 trucks is used to
overcome aerodynamic drag.?? Improving the aerodynamics of these vehicles could reduce their fuel consump-
tion by up to 15%.2% There are smaller benefits to improving the aerodynamics of passenger cars, light trucks,
and sports utility vehicles due to their lower average speeds, smaller frontal area, and better aerodynamic ef-
ficiency of current designs.
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Lightweighting

Following the fuel shortages and price spikes of the 1970s and 1980s, as well as the initial regulatory CAFE
standards for light-duty vehicle fuel economy, average new car weights declined rapidly from about 4,000
pounds to about 3,100 pounds. These weight reductions were achieved as manufacturers downsized models
and introduced new materials, such as high-strength steel and lightweight plastics, that allowed for reduced
thickness of metals in body structures. Following the plateau of CAFE standards in 1985, the market shifted
toward larger and heavier vehicles. Additionally, manufacturers responded to increasing safety standards by in-
troducing roll-over and side-impact structural reinforcements. These trends, as seen in Figure 3, have continued
through 2010, and average new passenger car weights have increased from their minimum of 3,100 pounds
in 1987 to about 3,600 pounds in 2010. In spite of this trend for increasing vehicle weight, today’s passenger
car has better fuel economy than its 1987 counterpart.

Figure 3. Average Light-Duty Vehicle Weight, 1975-2009
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Environmental Protection Agency. (2012). Light-Duty Automotive Technology and Fuel Economy Trends: 1975
Through 2011. (EPA-420-R-12-001a). Washington, DC. Accessed at http://www.epa.gov/otaq/cert/mpg/
fetrends/2012/420r12001a.pdf
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Figure 4. Trends of Lightweight Materials Use in Vehicles
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For the most part, these materials replace iron or mild-steel. Sources: Wards Communications. (2010). Ward’s Motor
Vehicle Facts and Figures, 2010, Detroit, MI. Department of Energy. (2004). “Average material consumption for a
domestic vehicle.” Vehicle Technologies Program Fact of the Week. Washington, DC. Accessed at http://wwwl.eere.
energy.gov/vehiclesandfuels/facts/2004/fcvt_fotw310.html

As shown in Figure 4, production vehicles have used increasing amounts of advanced materials since 1970:
aluminum has increased by 84%, magnesium by 33%, high-strength steel by 77%, and composites by 70%.
These materials, used in today’s cars, reduce weight by 10%.24
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Current Lightweighting Technology

Today's average passenger car weighs 3,600 pounds (including passengers)?> and consists of the following ma-
terials: 54% iron or mild steel, 9.7% first-generation high-strength steel, 9.4% aluminum, 7.2% plastic, 4%
glass, and 1% magnesium; the remaining 15% is a mixture of copper, paint, carpeting, padding, insulation,
and rubber.?® The average selling price of a new car is about $28,000,%” or about $8/pound: raw materials cost
about $0.60/pound, manufacturing and processing costs are about $4.50/ pound, and the remaining costs are
shipping, OEM profit, and dealer mark-up.

Light trucks and vans typically weigh 4,600 pounds?® and have a different architecture (body-on-frame versus
unibody) and material make-up relative to passenger cars. Heavy-duty trucks typically weigh 18,000 pounds,
use a body-on-ladder-frame architecture, and are designed to carry very heavy loads.?° The material make-up of
heavy trucks is significantly different than that of light-duty vehicles, but their selling price is still about $8.00/
pound.

A passenger car's weight is distributed across four major component groups:3°3'

e Body 32.6%: The body consists of the body-in-white, closures (doors and hoods), windows, fenders,
and bumpers. It is the primary structure enclosing the passenger compartment and provides primary
crash protection; it links the cabin to the suspension and powertrain. Today’s bodies are typically about
62 % mild steel, 23% high-strength steel, 12% glass, and a mix of other materials.

e Chassis 18.1%: The chassis is the interface between the vehicle and the road. The chassis includes
the suspension, steering, and brakes, along with tires and wheels. Today’s vehicle chasses are typically
about 85% cast iron and steel, 10% rubber, 3% aluminum, and a mix of other materials.

e Powertrain 28%: The powertrain consists of the engine, transmission, driveline, axles, exhaust sys-
tem, starter battery, and fuel system. Today’s vehicle powertrain is typically about 53% mild steel and
cast iron and 33% cast aluminum, with the balance being a mixture of lead, fluids, plastic, and rubber.

e Interior 12.5%: The vehicle interior includes seats, air conditioning, instrument panel, center console,
carpeting, and other components like sound systems. Today’s vehicle interiors are about 50% plastics
and 30% mild steel, with the remainder being a mix of aluminum, magnesium, rubber, cloth, and
numerous electronic devices.

Today's vehicles are designed to make optimal use of commercial materials available to meet stringent cost,
strength, weight, and durability requirements based on vehicle operational parameters and consumer prefer-
ence.

Several commercially available materials, if able to meet cost and manufacturability targets, could be used for
further vehicle lightweighting. These include carbon fiber composites, sheet aluminum, cast magnesium, and
titanium. They are used in the aerospace industry, where cost targets are up to an order of magnitude higher,
and production rates are several orders of magnitude lower than those of the automotive industry (see Figure
5).
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Figure 5. Materials Density, Strength, and Cost
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Transportation Studies, University of California, Davis. Accessed at http://pubs.its.ucdavis.edu/publication_detail.
php?id=1390
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There are a number of improved materials under development that may have application in vehicle lightweight-
ing if technical, performance, manufacturing, and cost targets can be achieved. These materials include: next-
generation high-strength steel (sheet), high-performance cast steel/iron, sheet magnesium, high-performance
cast magnesium, high-performance cast aluminum, low-cost automotive-grade carbon fiber, hybrid carbon/
glass fiber composites, and low-cost titanium. Most of these materials are being developed and tailored to
meet automotive requirements and have cost targets up to 50% less than commercially available aircraft-grade
materials. A comparison of these materials’ properties, costs across a range of different components, and light-
weighting potential relative to mild steel is shown in Table 1.
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Table 1. Material Properties, Cost, and Lightweighting Potential Relative to Mild Steel

Mass-
Reduction
Potential

Density Strength/ Modulus/

Material (g8/cmd) Density Density

Relative to Steel

Mild Steel 7.87 1.00 1.00 1.0 0%
nghStrengthStee| ..................... 787 ............... 186 ............... 100 ........... 090_12010% .........

Adv nghstren gth Stee | ............... 7 87 ............... 300 ............... 1 00 ........... 080_ 150 ........ 1 O %_28% .....

. G en . ||| ng hStrength Steel ........... 7 87 ............... 700 ............... 1 00 ........... 100_ 2 oo ........ 1 5 %_30% .....

Ceramlcs ................................... 390 ............... 070 ............... 305 ........... 150_300 ........ 1 O%_3O% .....

. Sheet M0|d|ngCompound ........ 110_190 ........... 4 39 ............... 1 16 ........... 050_150 e 20%_30% .....

G|ass Flber Compos|tes ........... 140_240 ........... 474 ............... 575 ........... 090_15025%_35% .....

p|astlcs .................................. 090_150 ........... 082 ............... 008 ........... 070_30020%_50% .....

A|um|num ................................... 270 ............... 395 ............... 102 ........... 130_20030%_60% .....

Tltamum ..................................... 451 ............... 473 ............... 098 .......... 150_100040%_55% .....

. M .e.ié.l. Mat”x Compo Sltes ......... 190_ 270 ........... 5 41 .............. 35 28 ........... 150_ 30 e 5 0 %_65% .....

MagneS|um ................................ 174 ............... 366 ............... 102 ............ 150_2530%_70% .....

Carbon Flber Comp05|tes ......... 100_160 ........... 20 9 ............... 541 ............ 150_5050%_70% .....

Powers, W. (2000). “Automotive Materials in the 21st Century.” Advanced Materials Process. 157:38-44.

Technology Potential

Industry experts have indicated that lightweighting activities should focus on minimizing vehicle weight while
maintaining vehicle utility, size, and crash-safety performance. Industry and technical experts have projected
that, by 2050, there is the potential to lightweight passenger cars between 20%-50%,3? resulting in fuel
economy improvements between 15%-40%,% respectively. The potential to lightweight light trucks and vans
has been estimated to be 15%-50%, resulting in fuel economy improvements of 12%-40%. It has also been
estimated that the freight efficiency of heavy trucks can be improved by up to 50% through a combination
of lightweighting, aerodynamic drag reduction, and powertrain efficiency improvements.?* Because of the dif-
ference in architectures, production rates, operational requirements, and cost tolerances between cars, light
trucks, vans, and heavy-duty trucks, each vehicle class may provide different opportunities to accelerate deploy-
ment of particular lightweighting materials.
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For maximum future vehicle lightweighting, each of the component groups discussed above must contribute
to the weight reduction. An analysis by the 2011 Materials Roadmapping Workshop of the technical potential
for lightweighting passenger cars out to 2050 is shown in Table 2. This analysis indicates a pathway to weight
reduction th