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Research Institute, rapid communication, and best safety practices. Participants are aware
of hydrogen storage targets and criteria. The oversight of the program provided by DOE
sets a standard for communicating progress through contractor meetings. One downside
was limited flexibility of research. Also, university partners found it somewhat difficult
to adapt to milestone-driven work. Based on this analysis, the committee finds that the
COE system is working well.

Appropriate Federal Role

Sponsorship of the hydrogen storage component of the FreedomCAR and Fuel
Partnership is an appropriate role for the federal government. Work on hydrogen storage
has been advanced significantly through the large increase in the number of qualified
researchers, the sharp focus on common goals, enhanced communication among
participants, and accountability for results.

Recommendations

The hydrogen storage program has reported significant progress during the past 2
years, yet results reported to date are still far short of the 2010 and 2015 system targets.

Recommendation. The hydrogen storage program should continue to be supported by
the Partnership at a high level since finding a suitable storage material is critical to
fulfillment of the vision for the hydrogen economy. Both basic and applied research
should be conducted.

At the beginning of the hydrogen storage program a wide net was cast in search of
suitable hydrogen storage materials. It is now becoming clear that many approaches and
materials may not be worth pursuing, even at a basic level.

Recommendation. The Partnership should rebalance the R&D program for hydrogen
storage to shift resources to the more promising approaches as knowledge is gained. The
new systems analysis center of excellence (COE) should look at all of the system
requirements simultaneously, not just the system weight percent storage goal, and guide
this rebalancing.

Recommendation. In the event that no onboard hydrogen systems are found that are
projected to meet targets, the Partnership should perform appropriate studies to determine
the risks and consequences of relying on pressurized hydrogen storage. They should
include production and delivery issues as well as effects on vehicle performance, safety,
and costs.

Recommendation. The Partnership should pursue research leading to lower costs for
high-quality carbon fibers and bonding materials that would allow higher operating
temperatures for compressed hydrogen gas storage.
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Recommendation. The Partnership should maintain a strong basic research activity on
hydrogen storage. New hydrogen storage concepts should continue to be supported by the
Office of Basic Energy Sciences.

ELECTROCHEMICAL ENERGY STORAGE
Introduction

Electrochemical energy storage technologies are critical to the development of
HEVs, which would play at least a key transitional role in achieving the FreedomCar and
Fuel Partnership’s long-term goal of clean and sustainable energy for transportation
systems and may become central to achieving these goals if development of fuel cells and
fuel cell vehicles is not sufficiently successful to result in their large-scale commercial
introduction. For a long time, the FreedomCAR and Vehicle Technologies (FCVT)
program has supported the development of advanced batteries and ultracapacitors for
lightweight and heavy-duty vehicles, with particular focus on advancing the development
and commercialization of HEVs, hybrid fuel cell vehicles (HFCVs), and battery electric
vehicles (EVs). In response to the President’s Advanced Energy Initiative, which he
announced in his 2006 State of the Union address, the FCVT began the development of
components for plug-in hybrid vehicles (PHEVs), including advanced batteries for this
application.

Currently HEVs are a small but growing part of the U.S. automotive market. In
2006 HEYV sales accounted for about 1.5 percent of new vehicle sales, and hybrid
technology has continued to penetrate across a variety of vehicle platforms. In 2006, 10
different models of HEVs were available, and another 8 models are expected to be
introduced by 2009. In addition, a hybrid version is being provided as an option in
several existing models. All the HEVs available at present use a nickel metal hydride
battery, and DOE has been involved in the advancement of this technology since the
1990s. However, the nickel metal hydride battery will not meet the long-term
FreedomCAR and Fuel Partnership electrochemical energy storage goals for HEVs of 15-
year life with 25 kW pulse power and $20/kW by 2010. Thus, the FCVT is primarily
focused on the development of Li ion batteries for HEV, HFCV, and EV applications.

FCVT has expanded the electrochemical energy storage activity to include
PHEVs, with a goal of developing vehicles that can travel about 40 miles on electric
energy stored in the battery, which represents about 70 percent of the daily commuting
mileage in the United States. PHEVs operate in both electrical and mechanical (as in
HEVs) and electric only (as in EVs) modes, and the battery can be recharged from a
standard electric outlet. The FCVT efforts are directed at developing PHEV components
and systems that could be commercialized sometime between 2016 and 2020. At present,
analytical and benchmarking activities are being conducted to determine the benefits and
requirements for PHEVs. In February 2007 FCVT released an external draft of the PHEV
R&D plan, which was modified and rereleased in June 2007. In April 2007 a request for
proposal information (RFPI) was announced by the United States Advanced Battery
Consortium (USABC) for the development of advanced high-performance batteries for
PHEYV application; the RFPI was expected to be awarded later in 2007.
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In addition, BES plans to increase its basic research on energy storage
technologies. BES held the workshop “Basic Research Needs for Electrical Energy
Storage” in March 2007, published an R&D plan in July 2007, and is planning to fund
projects in 2008. It will focus on long-term needs, such as basic understanding of
materials, interfacial charge transfer, and tools and processes to design new materials.
Although the BES mandate on energy storage is broader and longer term, it recognizes
the importance of working closely with FCVT on energy storage needs for automotive
applications.

FCVT, in collaboration with USABC, manages the technology for
electrochemical energy storage. The technology is being developed by battery
manufacturers, DOE national laboratories, and universities and through awards under the
Small Business Innovation Research (SBIR) program. The effort comprises three
subactivities: (1) battery technology development is involved in battery system module
development, technology assessment, and benchmark testing; (2) applied battery research
focuses on understanding failure and the life-limiting parameters of the Li ion system,
which is currently closest to meeting the technical goals; and (3) long-term battery
research addresses fundamental understanding of specific electrochemical systems for Li
ion batteries. Over the last few years, just under 20 percent of the FCVT budget has been
directed at electrochemical energy storage technologies. In FY06, of the $24.4 million
total budget, $17.4 million were directed at battery development, $1.4 million at applied
battery research, and $4.5 million at long-term research. The total funding for FY07 is
$40.8 million, and the FY08 request is $41.8 million; this significant increase over
previous years is for the development of PHEV batteries.

Program Status and Assessment

All the HEVs on the market use a nickel metal hydride battery; however, because
this electrochemical system has an inherently low specific energy density and uses
expensive materials, it will not meet the performance or cost targets of the Partnership.
Thus FCVT’s focus on the development of a Li ion battery is correct since it has the best
potential to meet the long-term goals of the Partnership. The Li ion battery has a higher
voltage (>3 V vs. 1.3 V for nickel metal hydride), which is an advantage in building
higher-voltage (up to 400 V) automotive power systems, and a higher specific energy
density (demonstrated 120 Wh/kg vs. 75 Wh/kg for nickel metal hydride), and the
technology is capable of further growth. Tests of the entire battery system show that the
Li ion battery will exceed the FreedomCAR and Fuel Partnership 2010 battery system
weight and volume goals at the minimum pulse power rating of 25 kW. It is expected that
with further improvements the Li ion battery will also meet the weight and volume goals
at the maximum pulse power rating of 40 kW.

Significant improvements have also been demonstrated over the last 2 years in
other performance parameters of the Li ion battery. The battery meets the cycle life
requirement of at least 300,000, and progress has been made in meeting the calendar life
target of 15 years (more than 10 years has been demonstrated). Furthermore, the battery
will operate over a wider temperature range, and its cold cranking power has been
improved.
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FCVT and the larger battery community have recognized that safety issues are an
important part of battery development, and safety-related issues are being worked on by
all subgroups of the Li ion battery development program. This involves understanding the
thermochemical and electrochemical stability of the individual materials and single cells
and the abuse testing of battery modules. (Extensive testing of the battery component and
systems are conducted not only within the window of operation of the battery, such as the
voltage, current, temperature, and so forth, but also outside this window, and such testing
is called “abuse” testing.) Over the last few years the abuse tolerance of the battery has
continued to improve. Many abuse-related issues can also be addressed by external
electronic control; however, it is imperative that researchers continue to look for battery
chemistries that are resistant to voltage or thermal abuse.

The recent rash of fires in laptops using Li ion batteries may have left the public
with the idea that these batteries cannot be made safe. This perception should be balanced
against the reality that such failures are very rare and Li ion batteries are still in the early
stage of development. In the past, generally during early development, today’s safe lead
acid and nickel metal hydride batteries were perceived to have safety issues. A safety
concern has also been raised about the scale-up of Li ion batteries from the AA type cells
used in cell phones and laptops to the larger cells used in automotive applications. Large
Li ion batteries and other lithium-metal-based batteries have been safely deployed in
military and space applications and, in Japan, in some trucks. The FCVT should continue
to be forthright and transparent about all safety-related concerns, tests, and results, not
only by making technical improvements but also by correcting any misperceptions.

Performance improvements and the abuse tolerance issues of Li ion batteries are
being addressed at all levels of development. Similar systems (nickel/cobalt oxide—
carbon or manganese oxide—carbon) are being investigated at the level of the entire
battery system by the battery technology development subactivity; single-cell
performance is being investigated by the national laboratories as a part of the applied
battery research subactivity; and a basic understanding of components and materials is
being sought at universities in the long-term research subactivity. Similarly, more stable
anodes, such as lithium iron phosphate (LiFePQy), and alternative cathodes, such as nano
lithium titanium oxide (LiT1,,0s), which prevents the deposition of metallic lithium, are
being investigated to improve the abuse tolerance of the Li ion battery system. Again, this
investigation is being conducted at the materials level in the long-term battery research
subactivity and as cells and batteries in the advanced battery research subactivity. There
appears to be coordination of efforts in investigating similar and related materials and
systems issues across all three subactivities of the Li ion battery development effort, and
it is hoped that there is close communications between groups to accelerate progress.

Although significant progress has been demonstrated in the performance of the Li
ion battery, the cost of this battery remains a major barrier to its introduction in HEV
applications. Currently, the cost for the HEV battery in volumes of 100,000 units per year
is estimated to be between $750 and $900, which is almost twice the FreedomCAR’s
2010 target of $500. However, in comparison to the 2004 cost estimate of $1,200, there
has been significant reduction in cost. Cost is a critical factor in the introduction of Li ion
batteries in HEV applications since they will replace existing and presumably lower cost
nickel metal hydride batteries. Going forward, it is generally expected that the cost of the
mature nickel metal hydride battery will be tied to the commodity price of nickel, while
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the evolving Li ion battery technology, which can use a variety of lower cost materials,
will eventually become much cheaper. In fact the main improvement in the cost of the Li
ion battery over the last 2 years comes from replacing the expensive LiCoO, by cheaper
LiMn,04 or LiFePOy, for the cathode in the battery. Another expensive material in Li ion
batteries is the microporous separator, and FCVT has funded two programs to reduce the
cost of the separator by half, to about $1/m”. FCVT should be commended for
recognizing that cost reduction will primarily be achieved by investigating alternative
low cost materials and aggressively pursuing various combinations of materials for the Li
ion battery. Furthermore, the performance and abuse tolerance of these potentially lower
cost materials are being simultaneously studied by the various subactivities at all levels,
from basic research on understanding the materials themselves to research at the level of
cells to determine their life-limiting processes.

The fact that Li ion batteries can be made from a variety of materials is at one and
the same time both the strength of this technology and its difficulty—mnamely, developing
a viable commercial product. On the one hand, the variety of materials that can be used to
make a battery suggest that there is significant room for increasing the battery’s energy
density, improving other performance characteristics, and reducing cost. On the other
hand, the development of the battery is made more difficult by the wide choice of
materials, since not only do the individual materials have to be characterized but each
electrochemical couple has to be characterized for its performance, abuse tolerance, and
cost at the cell and battery module levels.

Replacing expensive cobalt (LiCoO,) with low-cost manganese (LiMn,Oy4) or iron
(LiFePOy) could significantly reduce the cost of the battery, but it would still be much
higher than the target cost of $500 per battery. These estimates have a wide window
($750 to $900) at a production rate of 100,000 units per year. Thus, larger production
volumes may be required to reduce the price of the battery, and a detailed study of the
effect of production rate on battery cost should be undertaken. In fact, the cost study
should be carried out to at least 500,000 units per year to allow a meaningful comparison
against fuel cell production costs. It may also be necessary to revisit the cost target
established for the battery and substitute a more realistic target. It is possible that the
initial assumptions, both market and technical, may have to be refined to reflect the
present market conditions such as gasoline prices. In addition, the greater base of
knowledge about materials and processing gained over the last few years should be
factored in to obtain a more realistic cost target for these batteries. In any case, the impact
of higher battery cost on the cost of an HEV should be determined.

The cost of the battery will play a large role in the eventual success (or otherwise)
of the PHEV, which operates in both the HEV mode, requiring high pulse power, and the
electric mode, like an EV, where the increase in electric energy required is proportional
to the electric mileage requirements. Thus, while an HEV requires a battery delivering
only 1.5 to 2 kWh, a PHEV with a 10-mile electric range will require 5-7 kWh of energy
from the battery and a PHEV with a 40-mile electric range will require 10-15 kWh (the
energy and power requirements can depend on the charge depleting and sustaining modes
chosen for the PHEV application). The FCVT’s cost goal for the high-power HEV
battery is $250/kWh; its goals for high-energy EV batteries are $150/kWh in the short
term and $100/kWh in the long term. Since the PHEV battery needs both high power and
high energy and the ratio of the power to energy changes with the desired electric range,
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a new normalized cost requirement needs to be established for PHEVs. Although the
PHEV cost goal has not been finalized, the draft short-term goal is a 10-mile electric
range at a battery cost of $300/kWh and the draft long-term goal (2016) is a 40-mile (or
more) electric range at a battery cost of $200/kWh. The energy and power required from
the battery for the PHEV application depend on the electric range and the relative charge-
depleting and charge-sustaining modes. Some performance and cost goals that may be
under consideration are listed in Table 3-1.

The recognition of the potential benefit of PHEVs, a reduction in petroleum
consumption, has led to growing support from the government and, in 2007, to $27.5
million in funding for the development of PHEV-related components and systems.
However, progress has been extremely slow, and although the first discussions on a
PHEYV program began in May 2006, FCVT and its partners were unable to finalize the
PHEV R&D plan by fall 2007. The latest draft plan states that the PHEV program goal
and the development targets are expected to be completed sometime in 2008. There is a
serious lack of urgency in executing this important plan, and the reasons for the delay are
not clear. Furthermore, DOE is delivering inconsistent messages. On the one hand, the
PHEYV program has been presented as one of the elements in the transition to hydrogen-
driven vehicles that are to be ready for a commercialization decision in 2015. On the
other hand, the June 2007 draft plan for PHEVs calls for commercialization between
2016 and 2020. These mixed messages can only cause confusion among the interested
parties. It is very important that DOE present a single and consistent R&D plan for
PHEVs immediately.

Recommendations

Recommendation. The Partnership should conduct a thorough analysis of the cost of the
Li ion battery for each application; hybrid electric vehicles (HEVs), plug-in HEVs,
battery electric vehicles (EVs), and hydrogen-fueled fuel cell HEVs. The analysis should
re-examine the initial assumptions, including those for both market forces and technical
issues, and refine them based on recent materials and process costs. It should also
determine the effect of increasing production rates for the different systems under
development.

Recommendation. The Partnership should significantly intensify its efforts to develop
high-energy batteries, particularly newer, higher specific energy electrochemical systems
within the long-term battery research subactivity and in close coordination with BES.

High-energy batteries provide the surest way to successful batteries for PHEVs.

Recommendation. The Partnership should move forward aggressively with completing
and executing its R&D plan for plug-in hybrid electric vehicles.
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ELECTRIC PROPULSION, ELECTRICAL SYSTEMS,
AND POWER ELECTRONICS

Introduction

The scope of the FreedomCAR and Fuel Partnership includes R&D aimed at
commercial advancement of HEVs, fuel cell HEVs, EVs, and PHEVs. Electrical systems
in all these types of vehicles consist of electric propulsion systems and power electronics
systems, along with appropriate electronic controllers. Electric propulsion systems
convert electrical energy from the fuel cell and/or electrochemical energy storage device
(e.g., a battery) into propulsive force interfaced to the wheels through appropriate drive
trains and vice versa. Power electronic systems are used to convert the electrical energy
among various forms (current, voltage, dc, ac, frequency) for energy flow between a fuel
cell, and electrochemical energy storage device, a rotating electric machine, an internal
combustion engine, and the electric utility. Electric machines and power electronic
systems thus form an enabling technology critical for achieving the Partnership’s goal of
clean and sustainable energy for transportation systems, cutting across the various
approaches in both the near term and the long term. The relatively recent emphasis on
PHEVs has raised additional technological concerns about interactions between the
electric grid and the vehicle. Concomitantly, the budget appropriation for these activities
has been essentially steady in recent years (for FY07, $15.6 million; for FY06, $13.6
million).

HEVs are gradually becoming established and noticeable in the marketplace,
spurred by increasing gasoline prices. Although HEVs’ share of new vehicles sold is
small, their absolute numbers are growing rapidly, and they are the segment with the
fastest growth. The electric propulsion and power electronics technologies in these
vehicles continue to improve, with new models introduced every year. The technologies
of permanent magnet electric motors and power electronic converters are showing
aggressive design and rapid progress in their performance. In recognition of the critical
nature of these enabling technologies, there has been an increase in activities focused on
them.

A majority of the technical activities are being conducted by DOE national
laboratories, by universities, and by automotive equipment vendors. During 2006, a
comprehensive solicitation aimed at developing advanced technologies was issued and
research awards were announced in May 2007. The projects include a significant amount
of cost share from industry focused in four areas: (1) high-temperature, three-phase
inverters, (2) high-speed motors, (3) integrated traction drive systems, and (4)
bidirectional dc-to-dc converters. The goal in all four areas is to reduce the cost, weight,
and package size of electric drive and power conversion devices while increasing vehicle
efficiency. These projects represent are spending about $33.7 million, including the 50
percent cost sharing by industry.
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Program Status

The current generation of HEV devices uses a permanent magnet ac motor, along
with insulated gate bipolar transistor (IGBT)-based inverters and dc-dc power converters
to manage the power flow among various energy sources and loads, with an appropriate
cooling system. Improvements in the cost, weight, and volume of these systems are
projected to come from developments in (1) the high-temperature operation of materials,
components, and subsystems; (2) high-speed electric machines; (3) novel power
converters that minimize the use of capacitors and magnetic elements; and (4) the
integration of subsystems and components.

Higher Temperature Operation

Current-generation power conversion devices utilize a secondary coolant loop that
operates at a lower temperature than the primary engine coolant loop. Advances in the
technology to operate the devices at higher temperatures would lead to improvements in
cost, reliability and power density. A variety of projects aimed at this include phase
change cooling, compressed air cooling, spray cooling, high-temperature capacitors,
high-temperature insulation, high-temperature packaging, wide band-gap materials such
as silicon carbide power devices, high-temperature gate drives, high-temperature magnets,
and thermal interface materials. While these projects are broadly aligned with the goals of
the program, it is unclear whether there is a clear, quantifiable impact on meeting the
performance and cost goals of the program.

High-Speed Electric Machines

The current generation of permanent magnet electric machines for vehicle
propulsion operate at about 15,000 rpm. For a given power level, the general scaling laws
of rotating electric machines lead to a proportionate reduction in the weight of the active
materials, copper and iron, as the operating speed is increased. However, the
accompanying design trade-offs involved in increasing the speed are related to various
electrical and mechanical parameters such as voltage, current, losses, shear stress, fault
tolerance, manufacturability, etc. The series of projects in progress that are aimed at high-
speed machines include the development of design and optimization models, control
without sensors, magnet materials, prototyping, and testing. An Oak Ridge National
Laboratory technical report prepared by Unique Mobility indicates that the cost, volume,
and mass goals for the Partnership are realizable with projected design developments and
manufacturing improvements.

Novel Power Converters

Current-generation power electronic systems in HEVs include three-phase
inverter modules to interface between the dc bus and the electric machine and possibly
dc-to-dc converters between the battery and the dc bus. The capacitors at the dc bus and

the inductor of the dc-to-dc converter represent major volume and cost elements as do the
silicon power devices. Various projects are being conducted that are aimed at reducing
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the size of the dc-to-dc converter through high-frequency switching, integrated converters
that incorporate the battery interface and the machine interface into one converter, and
the use of switched capacitor converters, among other things. While progress and success
in these projects are expected to lead to incremental improvements in the size and cost
goals for the converters, their impact on meeting the goals of the Partnership in terms of
performance and cost is unclear.

Integration of Subsystems and Components

The current generation of electrical systems, including electrical propulsion
subsystems, power electronic subsystems, and thermal management subsystems, is
packaged as discrete and separate elements and assembled together to realize the overall
functional objectives. From a systems point of view, integrating these subsystems into a
single package and specifying it as a single component can drive their cost and size lower
and their reliability higher as the designs continue to evolve. However, the disparate
constituent technologies and manufacturing involved in each of these subsystems cause
such integration to be a significant challenge. Selected projects are aimed at various
degrees of integration: the converter with the motor, the converter package with the
thermal management, and so forth. Together, these integration projects are perhaps the
riskiest projects in the portfolio. Successful realization of their ambitious goals may lead
to significant improvements in the electrical propulsion system performance across
various measures.

Summary Assessment

The activities of this program have been multidisciplinary, and its portfolio is
diverse: (1) materials development (thermal interfaces, high-temperature insulation, wide
band-gap semiconductors, magnetic materials), (2) components development (high-
temperature capacitors, silicon on insulator gate drives), (3) converter topologies
(multilevel converters, switched capacitor converters), (4) manufacturing (high-
temperature packaging), (5) machine control (sensorless operation, optimizing efficiency),
and (6) design optimization and modeling (motor design and modeling tools, thermal
modeling). Program review reports from 2005 and 2006 indicate a dispersed effort with
diverse perspectives (Rogers, 2005; Wall and Rogers, 2006). By contrast, the recent
solicitation and its selected projects with specific demonstration goals are aimed at
realizing manufacturable engineering prototypes and designs by the selected technology
vendors. Overall, these projects are aimed at incremental improvements relative to the
state of the art in each of the constituent technologies.

Recommendations
Recommendation. The Partnership should conduct a meta-analysis and develop
quantitative models to identify fundamental geometric limitations that ultimately set
bounds on and lead to the realization of the size, mass and cost of power converters and

electric propulsion systems in relation to the physical properties of materials and
processes such as dielectric strength, magnetic saturation, thermal conductivity, etc. This
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will allow the various ongoing and future efforts to be benchmarked against the
theoretical boundaries of what is possible and enable the establishment of appropriate
directions in research goals.

Recommendation. In general, the Partnership should focus on the projects that address
specific performance and cost goals of the program on the basis of the results of the meta-
analysis recommended above. Specifically, it should: (a) intensify packaging efforts; (b)
commit additional resources to high-temperature electronics, including wide band-gap
semiconductor devices such as SiC; and (c) redirect research on higher speed electrical
machines to improve torque density.

STRUCTURAL MATERIALS

Substantial weight savings are a critical and key requirement of the FreedomCAR
and Fuel Partnership. The vehicle weight reduction target has been set at 50 percent, with
the added criterion of cost parity (i.e., no increase in structural materials cost). This
weight target is critical to vehicle design because the powerplant and fuel storage
requirements are based on it. Any failure to meet the vehicle weight goal would
necessitate a larger powerplant, increased fuel storage capacity, and larger components to
achieve the overall vehicle functional goals—for example, driving range and acceleration.
As noted in the Phase 1 report (NRC, 2005), the majority of the materials technical
programs have been under way for some time, going back to the Partnership for a New
Generation of Vehicles (PNGV) before the initiation of the FreedomCAR and Fuel
Partnership (NRC, 2001). Thus detailed descriptions of the individual material studies
would be superfluous here, and readers interested in specific details are referred to the
earlier reports. In this report, the committee concentrates on reviewing the overall
objectives and recommending some changes in the program targets and focus that appear
to be more appropriate based on the progress to date.

Assessment of the Program

The lightweight materials programs have continued unabated, with only very
small modifications to the activities described in the Phase 1 report. Thus, the main
structural weight savings are anticipated to be achieved through the widespread
application of advanced high-strength steels, aluminum alloys (both sheet stock and
castings), and cast magnesium. Lesser overall weight savings are also expected from
specialized use of glass-fiber-reinforced plastics (GFRPs), titanium alloys, metal matrix
composites, and stainless steel. From a technical perspective, all these materials are more
than adequately covered in the current programs, from both an application viewpoint and
an innovative manufacturing viewpoint.

In addition to the above activities, there is a significant effort on carbon-fiber-
reinforced plastic (CFRP) composites. While these materials potentially offer greater
weight savings than any of the other candidate materials, the formidable challenges
involved in meeting both cost and manufacturing requirements appear to be
insurmountable in the time frame of this program, if indeed ever! In particular, the cost
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barrier is so great that the cost modeling results of the materials technical team apparently
confirm the conclusion that CFRP composites will not be economically viable within the
time frame of the Partnership. This is not to imply that some research activity in CFRP is
not justified, but it does mean that the Partnership should not include such composites as
part of its main program objectives and projections for vehicle design.

By far the biggest question mark in the drive to achieve 50 percent weight
reduction is the cost penalty for such a massive reduction. There is essentially zero
possibility that such a reduction can be achieved at cost parity. However, failure to
achieve the 50 percent goal would require redesigning the fuel cell to have a larger
capacity; this would be accompanied by a significant increase in the size of the fuel
storage system, not to mention an increase in the size and weight of other components
such as brakes and suspension. Such enlargements of the fuel cell powerplant and
hydrogen storage capability would involve extraordinarily expensive materials and major
cost increases, allowing the cost penalty for the structural materials to likely pale by
comparison. Thus in the committee’s opinion, the 50 percent weight reduction is
mandatory even with the associated cost penalty, because the alternative is likely to
involve significantly greater cost!

Overall, it seems clear that while the technical challenges to the successful
application of lightweight materials are not trivial, a reduction in the associated large cost
penalty is by far the bigger obstacle. Minimizing this cost penalty is primarily a matter of
reducing the feedstock cost and is influenced to a much lesser extent by component
manufacturing improvements, etc. This clearly gets into individual company proprietary
matters (e.g., the cost of aluminum sheet stock), so cost modeling of structural materials
in the context of the Partnership is unlikely to produce reliable information. However, it
is the committee’s opinion that some realistic cost estimating to achieve the 50 percent
weight reduction is needed if the Partnership is going to obtain anything close to a
realistic evaluation of the overall cost/functionality trade-offs.

Recommendations

The technical programs are making good progress, and the team members are
extremely competent and interacting very well. The main recommendation of the
committee in the Phase 1 report is still pertinent—namely, that the funds supporting
materials research should largely be diverted to higher priority areas such as fuel cells,
hydrogen storage, high-energy batteries, and infrastructure transitions. The committee
believes that the proportion of funding going to materials is still exceedingly high given
the urgency of many of the other R&D areas (see Chapter 5). The committee also wants
the materials effort to focus on what appears to be the most difficult issue for the
materials program: recognition that while a 50 percent weight reduction not only must
but also probably can be achieved, it will involve a significant cost penalty but,
nonetheless, be the most cost-effective way of achieving the overall vehicle program
objectives.

Recommendation. Based on the goal of 50 percent weight reduction as a critical goal
and the near-certainty that some (probably significant) cost penalty will be associated
with it, the Partnership should develop a materials cost model (even if only an
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approximation) that can be used in a total systems model to spread this penalty in an
optimal way across other vehicle components.

Recommendation. The materials research funding should largely be redistributed to
areas of higher potential payoff, such as high-energy batteries, fuel cells, hydrogen
storage, and infrastructure issues. However, materials research for projects that show a
high potential for enabling near-term, low-cost mass reduction should continue to be
funded.
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FIGURE 3-1 Distribution of DOE FY06 funding for the advanced combustion and
emission control technical team. SOURCE: R. Peterson and K. Howden, DOE,
“Advanced combustion and emission control,” Presentation to the committee on March 1,

2007.
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Two High-volume Cost Analyses in 2006
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FIGURE 3-2 Two estimates of 2006 costs for fuel cell systems. The differences between
the DTI and TIAX estimates are (1) the cost of the MEA and seals in stack balance of
plant and (2) DTT included test and conditioning in its estimate. The 2015 cost target is
$30/kW, for a total cost of $2,400. SOURCE: D. Tran and K. Epping, FreedomCAR
Fuel Cell Tech Team, Presentation to the committee on March 1, 2007.
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FIGURE 3-3 Fuel cell R&D funding, allocated and requested. SOURCE:
Communication between the committee fuel cell subgroup and Kathi Epping and Terry
Payne, EERE, on August 28, 2007.
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TABLE 3-1 USABC Goals for Advanced Batteries for PHEVs

Characteristics at End of Life Unit

High Power/Energy Ratio

High Energy/Power Ratio

Battery Battery
Reference equivalent electric range miles 10 40
Peak pulse discharge power at 2 sec/10 sec kW 50/45 46/38
Peak Regen pulse power (10 sec) kW 30 25
Auvailable energy for CD mode, 10 kW rate kWh 3.4 11.6
Available Energy for CS mode kWh 0.5 0.3
Minimum round-trip energy efficiency (USABC HEV cycle) % 90 90
Cold cranking power at —30°C, 2 sec-3 pulses kW 7 7
CD life/discharge throughput Cycles/MWh 5,000/17 5,000/58
CS HEV cycle life, 50 Wh profile Cycle 300,000 300,000
Calendar life, 35°C Year 15 15
Maximum system weight kg 60 120
Maximum system volume liter 40 80
Maximum operating voltage Ve >.55* Vinax >.55* Vinax
Minimum operating voltage Wh/day 50 50
System recharge rate at 30°C kW 1.4 (120 V/15 A) 1.4 (120 V/15 A)
Unassisted operating and charging temperature range °C =30 to +52 =30 to +52
Survival temperature range °C —46 to +66 —46 to +66
Maximum systems production price, 100,000 units/yr N 1,700 3,400

NOTE: CD, charge depleting; CS, charge sustaining.

SOURCE: USCAR Request for Proposal Information for Advanced High Performance
for Plug-in Electric Vehicle Applications. Available on the Web at

<http://www.uscar.org/guest/publications.php>.
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Hydrogen Production, Delivery, and Dispensing

PROGRAM OVERVIEW

As discussed in Chapter 1, the FreedomCar and Fuel Partnership in DOE’s Office
of Energy Efficiency and Renewable Energy (EERE) includes the hydrogen production,
delivery, and dispensing program, which is, in turn, part of the Hydrogen, Fuels Cells,
and Infrastructure Technologies (HFCIT) program (see Appendix A for an EERE
organization chart). This program addresses a variety of means of producing hydrogen,
including by biomass gasification and steam reforming of bioderived liquids. The
manager of HFCIT is the overall DOE hydrogen program manager. There are three fuel
technical teams (see Figure 1-1): fuel pathway integration, hydrogen production, and
hydrogen delivery, with participation from DOE and the five energy companies that
joined the Partnership 3 years ago. The technical teams report to the Fuels Operations
Group, consisting of energy directors and DOE program managers, who in turn report to
the Executive Steering Group.

Other activities related to the HFCIT program are in other DOE program offices.
The Office of Fossil Energy (FE) supports the development of technologies to produce
hydrogen from coal and related carbon sequestration technologies. The Office of Nuclear
Energy (NE) supports research on the potential use of nuclear heat to produce hydrogen,
and the Office of Science (SC) supports fundamental work on new materials to store
hydrogen, catalysts, and fundamental biological or molecular processes for hydrogen
production, as well as work potentially affecting other areas of the FreedomCAR and
Fuel Partnership. Work on growing, harvesting, transporting, and storing biomass is
carried out in EERE but is not part of the Partnership.

The budget for the areas relating to hydrogen production, delivery, and dispensing
is given in Table 4-1 (DOE, 2007a). In reviewing the hydrogen production, delivery, and
dispensing areas, the committee considered whether it is appropriate for the federal
government to be involved and, without exception, concluded that these activities are
appropriate for federal involvement.

As will be shown in this chapter, DOE through its HFCIT program has made
substantial progress on hydrogen production, ensuring that hydrogen can be made
available to meet the needs of fuel-cell-powered vehicles as they emerge. However,
success in work still under way is needed to minimize cost and to make feasible the
production of this hydrogen without increasing carbon dioxide emissions or natural gas
imports.

4-1
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HYDROGEN FUEL PATHWAYS

The hydrogen fuel/vehicle pathway integration effort is charged with looking
across the full hydrogen supply chain from well (source) to tank. Specifically, the goals
of this integration effort are to (1) analyze issues associated with complete hydrogen
production, distribution, and dispensing pathways, (2) provide input to the Partnership on
goals for individual components, (3) provide input to the Partnership on needs and gaps
in the hydrogen analysis program, and (4) foster full transparency in all analyses. This
involves source to vehicle tank analysis, including costs, energy use, safety, and carbon
dioxide (CO;) emissions.

Accomplishment of these goals is overseen by the fuel pathways integration
technical team (FPITT) with representation from DOE, the five energy companies, and
the National Renewable Energy Laboratory (NREL). FPITT’s expertise supports the
analysis efforts of the Partnership, coordinates fuel activities with the vehicle systems
analysis technical team, recommends additional pathway analyses, provides input from
industry on practical considerations, and acts as honest broker for the information
generated by other technical teams.

DOE has made important progress toward understanding and preparing for the
transition to hydrogen fuel. An effort to develop a transition strategy was established,
several workshops to develop scenarios for the transition were held, and a program with
three parallel approaches to hydrogen production at fueling stations has been
implemented. Program target dates call for completion of the program in about 2017,
consistent with the President’s goal of enabling large numbers of Americans to choose
vehicles powered by hydrogen fuel cells by 2020.

Clearly, there is uncertainty about the time frame in which transitional hydrogen
will be required, economically sustainable hydrogen-powered vehicles can be achieved,
and a well-developed hydrogen fuel infrastructure can be put in place. Given this
uncertainty, the committee believes that DOE needs to incorporate in its studies a time
frame for the transition to and subsequent emergence of a mature industry. Thus far, DOE
has focused on the transition through 2025, but market sustainability might not be
established until 2035 or later. It will take more than a decade to move from the
manufacture of a few thousand vehicles per year, when transitional quantities of
hydrogen will first be needed, to a mature industry that supports a mature hydrogen
production/supply system with centralized production and pipeline distribution. The
amount of transitional hydrogen needed over that period will change dramatically. To
illustrate this point, the number of hydrogen-fueled vehicles could increase from an
assumed 10 million in 2025 to 40 million in the following 10 to 20 if there is a growth
rate of 7 to 15 percent annually. Obviously, hydrogen supply would have to grow
similarly. Even 40 million vehicles might not be sufficient to stimulate the development
of a self-sustaining, mature industry, so transitional methods might be needed eventually
to supply even more vehicles and to provide fuel in remote areas. The potential roles of
the different transitional hydrogen supply paths need to be viewed from the perspective
of this uncertainty. For instance, while transitional hydrogen for 10 million cars might be
produced from natural gas without increasing the cost of the natural gas, transitional
hydrogen for 40 million cars produced from natural gas would most likely increase the
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natural gas cost significantly. Thus, different energy sources could become important at
different points in the transition.

Recommendation. DOE should continue its studies of the transition to hydrogen,
extending them to 2030-2035, a transition period during which the number of hydrogen
vehicles in use could increase rapidly and use the results of these studies as a basis for
evaluating the potential roles of different transitional supplies of hydrogen fuel as
demand increases substantially, including both forecourt production at the fueling station
and centralized production using the most cost effective means of distributing the
hydrogen.

HYDROGEN PRODUCTION

The hydrogen production goals are based on the premise that no single energy
source is likely to meet all energy needs in the long term and that U.S. energy security
will be enhanced by producing hydrogen from a diverse set of feedstocks.' The hydrogen
production technical team facilitates the development of commercially viable production
technologies. The energy sources under consideration for hydrogen generation, in
addition to grid-based electrolysis, are natural gas, coal, biological systems, nuclear heat,
wind, and the Sun. Side-by-side comparisons of the cost of producing hydrogen with
these different energy resources are not included in this chapter, for two important
reasons. First, as described below, the reliability of the estimates varies substantially.
Estimates for coal and natural gas are based on actual commercial operating experience,
but other estimates, such as those for biomass-derived hydrogen, are based on
assumptions yet to be verified. Second, the availability of the resources in this country
varies. For example, while the United States has ample supplies of coal for the
foreseeable future, natural gas is already being imported to meet current demands. Thus,
comparison of the different approaches is complex and beyond the scope of this review.

The hydrogen production program includes both long-term hydrogen supply from
large, centralized production plants with pipeline distribution and supply during a
transition when pipelines will not yet be in place. While it is clear that centralized plants
will eventually provide most hydrogen at lower cost than other options, these plants and
the necessary pipeline distribution system will not be available initially, when the number
of hydrogen-fueled cars in operation will be small, although growing. In addition, once
transitional hydrogen supply approaches are in commercial use, it may be economical for
the mature industry to continue to rely on them to supply some of the hydrogen needed,
particularly in remote areas.

" DOE has calculated that if 300 million vehicles with fuel economy of 60 mpg require hydrogen in
2040, 20 percent of that requirement could be provided by 2 trillion cubic feet (TCF) per year of natural
gas, an increase of about 9 percent over the consumption in 2004 (DOE, 2005a). Likewise, producing 20
percent from biomass would require 140 to 280 million metric tons (MMT) (dry) of biomass compared
with the 512 to 1,300 MMT currently available potentially from various sources. Similarly, 200 GW of
installed wind power would be needed for hydrogen production by electrolysis compared with about 7 GW
currently installed; 200 GW of photovoltaics compared with 5,400 MWe currently installed; and 80 GW of
nuclear power compared with about 100 GW currently installed (DOE, 2005a).
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Presently, there is no standard specifying a grade of hydrogen fuel that is
acceptable for use in proton exchange membrane (PEM) fuel cell vehicles, and there is no
all-inclusive list of maximum acceptable levels of contaminants in hydrogen. While a
specification guideline has been issued (Ohi and Hewett, 2005), changes are likely to be
made as more data become available. The levels of impurities that are acceptable could
significantly affect the cost of hydrogen and the overall efficiency of its production. DOE
is well aware of this issue, and efforts are under way to resolve it.

Production Technologies

For centralized plants, the DOE hydrogen production program includes natural
gas reforming, coal gasification, biomass gasification, electrolysis of water with wind
energy or off-peak electricity, high-temperature water splitting with nuclear heat, and
longer term approaches, including solar electrochemical and biological means. Existing
commercial technologies can be used to convert natural gas or coal to hydrogen, and
work currently under way at DOE, including the FutureGen program on coal with carbon
sequestration, should reduce their costs moderately. Centralized production is visualized
for each of these technologies and for natural gas reforming, distributed generation as
well. All costs presented here exclude fuel sales taxes.

Hydrogen Production from Coal

Coal is an important potential resource for producing hydrogen because it is cost
competitive and relatively abundant in the United States. At current production rates, the
nation has over 200 years’ supply (see <http://gasprices-usa.com/coal.htm>). Efforts to
develop and demonstrate hydrogen production from coal, including coal gasification and
CCS, are managed by the DOE’s FE. The carbon sequestration subprogram is focused on
developing, by 2012, technologies that separate, capture, transport, and sequester carbon,
increasing the cost of electricity by less than 10 percent.” By that date, the program also
plans to have developed a methodology capable for predicting CO, storage capacity in a
geologic formation to within 30 percent. This program also has a number of regional
partnerships, which include large-scale field tests, site evaluation work, site
characterization R&D, collection of information to satisfy National Environmental Policy
Act reviews, and other site-related activities to evaluate a variety of geologic formations
for sequestration. The technologies developed by the carbon sequestration work will be
used to benefit the existing and future fleet of fossil fuel power-generating facilities and
provide key technologies and protocols for the FutureGen facility as it looks to capture,
transport, store, and monitor the CO, injected in geologic formations.

This arrangement—an important part of the program carried out in another
program office—presents both management and technology challenges to the Hydrogen
Fuel Initiative (HFI) and hence to the Partnership.

This divided responsibility will require close liaison between the managers at
HFCIT and FE. In the Phase 1 report, the committee recommended strengthening this

? For additional information on carbon capture and sequestration technologies and the research
program, see <http://www.fossil.energy.gov/programs/sequestration/capture/>.
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liaison. DOE concurred and has improved its communication and coordination by taking
a number of actions:

e Setting up a hydrogen coordinating group composed of representatives from
EERE, FE, Basic Energy Sciences (BES), and the Department of
Transportation (DOT);

e Establishing an interagency working group to address hydrogen coordination
issues among federal agencies; and

e Using its systems analysis capabilities to illuminate the implications for the
Partnership of any cost and schedule issues that might arise in the FE
program.

The committee appreciates the value of these actions but notes that such
mechanisms add value only insofar as they are used. It urges continued attention to
building a highly effective liaison through these coordination arrangements. It believes as
follows:

e That CCS will pace the use of coal to produce hydrogen, and

e That the technical and economic feasibility of capturing by-product CO; and
shipping it to permanent underground storage while producing electricity and
hydrogen from coal will have to be demonstrated before significant
commercial investment can materialize.

A demonstration is being planned through FutureGen, a 275-MW, $1.8 billion
integrated gasification combined cycle (IGCC) plant that will gasify the coal to produce
electricity and hydrogen and sequester the resulting CO,. The committee believes that the
general technology and system concepts embodied in FutureGen now offer the most
promising way to produce hydrogen from coal while minimizing CO, release. And since
FutureGen is now the principal platform for demonstrating a practical, commercial CCS
system, its implementation will determine when the large-scale production of hydrogen
from coal is introduced.

To the extent that this project is delayed or fails to provide evidence acceptable to
the public that CCS affords adequate protection at an acceptable cost, hydrogen
production from coal will suffer corresponding delays. These delays could have multiple
causes—for example,

e Simple slippage in the FutureGen project schedule, a possible consequence of
underfunding, unforeseen technical problems, siting difficulties, and so forth,

e Issues arising from ambiguity surrounding regulatory authority,

e Liability concerns,

e The inability of FutureGen to provide a model for the commercial
development of CCS, much as the Power Reactor Demonstration Program of
the 1950s failed to provide such a model for nuclear energy, or

e Other difficulties, unforeseeable now but arising over the course of the
project.
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Whatever their source, delays to CCS pose a risk to the Partnership and HFCIT goals for
hydrogen production from coal.

Recommendation. DOE should conduct a systematic review of the CCS program as it
affects the schedule for and program assumptions about hydrogen production from coal.
This review should identify indicators of incipient program slippage and, through systems
analysis, the program consequences of possible delays, leading to recommendations for
management actions that would compensate for these delays.

Hydrogen Production from Nuclear Heat

NE seeks to demonstrate by 2017 the commercial-scale production of hydrogen
using heat from a nuclear energy system. Some advanced nuclear reactor designs operate
at very high temperatures, making them well suited for thermally driven hydrogen
production processes. These high-temperature reactors remain in early development by
the Generation IV Nuclear Energy Systems Initiative (Generation IV) and could provide
the low-cost heat necessary to produce low-cost hydrogen.

The nuclear hydrogen program is managed under three technology thrusts:*

e Thermochemical water-splitting cycles. Thermochemical cycles convert
water to hydrogen and oxygen using chemical catalysts at high temperatures.
These processes have the potential for high-efficiency hydrogen production on
a large scale, but the technology remains in a very early stage.

e High-temperature electrolysis. Also called steam electrolysis, this technology
uses electricity to produce hydrogen from steam instead of from liquid water.
It promises higher efficiencies than standard electrolysis, which might be used
at the forecourt of fueling stations during a hydrogen transition. This, too, is in
an early stage, and the chief technical challenges include the development of
high-temperature materials and membranes.

e Reactor/hydrogen process interface. The interface between the nuclear
reactor and the hydrogen production system presents severe challenges to any
working system—Ilong heat-transfer paths at elevated temperatures; heat
exchangers that are subject to elevated temperature and a corrosive chemical
environment; new safety and regulatory issues; and support systems for
chemical processes and hydrogen and oxygen storage. In addition, systems
studies seek to focus this complex program and improve coordination.

In all of these research areas, much basic work must be completed before a
development and demonstration program can be properly contemplated. Nevertheless,
nuclear production of hydrogen remains an important option—it is potentially lower in
cost and could be a hedge against delays in CCS technologies or against coal shortages.

Recommendation. Like the hydrogen production from coal option, the Hydrogen, Fuel
Cell and Infrastructure Technology (HFCIT) program should actively employ the liaison

? The program is summarized at <http://www.hydrogen.energy.gov/nuclear.html>.
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mechanisms put in place since the Phase 1 review. However, the exploratory nature of the
programs for nuclear production suggests that, unlike the coal option, a detailed systems
analysis of schedule delays would be premature at this time. Instead, systems analyses
should focus on the complex interactions among program components, especially
between the research elements of the nuclear and chemical processes, to ensure that
technical progress in each distinct area leads ultimately to a practical system.

Hydrogen from Electrolysis

The electrolysis of water, though energy intensive, is one of the few options under
consideration for distributed, on-site, point-of-use production and delivery of hydrogen
when conventional sources and processes are not available. When coupled with a
renewable power generation scheme such as for wind or solar power, the overall
advantages are considerable, especially when carbon emissions are taken into account.
However, the relative siting of the power generation and electrolysis devices is an issue
since a location suitable for, say, a wind farm might not be suitable for the hydrogen
generator. Centralized electrolysis processes are also under development to reduce
operating and capital costs. DOE recognizes the importance of electrolysis and has been
engaged in facilitating new concepts, advances, demonstrations, and analyses. Clearer
insight into the challenges of the program cost targets—for distributed generation,
$3.70/gallon of gasoline equivalent (gge) in 2012 and <$3.00/gge in 2017, assuming grid
electricity costs $0.05/kWh and units that produce 1,500 kg Ha/day;* for centralized
generation with wind energy, $3.10/gge in 2012 and <$2.00/gge in 2017, excluding
delivery costs—has been gained from the recent analysis efforts. It is still too early to
predict the probability of meeting the longer-term targets.

The budgets for electrolysis R&D have been increasing ($1.6 million in FY0S5,
$3.5 million in FY07). Although funding has more than doubled, it is not enough, as will
be discussed. Conventional water electrolysis technology is more mature than other
processes, in part because extensive operating knowledge, systems design and
engineering, and applications have been in place for decades, specifically in military
applications (submarines). Large commercial processes have also been available. As a
result, proof-of-concept programs are not warranted, but there are significant matters—
cost, systems integration, analyses, and field trial results—that need to be better
understood. The NREL wind-electrolysis demonstration (Harrison, 2007), as well as its
source-to-wheels analyses, has made a significant contribution, and its results have led to
the refinement of targets.

The technology is challenged primarily by costs, in particular the cost of electrical
power to split the water. The fundamental energy requirements for this process will not
change, but overall system costs are addressable. Sensitivity and trade-off analyses will
be needed to delineate the most attractive scenarios, in part because two distinctly
different technologies (membrane and alkaline) are under consideration. Because power
requirements are nearly fixed, the potential for capital cost reduction for each technology
will be an important outcome of these sensitivity analyses. Both technologies have

* DOE, Hydrogen Production Technical Team, Presentation (Slide 27) to the committee on March
2,2007.
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extensive histories: Membrane electrolysis offers the advantage of high hydrogen
generation rates and efficiencies and the promise of further enhancing these rates (thereby
reducing capital outlay), whereas alkaline systems have track records for lifetime,
reliability, and lower capital costs. Both technologies have demonstrated high-pressure
generation capability, and both lend themselves to minimizing downstream cleanup,
storage, and compression. It is too early to predict the outcome of solid oxide electrolysis.

There are approximately eight funded PEM, alkaline, and solid oxide electrolysis
projects, as reported by General Electric at the DOE 2007 merit reviews.” These projects
are engaged in analyses, component development, and demonstrations. Additional
ongoing research looking at longer-term possibilities such as the photoelectrolysis of
water is basic in nature. The efforts are aimed at reducing the capital costs of the
hardware and the number of parts and at finding new membranes, catalysts, and materials
of construction. Although such initiatives are appropriate, the costs of electrolysis will
always be dictated by the power requirements for splitting water, which limits what is
achievable by reducing hardware costs. To date, the mass manufacture of electrolyzers
has not been addressed in the commercial sector because the market is still small. Once
manufacturing activities begin to take off, they will probably contribute significantly to
reducing costs. In addition, the considerable overlap between membrane electrolyzers and
membrane fuel cell components enhances supply chain strengths and capabilities and
facilitates the development of new materials (e.g., membranes).

Recommendation. The DOE should continue to promote electrolysis that uses renewable
power integrated with electrolysis systems and to support analyses and demonstrations.
High-temperature electrolysis activities within the Office of Nuclear Energy should be
closely monitored.

Recommendation. The Partnership should increase funding for electrolysis programs to
advance the technology, demonstrations, and systems integration.

Recommendation. Basic Energy Sciences should support, as appropriate, fundamental
research in the area of catalysts, membranes, coatings, and new concepts.

As mentioned earlier, a population center where distributed hydrogen production
would be needed is not usually in a place where significant electricity is generated from
the wind or the Sun. As a result, it is not clear, based on current understanding, how a
generator of power from the wind should be situated relative to a generator of hydrogen
to maximize the benefits. For example, depending on the specifics of the location, it
might be more efficient to generate electricity in a wind farm and transport it over the
grid to distributed electrolyzers than to cogenerate power and hydrogen and transport the
hydrogen to the fueling site. Likewise, the extent to which wind power could be
generated at the site of a distributed hydrogen generator is unclear.

> R. Bourgeois, GE, “Advanced alkaline electrolysis,” Presentation to the DOE 2007 Annual
Merit Review in May 2007. Available on the Web at
<http://www.hydrogen.energy.gov/pdfs/review07/pdp 16 bourgeois.pdf>.
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Recommendation. DOE should undertake a systems study to determine how best to use
wind power—electrolysis combinations to generate hydrogen, considering overall cost and
efficiency.

Hydrogen Production from Biomass

Biomass is a renewable and potentially sustainable source of liquid fuels and
hydrogen. A comprehensive study jointly sponsored by DOE and the Department of
Agriculture (DOE, 2005b) concluded that the United States has sufficient land resources
to sustain production of biomass to supply 30 percent or more of the nation’s current
consumption of liquid transportation fuel. To achieve that level of production, it is
assumed that three times more forest biomass than today will be collected; that crop yield
will be increased by 50 percent and recovery of crop residues by 75 percent; that 55
million acres will be dedicated to the production of perennial bioenergy crops; and that
other non-farm-use residues will be converted to biofuels. In addition, a cost-effective
and energy-efficient process to convert cellulosic material to biofuel will be needed,
which requires innovation at various stages, including crop production and biomass
degradation.

DOE has set goals to supply 20 percent of liquid transportation fuel by 2017 and
30 percent by 2030. These are ambitious goals, and DOE is investing substantial
resources in R&D to achieve them, including a FYO08 request for $375 million. The
FreedomCAR and Fuel Partnership includes only the technology for conversion of
biomass to hydrogen. The committee did not attempt a comprehensive review of the
program and budget on biomass growth, harvesting, collection, and transportation to
conversion plants. However, it is clear that there are significant hurdles to overcome, and
it will be a stretch to achieve these goals (DOE, 2006a). Work to date has not established
how much can be recovered sustainably at target costs and by target dates. To make this
estimate involves resolving various technical barriers that DOE has identified relating to
biomass availability and cost (DOE, 2003), as well as land and water use issues and
competition for both resources. The committee believes that the impact of biomass on the
supply of hydrogen cannot be reliably estimated until programs relating to biomass
production, harvesting, collection, storage, preprocessing, and transportation can define
commercially viable pathways from crops or other biomass sources to hydrogen
production plants and until the specific government-sponsored incentives become clear,
along with land and water use policies that may be required to stimulate wider use of this
option. Resolving these issues will require the involvement of other government
departments, including the Department of Agriculture. The committee believes that early
definition of government-sponsored commercial incentives and land and water use
policies would help facilitate the later development of appropriate government actions in
these important areas.

Nonetheless, the Partnership is anticipating the possibility of a significant increase
in the use of bioethanol in transportation fuel (say, E85 or E15) in the near future, from
about 1.7 percent today (DOE, 2006b), and the potential impact on combustion engine
technology of such an increase. In response to this, DOE initiated solicitation DE-PS26-
07NT43103, which includes development of engines for flexible-fuel, light-duty vehicles
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(FFVs) optimized for operation on ethanol-gasoline blends up to 85 percent ethanol by
volume. This is in line with Recommendation 3-3 of the Phase 1 report.

Hydrogen can be produced by gasifying the biomass feedstock directly or by
gasifying one of the conversion products, such as ethanol. These conversion technologies
are known, but the current cost of production is high, $7.00/kg hydrogen (H,) at a
feedstock cost of $53/ton.® DOE projects that a lower feedstock cost, more energy-
efficient production, and cost reduction due to a larger scale of operation will result in a
cost of $3.50/kg H,. The committee believes that $3.50/kg is a stretch goal that could be
achieved only after overcoming significant technical and policy hurdles, as described
earlier. Thus, the extent to which biomass will become a source of hydrogen is highly
uncertain, and DOE should continue to investigate a broad portfolio of hydrogen
production technologies.

As part of the effort to reduce gasification costs, DOE is now considering a
155,000 kg H,/day Battelle biomass gasification plant as opposed to the 24,000 kg
H,/day high-pressure gasifier that was assumed in The Hydrogen Economy (NRC/NAE,
2004). Neither operation has yet been fully demonstrated. The much larger plant needs
2,425 tons of biomass/day with current technology and 2,125 tons/day with projected
future technology compared with 442 tons/day biomass for current technology and the
smaller plant. The larger plant needs 307 square miles to support it with current
technology and 180 square miles with future technology. The number of sites that could
support such a large biomass plant and still have acceptable delivered biomass cost and
delivered hydrogen cost needs to be determined. DOE estimates there are roughly 50
potential sites throughout the country with current biomass yields and upwards of 100
sites that could yield biomass with future crop technology. This needs to be confirmed.

Biomass gasification technology is promising, but much remains to be done to put
it on a solid basis. How the different types of biomass feedstock must be prepared for
ease of delivery and reliable processing in the gasifier needs to be determined. Bench-
scale, pilot plant, and semicommercial-scale work are needed to have a firm basis for
scale-up to a 2,125 ton/day plant or larger. Also, gas cleanup and separation into pure
hydrogen needs to be demonstrated while dealing with contaminants and tar. The
committee judges that it will be difficult to achieve this technology by 2017, and several
years more may be needed. However, if successful, hydrogen supply from biomass
gasification could supplement other sources of hydrogen, and the committee continues to
believe that this program is a very important element in the portfolio of hydrogen
production technologies.

The impact of biomass on future hydrogen supply is difficult to evaluate, in part
because there are so many alternative paths. In addition to gasification of biomass to
hydrogen there are other pathways that may be reasonable. For instance, gasifying
biomass to make an alcohol mixture and then reforming the alcohol to hydrogen at
distributed locations would eliminate the need to distribute hydrogen itself. Distributed
reforming of cellulosic ethanol, aqueous glucose, or aqueous lignins is another
possibility. Additionally, biological methods discussed in The Hydrogen Economy
(NRC/NAE, 2004) but still in the basic science phase, could one day be significant.

® For gasification only in a unit producing 155,000 kg/day of hydrogen at 90 percent capacity
factor (design and costs are based on DOE’s H2A model, assume low-pressure, indirect-heated biomass
gasification, and exclude compression, storage, and dispensing at the service station).
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Finally, cofeeding biomass with coal in a coal gasification process might eventually be
attractive. With the current state of knowledge, the committee believes it is not yet
possible to identify the preferred approaches and encourages DOE to focus its program
efforts on studies that will enable this identification.

The committee notes that while DOE has involved the agribusiness partners in the
biomass program, the energy partners are involved primarily in the conversion or
gasification step and not in the harvesting and so on of the biomass feedstock. The
committee believes that it would be important to bring the commercial perspective of the
energy partners to all aspects of the biomass program, since these partners have long
experience with creating and supplying transportation fuels from natural resources and
have been involved in converting coal and other solid energy sources to transportation
fuels.

Recommendation. The committee recommends that DOE projections of future
hydrogen production for hydrogen-powered vehicles include scenarios in which the
timetable for commercial quantities of these fuels is delayed, perhaps by as much as a
decade.

Recommendation. DOE should give priority to completing process development on
biomass gasification, including any needed demonstration projects.

Recommendation. DOE should undertake a systems study to assess the relative
importance of barriers to biomass production, availability, transportation, and conversion
to hydrogen; to identify the areas that are most important to commercial viability; and to
give them priority. This study should address technical barriers already identified,
including impact on the environment, and help define policies for land and water use and
government-sponsored commercial incentives that would stimulate commercial
expansion of the biomass options.

Recommendation. DOE should involve the energy partners in all biomass programs
related to conversion to hydrogen or hydrogen carriers as quickly as possible.

Recommendation. Given the large number of potential ways of using biomass to supply
hydrogen, DOE should identify the most promising approaches so it can focus on options
that could have the greatest impact on hydrogen supply.

Special Production Considerations During Market Transition

No one knows just how hydrogen will be supplied during the transition period
when fuel-cell-powered cars first become available. However, it is reasonable to expect
that it will first be supplied to fueling stations from existing centralized sources and
distributed as a gas by tube trailer or as a liquid by carrier, since a pipeline distribution
system similar to the system for natural gas will not initially be available. These supplies
are likely to be supplemented increasingly with time, by facilities at forecourts to produce
hydrogen locally, with no need for distribution, using steam reforming of natural gas
from the existing supply system or electrolysis with electricity from the grid. As the
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demand for hydrogen grows, its distribution by pipeline from centralized sources to
forecourts will become economically attractive in highly populated areas, and it will be
used more and more. However, in some remote areas such a pipeline system may never
become economical, owing to low demand, and the sources of fuel used at the beginning
of the transition could continue to be used.

Three approaches to the forecourt generation of hydrogen are being studied. They
involve the reforming of natural gas taking advantage of the existing natural gas
distribution system; the reforming of ethanol or other bioderived liquids; and the
electrolysis of water. Dehydrogenation of a carrier liquid that is subsequently returned to
a refinery or chemical plant for rehydrogenation is another option.

DOE has made substantial progress in understanding the transition to a
sustainable market, defining requirements for forecourt production systems based on
natural gas reforming that meet initial cost targets and advancing other options for onsite
generation. Natural gas reforming is well-established technology, and program efforts
have been directed toward the specific requirements of practicing it at fueling station sites
in relatively small units (e.g., 1,500 kg H,/day). DOE has established that hydrogen can
be produced from natural gas in an integrated system for the target cost of $3.00 per
gallon gasoline equivalent (gge)’ and has a cost goal of $2.50/gge by 2010. A study
carried out for DOE has estimated that the natural gas required in 2025 to fuel 11.6
million hydrogen vehicles in the 27 largest U.S. cities would increase gas demand on
average by 2.1 percent over the demand in 2004, although this percentage would vary
from city to city, and the cost of additional gas transmission lines to transport that gas
might cost $1.0 billion to $1.5 billion (Energy and Environmental Analysis Inc., 2006).
DOE believes that a 3 percent increase in natural gas demand would lead to a significant
price increase, although there is much uncertainty in the demand/price relationship.® In
addition, it would likely lead to increased imports of gas. Given that 11.6 million vehicles
would be only about 15 percent of the census vehicle population in those 27 cities,
natural gas price and supply could become an important issue as the penetration of
hydrogen cars increases in those 27 cities and expands into smaller communities,
assuming all the hydrogen is made from natural gas. The foregoing discussion highlights
the importance of having other ways of making hydrogen for the transition.

Important issues remain in the design of reformer systems for forecourt use.
These issues could substantially constrain all approaches to distributed hydrogen
generation at forecourts, probably limiting hydrogen availability in the early years of its
commercial introduction. The current design requires 6,500-7,000 square feet of space,
and local regulations will require additional setbacks from adjacent structures. Based on a
sample of 120 existing automobile fueling stations in New York, Los Angeles, and
Dallas, DOE concluded that it would not be feasible to place onsite reforming in 40
percent of them (49 stations) and would be clearly feasible in only 13 percent (16
stations).” The committee believes that the DOE estimate of 16 clearly feasible sites is

" Assumes the manufacture of 500 reformer units per year, each with a production of 1,500 kg
Hs/day. This assumes natural gas at $5 per million Btu, a capacity factor of 70 percent, and a production
efficiency (energy content of Hy/input energy content of natural gas) of 69 percent.

8 Fred Joseck, DOE, Personal communication with committee member Robert Epperly, July 17,
2007.

 DOE, Answers to Questions from committee, p. 59, received April 17, 2007.
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optimistic because of the inherent difficulties of retrofitting an existing site with new
facilities and that an even lower percentage of sites would, in fact, be feasible with
present design and safety considerations. DOE is aware of the importance of reducing the
space requirement and is considering alternative designs, including smaller reformers and
less hydrogen storage. Because the budget request for FY08 includes no funds for
distributed natural gas reforming, additional funding will be needed to complete this
important work.

The committee believes that the target cost of $2.50/gge for distributed generation
is very optimistic based on current technological routes, particularly in view of the need
to reduce the size of the generator to minimize forecourt space requirements. It believes,
accordingly, that DOE needs to reevaluate this target taking into consideration the
constraints and approaches available for improvement as well as the latest gasoline price
outlook.

Recommendation. DOE should put more emphasis on the space requirements for
forecourt hydrogen generation by studying ways to minimize these requirements.

HYDROGEN DELIVERY, DISPENSING, AND TRANSITION SUPPLY

Overview

Unlike the traditional petroleum delivery system, whereby gasoline and diesel
fuel are delivered from refineries to fueling stations and stored there at relatively low cost
and low energy consumption, the system for delivering hydrogen from central production
to a refueling station with subsequent storage and dispensing to vehicles will be a
significant factor in hydrogen fueling. Similarly, in a fully developed hydrogen economy,
delivery, storage, and dispensing at a high pressure will probably cost as much as
production and will consume more energy. Distribution costs are even more of a concern
during the early transition years, when there is a lack of hydrogen demand, particularly
where central production will be the source of hydrogen. Identifying central hydrogen
supply during the transition, whether excess capacity or dedicated supply, could provide
significant opportunities to ease the transition to a hydrogen economy.

It is likely that some of the needed hydrogen would be supplied from existing
facilities. To achieve the lower sulfur levels of conventional fuels (e.g., gasoline and
diesel) when refining heavier crude oils, the industry will have to increase its
hydrotreating capacity from 14 million barrels per day in 2004 to over 27 million in
2030." At least part of this hydrogen will be generated by gas supply companies for
over-the-fence sales to refineries, and these gas companies, which already produce and
deliver gaseous and liquid hydrogen, are likely to see hydrogen vehicles as an attractive
additional market.

There are five main ways to deliver hydrogen from central supply to refueling
stations.

10 DOE, Answers to Questions from committee, p. 31, received April 17, 2007.
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Pipeline delivery. This requires storage at the production site, laying pipeline
to the forecourt, and onsite storage as a gas at the forecourt. It is the lowest
cost route and utilizes pipeline delivery technology that is well known and has
been in commercial use for decades. Energy losses with a pipeline are less
than those with the other delivery methods (see Table 4-2), but pipeline
delivery will probably take the longest time to implement because of
permitting and rights of way. Production and forecourt storage costs should be
lowest of all supply modes since the pipeline itself is the vessel that stores the
surge capacity.

Liquid delivery. This involves liquefaction at the production site, delivery of
the liquid by truck to the forecourt, liquid storage at the refueling site, and
dispensing as a high-pressure gas to the vehicle after vaporization and
compression. Liquefaction increases the cost of hydrogen production and
decreases its efficiency by approximately 16 percent (see Table 4-2).
However, the high density of the liquid allows the highest payload by weight
of hydrogen to be moved by truck. Furthermore, storage at the site of high-
pressure gas can be a significant forecourt issue because of the space required,
and liquid minimizes this. Since the basic technology has been practiced for a
long time, only incremental improvements are expected in liquefaction and
distribution, and these costs will probably continue to be about 50 percent
more than pipeline costs.

Gaseous delivery. This requires high-pressure gas storage at the production
site, delivery by high-pressure tube trailers, and high-pressure gas storage at
the forecourt. Currently, the lower delivery density makes this option
impractical for stations that experience high demand for hydrogen. As a result,
it takes 12 to 15 high-pressure tube trailers to deliver the same payload as one
liquid hydrogen trailer. In addition, because today’s gaseous delivery
technology costs several times as much as the technology for pipeline delivery
depending on volume, it may not be cost-effective. New technology
developments focus on increasing the payload using cryogenic gaseous
hydrogen storage—that is, storage as a gas at low temperatures and/or higher
pressures.

One-way liquid carrier delivery. This requires methanol, ethanol, or a similar
hydrocarbon and would require reforming at the forecourt to generate
hydrogen. Commercial methanol processes exist, and ethanol reforming
processes are being developed. While methanol and ethanol reforming onsite
may be more expensive than natural gas reforming, they could have some
advantages (costs and efficiency) from a delivery standpoint, particularly
during the transition. The higher cost of reforming at the forecourt could more
than offset the high costs for liquid or gaseous hydrogen delivery, on a source-
to-tank basis. For example, ethanol is a dense liquid containing 12 percent
hydrogen that can probably be transported with existing infrastructure.
Two-way liquid carrier delivery. Such liquid carriers could be hydrogenated
to more than 13 percent hydrogen content, transported to the forecourt,
dehydrogenated, and returned to the hydrogenation site for rehydrogenation.
With current technology, they can be hydrogenated to 7-8 percent hydrogen.
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This is a long-term option that requires R&D and systems analysis to develop
an understanding of energy and cost issues. For example, if the liquid could
also serve as onboard storage for hydrogen, the overall system would look
something like the gasoline system but would increase vehicle complexity and
cost. With delivery and dehydrogenation to only the forecourt, there could be
some advantages, particularly where eventual pipeline delivery might be
difficult or costly.

The DOE Program

DOE’s plan for delivery, storage, and dispensing is robust and was developed
with aggressive cost targets (Table 4-3). The goal is to reduce the cost of delivery plus
dispensing to less than $1.00 per kilogram hydrogen by 2017. This compares to the
current costs of $3-$4/kg H, at low volume and $2-$3/kg H; at high volume. Given that
hydrogen pipeline, truck delivery, compression, and storage technologies have been
practiced for decades by the gas industry, the committee questions whether it will be
possible to reduce costs by a factor of 2 or 3.

The program for delivery, storage and dispensing has been slow to start up,
especially on the delivery side, due to congressionally directed funding in the overall
HFI. This very important program has been consistently underfunded since HFCIT
started, with $16.9 million budgeted but only $8.3 million funded in the 2004-2007
period. It appears that the DOE is working well with gas companies and the Partnership’s
delivery technical team (DTT). While the program is at risk as a result of past
underfunding, some very important analysis work has been accomplished. The
development of the Lighthouse concept for market penetration has been a significant
accomplishment and helps the DTT team focus on specific delivery, dispensing, and early
supply options and issues. Also, the completion of the H2A model, whose components
and submodels define delivery and dispensing, is significant and will help to better
delineate and evaluate scenarios for getting hydrogen to fuel cell vehicles during the
transition and later. The H2A model has also played a significant role in developing the
research plan. Finally, analytical work on forecourt issues has progressed—for instance,
the very excellent analysis of overall U.S. natural gas supply and demand and of the
issues involved in getting natural gas to the refueling station for on-site steam methane
reforming (SMR).

The future program is built around the DTT Roadmap, which identifies the
following key challenges:

e Pipelines. Metal embrittlement, capital cost reduction, urban distribution
issues, composite materials for construction, use of existing natural gas
pipelines.

e Compression. Reliability/durability, new technologies, and the energy
efficiency and size of the refueling station.

e Liquefaction. Dramatic cost reduction, dramatic increase in energy efficiency,
boil-off.

e Off-Board storage. Lower capital costs, cryogas, other hydrogen carriers,
suitability of geologic storage.
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e Gaseous tube trailers. Increase capacity fourfold with higher pressure,
cryogas, or other hydrogen carriers.
e Carriers. Liquid one-way and two-way carriers; solid carriers.

The DOE budget for the program is shown in Table 4-4. Overall, a lot has been
accomplished, but much more progress is needed. The Partnership’s DTT has identified
important R&D areas for improving the cost and energy efficiency of the delivery and
dispensing of hydrogen. However, in light of how important delivery is to both the
market transition and sustained market penetration time frames, it deserved more funding
and attention. While the committee understands that the Congressionally Directed
Funding created program has identified important R&D areas important to the recent
budget shortfalls, the program is most likely underfunded even at the FY08 $8 million
level requested.

Recommendation. DOE should increase funding for the delivery and dispensing
program to meet the market transition and sustained market penetration time frames. If
DOE concludes that a funding increase is not feasible, the program should be focused on
the pipeline, liquefaction, and compression programs, where a successful if only
incremental short-term impact could be significant for the market transition period.

Recommendation. DOE should, with the guidance of an independent outside
committee, evaluate the achievability of the program’s 2012 delivery and dispensing cost
goal, $1.00/kg H,, particularly with 700 bar (10,000 psi) gas dispensing.

Home Refueling

One path that could reduce or even eliminate the need for a hydrogen distribution
and delivery infrastructure is home refueling, which would allow consumers to refuel
their vehicles at home. Furthermore, if additional benefits could be attained with such a
device, then the value would be much greater—if, for example, the system could provide
both onsite heat and power. So far, two approaches have been proposed for refueling
hydrogen vehicles at home: (1) integrating the hydrogen generation and delivery
operations with a stationary fuel cell system that generates electricity for the home and is
fueled by a natural gas (propane) or by a liquefied propane gas (LPG) reformer or (2) a
home-based water electrolysis unit.

To demonstrate these approaches to delivering hydrogen to fuel cells, Honda
(http://world.honda.com/FuelCell/FCX/station/) has units running in California and in
New York, while GM (http://www.usatoday.com/money/autos/2006-09-24-gm-
hydrogen-usat_x.htm) and others have announced plans for similar devices in the years to
come. To provide fuel to the car, a slipstream of the hydrogen used to generate home
electricity is diverted to downstream purification and compression stages, followed by
storage and dispensing to the vehicle. The fuel cell brings the added value of distributed
heat and electrical power to the site while enabling the generation, storage, and
dispensing of hydrogen at the convenience of the home owner. From a technology
perspective, many of the hydrogen subsystems of the devices (generation, delivery,
storage) are based on the same technologies under development in other programs
currently funded by DOE, including the fuel cell itself.

4-16

Copyright © National Academy of Sciences. All rights reserved.


http://world.honda.com/FuelCell/FCX/station/
http://www.usatoday.com/money/autos/2006-09-24-gm-hydrogen-usat_x.htm
http://www.usatoday.com/money/autos/2006-09-24-gm-hydrogen-usat_x.htm

Review of the Research Program of the FreedomCAR and Fuel Partnership: Second Report
http://lwww.nap.edu/catalog/12113.html

Prepublication Copy—Subject to Further Editorial Correction

Water electrolysis home refueling is based on a conventional electrolytic process
followed by purification, compression, and storage stages. Although apparently simpler
from a hydrogen generation perspective, the limitations of the water electrolysis process
(it requires relatively high investment and quantities of electricity) must be taken into
account along with the challenges of purification, compression, and storage, as in the
previous case. One more factor to be considered in this case is the cost of power to
electrolyze water. As in the aforementioned case of fuel cells, DOE is supporting selected
aspects of electrolysis technologies.

Regardless of the path chosen—electrolysis or reformation/fuel cell—the home
refueling device does not require additional component development initiatives, as it will
continue to benefit from advancements made in such areas under the existing efforts.
Additional funding is therefore not required from this perspective. Integration,
demonstrations, and siting will need to be addressed as will safety, permitting, and codes
and standards of a hydrogen-based process in residential environments.

Recommendation. DOE should consider supporting advanced systems engineering,
integration, and demonstrations for home-based refueling systems, which should bring
substantial learning value for such systems. This program should include careful
consideration of operation and maintenance procedures that home owners are willing and
able to perform.
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TABLE 4-1 Funding Levels for Hydrogen Production, Delivery, and Dispensing

Activities in the Partnership
Funding (millions of dollars)

DOE Office FYO06 FYO07 FYO08 request
EERE/HFCIT? 8.4 34.6 40
Fossil Energy 94.9 123.6 91.6
(HFT and CCS)
Nuclear Energyb 25 19.2 22.6
Science® 12.6 13.5 13.7

Total 140.9 190.9 167.9

NOTE: HFI, Hydrogen Fuel Initiative; CCS, carbon capture and sequestration.

& The request for FY08 for EERE/HFCIT includes $17 million for work focused on
production, delivery, and dispensing in the transition period. Expenditures include
conversion of biomass to hydrogen but not growth, harvesting, storage, or transportation
of biomass prior to conversion.

® Nuclear Hydrogen Initiative; excludes funding for the next-generation nuclear plant
(NGNP).

°For hydrogen production.

SOURCE: DOE, Answers to questions from committee, pp. 2-9, June 7, 2007.
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TABLE 4-2 Delivery and Dispensing Energy Efficiency®

Efficiency (%)
Fuel/Delivery Well (Source) to Well (Source) to Wheels
Mode Tank Tank to Wheels Overall
Gasoline 81 17 14
Ha/pipeline 64 41 26
Liquefaction 48 41 20

& Calculations are based on the Argonne National Laboratory’s Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation (GREET) model. For analyses of
a variety of fuels, see results at <http://www.transportation.anl.gov/pdfs/TA/273.pdf>.
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TABLE 4-3 Cost Targets for Hydrogen Delivery and Dispensing (dollars per kilogram
of hydrogen)

Activity 2010 2012 2015 2017

Delivery from central plant to <0.90 <0.60
refueling gate
Dispensing at refueling site® <0.80 <0.40

# Includes compression and storage.

SOURCE: Based on J. Kegerreis and M. Paster, DOE, delivery technical team,
Presentation to the committee on March 1, 2007.
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FY04 FYO05 FY06 FY07 FYO08

Budget request 1.0 3.8 5.9 6.2 8.0

Pipelines 1.8

Compression 0.7

Storage 0.8

Liquefaction 1.2

Carriers 1.0

Analysis 0.7
Expenditures 0.4 2.8 1.1 4.0 (spend rate)

SOURCE: J. Kegerreis and M. Paster, DOE, “Hydrogen delivery,” Presentation to the
committee on March 2, 2007.
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Overall Assessment

MAJOR ACHIEVEMENTS AND TECHNICAL BARRIERS

When the section corresponding to this one was written for the National Research
Council (NRC) Phase 1 review, the achievements appropriately included several
nontechnical components of the Partnership, among them the then-new elements of
planning and organization that promised to help the program accomplish its major goals.
These elements are all now in place and are providing the positive results that were
expected. They are important overall program achievements but will not be revisited.

Even though some of the achievements are outcomes of earlier work, emphasis is
placed on accomplishments considered to be especially noteworthy and that were
conducted since the Phase 1 review. The following is a brief summary of achievements
and remaining barriers in several key areas.

Advanced Combustion and Emission Control

Since advanced internal combustion engine (ICE) hybrid and plug-in hybrid
vehicles can provide significant petroleum savings and emission reductions during the
transition to a more hydrogen-dominated transportation scenario, technology
advancements leading to improvements in ICE efficiencies as well as reduced tailpipe
emissions are very important to the Partnership. Accomplishments include the following:

¢ A continued deepening of the fundamental understanding of the governing
thermochemical processes that control alternative advanced combustion and
aftertreatment operation. Research efforts are now being guided through
fundamental analyses based on laboratory measurements supplemented with
advanced simulation.

e The establishment of the working group Crosscut Lean Exhaust Emissions
Reduction Simulation (CLEERS), whose membership of industry, academic,
and government researchers collaborates to guide research activities.

e Demonstrated peak thermal efficiency of laboratory engines operating at
speeds and loads corresponding to peak efficiency has increased about 2
percentage points to over 41 percent. This represents an increase of about 10
percentage points compared to current OEM engines.

e Experimental demonstration of Bin 5 emissions using a NOy adsorber and a
urea selective catalytic reduction (SCR) system.
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The technical barriers for the advanced combustion and emissions control
technologies are those of implementation, development, and cost. Specifically,

e Implementation and control of advanced combustion approaches into the
operating regime of the engine, which includes combustion mode switching
and transients.

e Developing the aftertreatment systems that will effectively couple with
exhaust gas characteristics of advanced combustion approaches and fuel
changes.

e Reducing the cost of aftertreatment systems.

Fuel Cells

There is ample evidence of steady progress in most key fuel-cell-related technical
areas, providing steady movement toward both performance and cost goals. There have
been no breakthrough achievements, with the possible exception of a novel approach to
the design and fabrication of the fuel cell membrane electrode assembly (MEA). The
design, reported by 3M, eliminates the corrosion-prone carbon support structure and
utilizes nanoscale metallic whiskers and a vacuum-deposited, thin film of catalyst. This
approach, while not yet proven, offers the potential for simultaneously increasing fuel
cell durability and reducing costs. The cost reductions would come from both a reduction
in platinum loading and a configuration much more compatible with mass manufacturing.
The performance increase would come primarily from better utilization of the catalyst.

Some other notable fuel cell achievements are these:

e The development of a reinforced membrane that improves durability with no
apparent loss in performance;

e A better understanding of catalysts, especially platinum alloys, which appear
to have the potential for bringing as much as a tenfold improvement in
activity; and

e The development of instrumentation and experimental procedures to allow
real-time observation of water distribution in cells during transient operation.

However, there remain a number of barriers to viable fuel cell stacks, including
these:

e Proven stack durability is only about one fourth of the targeted 5,000 hours.

e Cost, based on relatively proven technologies for the fuel cell system, is
projected to be about four times the 2015 target of $30/kW. Note that the
projected cost falls to about $67/kW, or about two times the target based on
the novel but as yet unproven technology mentioned above.

e There are remaining performance barriers such as start time, especially at low
temperatures.

¢ Predictable water management in the stack is critical and still difficult to
achieve under all conditions.
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e Virtually all hydrogen fuel cell vehicles are still operating on very high purity
hydrogen. It is not yet clear what levels of contaminants can be tolerated
without significant degradation of fuel cell performance or hardware lifetime.

e The membranes in the proton exchange membrane (PEM) systems are still
limited to about 85°C, resulting in thermal management issues as well as some
operational limitations.

e The impact of intake air quality on the life and durability of the
electrocatalysts and fuel cell performance under on-road operating conditions
are issues.

e There are newly recognized issues of catalyst chemical dissolution and
stability and subsequent reprecipitation within the membrane.

Onboard Hydrogen Storage

This is another area where program achievements are notable but have not yet
resulted in major progress toward storage system targets. The most significant of these
achievements is the establishment of three centers of excellence (COEs), as well as the
initiation some independent efforts. This has greatly improved the potential for isolating
materials (if they exist) that might be suitable for onboard hydrogen storage systems.

The three hydrogen storage COEs are for (1) metal hydride, (2) hydrogen
sorption, and (3) chemical hydrogen storage. The establishment of these three functional
hydrogen storage COEs is an important achievement because each has reported
substantial progress in the understanding of candidate materials. The organized and
systematic approach of the COEs, with many researchers involved in common areas of
investigation, clearly offers the best chance for success—if, indeed, suitable materials
exist.

Another notable achievement is the completion of extensive fast-fill tests for
compressed gas storage to determine the circumstances under which precooling and/or
communication between the hydrogen tank and the refueling system are needed. This is
important since filling too fast can cause gas temperatures to exceed the safe limits for
some tank materials (and components such as pressure relief devices), especially the
resins that bind the carbon fibers and create structurally sound pressure vessels.

While considerable progress has been made, there are still very imposing barriers
for achieving onboard hydrogen storage systems that will meet all targets and thus enable
mass production of fuel-cell vehicles:

e To date, all demonstration fuel cell vehicles and, apparently, all planned next-
generation fuel cell vehicles use either 350 bar (5,000 psi) or 700 bar (10,000
psi) compressed gas storage (except for a few vehicles using liquid hydrogen
storage). There is wide agreement that compressed gas storage provides little
opportunity for meeting either performance or cost targets, and liquid storage
introduces many new problems in connection with the cryogenic temperature
of —252°C (—423°F), including safety and boil-off issues. While with
innovative vehicle and interface designs, compressed gas storage can provide
a reasonable range and fill time, it does so at the expense of excessive volume,
weight, and cost. For example,
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—Carbon fibers make up more than half of the weight and cost of
compressed gas tanks, but little progress seems to have been made in
reducing the cost of these fibers below $25-$35/kg.

—Compressed gas tank temperatures are limited to about 85°C by the
materials used. This necessitates precooling of the hydrogen and/or
communication between the vehicle and the fueling station to fast-fill a
nearly depleted 700-bar storage tank.

The investigation of solid or liquid storage materials as possible alternatives to
compressed gas or liquid storage is also progressing, but with limited results to date.
Specifically,

e While much progress is being made in understanding the potential of various
materials for onboard hydrogen storage, no candidate materials have yet been
identified that can meet system performance and cost targets.

e It has become clear from the studies that most of the materials that appear to
be capable of capturing and releasing sufficient quantities of hydrogen
(hydrogen storage weight fraction) have either temperature or overall energy
requirements incompatible with efficient operation of the storage system in
conjunction with a PEM fuel cell.

Electrochemical Energy Storage

Many of the vehicle alternatives, especially plug-in hybrid electric vehicles
(PHEVs), depend on affordable high-performance batteries. The most promising
candidates seem to be lithium ion (Li ion) batteries:

e Liion batteries can meet or exceed the weight, volume, power, and cycle life
requirements for hybrid electric vehicles (HEVs).

e The development of abuse-tolerant electrodes, such as Li titanate anode
material, which is also capable of high charge/discharge rates, is an important
step for the success of these batteries.

While a great deal of progress has been made in Li ion battery technologies, there
are still significant barriers:

e Liion batteries still cost more than three times the $250/kW target.

e The durability of Li ion batteries has not been demonstrated, particularly the
15-year calendar life requirement.

e Current Li ion batteries are intolerant to abuse and could lead to safety issues.
The development of abuse-tolerant electrodes such as the Li titanate anode
mentioned above is promising in this regard but has not yet been demonstrated
at full scale.

5-4

Copyright © National Academy of Sciences. All rights reserved.



Review of the Research Program of the FreedomCAR and Fuel Partnership: Second Report

http://lwww.nap.edu/catalog/12113.html

Prepublication Copy—Subject to Editorial Correction

Safety, Codes and Standards

The development of national safety codes and standards is critical for the
widespread operation of hydrogen-fueled vehicles. Every aspect of the operation of such
vehicles, from onboard storage to refueling and even indoor parking, would be affected
adversely by inadequate, inconsistent, or nonexistent codes and standards. Further, safety
is of critical importance to maintaining support for the development of this technology. If
hydrogen or hydrogen vehicles were ever demonstrated or perceived to be unsafe, this
could be a severe blow to the FreedomCAR and Fuel Partnership.

Most of the achievements in the safety codes and standards are associated with
the establishment of panels, databases, and handbooks that did not exist or had not been
completed prior to 2005. Among the more notable are the following:

The establishment of the DOE Hydrogen Technical Advisory Committee,
whose activities are not, however, limited to safety, codes and standards.
The publication of a hydrogen materials compatibility handbook (available
online).

Creation of a compendium of permitting tools.

The formation of a hydrogen safety panel.

The initiation of a hydrogen incidents database.

The generation of hydrogen safety procedures for first responders.
Experimentation and modeling of various hydrogen release and combustion
scenarios.

The publication online of a hydrogen bibliography.

Some of the potential barriers to achieving appropriate codes and standards are

these:

There is very little in the way of a hydrogen vehicle operational database to
provide guidance.

The multitude of authorities with jurisdiction complicates the setting of
standards.

Even in the best circumstances, developing codes and standards is a very slow
process.

Vehicle Systems Analysis

The Phase 1 committee consistently recommended greater use of models,

computer ¢

odes, and analyses. These tools provide guidance in screening materials and

processes, planning test programs, and performing cost projections, as well as many other
functions. Some of the tools that have been completed or updated are the following:

Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation
(GREET). Tool for the analysis of vehicle configurations, capable of
projecting source-to-wheels regulated emissions, energy consumption, and
greenhouse gas emissions.
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e Powertrain Systems Analysis Toolkit (PSAT). Used for evaluating vehicle
technologies.

e Hydrogen Technology Analysis-Hydrogen Production (H2A Production).
Model for projecting the production costs of hydrogen under various
production scenarios.

e Hydrogen Technology Analysis-Hydrogen Delivery (H2A Delivery). Model
for projecting the costs of delivering hydrogen using various delivery
scenarios.

e Hydrogen Transition (HyTrans). Model for analyzing the transition to
hydrogen-powered transportation. It includes issues relating to customer
choice, vehicle market penetration, and governmental policy options.

e National Energy Modeling System (NEMS). General equilibrium model for
projecting the effect of government policies associated with hydrogen
production and utilization on the national economy.

e Market Analysis (MARKAL). Tool to project the impact of hydrogen
production, supply infrastructure, and use of different feedstocks.

e Hydrogen Logistics Model. Tool to develop a strategy for minimizing the cost
of delivered hydrogen by finding the most economical resources.

In addition to the tools described above, the Mobile Advanced Technology
Testbed (MATT), a valuable tool for field evaluation of vehicles, has been completed and
is in service.

Independent Cost Projections

In addition to cost projections associated with models such as H2A for the
production and delivery of hydrogen, cost projections for the following have been
completed or updated:

e Vehicle fuel cell systems. Projections were made by TIAX (an update) and
Directed Technologies, Inc. (DTI) (new).

e Compressed hydrogen onboard storage system. Projections were made by
TIAX.

e Distributed reforming of natural gas.

Hydrogen Production

Being able to produce and distribute hydrogen at a cost comparable to the costs of
petroleum-based fuels is critical for the goals of the Partnership. Nearer term, production
will probably rely on a combination of (1) distributed generation at forecourts employing
electrolysis or the reforming of natural gas or bioderived fuels and (2) distribution from
centralized sources. Longer term, centralized generation will grow because of lower costs
and will most likely become the dominant source. So far, for long-term production only
conversion of low-cost natural gas or coal has been reliably projected to cost less than
$3.00/gge. DOE has shown that the United States could sustainably produce enough
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biomass to satisfy 30 percent or more of its current consumption of liquid transportation
fuels if optimistic projections of biomass supply are met.
Some achievements in hydrogen production include

e Much better understanding of distributed generation of hydrogen and
advanced sequestration through development of the FutureGen program.

e A better understanding of and ability to project of the amounts of biomass that
could be made availabile for conversion to biofuels.

e Development of a redesigned electrolyzer with a projected reduction in cost,
from $2,500/kW to $1,100/kW.

e Design of a high-pressure PEM electrolyzer capable of operating at 2,000 psi
to eliminate a stage of compression.

e Concept for a low-cost alkaline electrolyzer with the potential to meet the
2012 capital cost target of $400/kW.

e Development of a delivery roadmap by the hydrogen delivery team.

e The completion of bench-scale testing of nuclear-based systems utilizing
thermochemical or high-temperature electrolysis by the Office of Nuclear
Energy (NE) with lab-scale testing expected to begin in September 2007.

Barriers to cost-competitive production include

e Natural gas supply and price considerations are likely to restrict its use in the
long term, as demand increases.

e The widespread use of coal depends on the availability of carbon
sequestration, which has not yet been demonstrated.

e The projected capital cost of electrolyzers, while greatly reduced, is still about
three times target values, and low-cost, nonpolluting electricity is not
generally available for electrolyzers.

e Electrolyzers do not meet efficiency and durability targets.

e The sustainable availability and cost of biomass derived fuels are highly
uncertain because of unresolved technical issues, unknowns surrounding land
and water use policies, competition for these two resources, and the need for
subsidies to stimulate commercial development.

Technology Validation

Experience teaches that the real-world operation of a system can result in
unexpected consequences for its performance or durability. Thus it is very important to
carefully monitor a technology to validate it. Two examples of such validation follow:

e DOE vehicle/infrastructure demonstration. Four teams representing 77
vehicles and 10 hydrogen stations are providing large quantities of real-world
data on the operation and performance of the vehicles and the re-fueling
operations. These data, which relate to the operation and performance of the
vehicles as well as the refueling operations, are still being collected, but data
collected so far have been presented by the National Renewable Energy
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Laboratory (NREL). Individual vehicles are not identified, but the composite
ranges of data for critical variables are presented. The data are extremely
important to researchers trying to move toward 2010 and 2015 targets.

e Department of Transportation (DOT) fuel cell bus demonstrations. Eight fuel
cell buses are in operation and are providing data continuously.

Summary

There have been many important achievements in every area of the Partnership
since the Phase 1 review, including some not mentioned here. Fuel cell technologies
continue to advance, simultaneously reducing (projected) costs while improving
performance. This provides the hope that such advances will continue until the targets are
met. Advances are also evident in modeling, analysis, materials, and depth of
understanding of the fundamental issues. Even so, there are many barriers remaining—
including some that are not only very formidable but also potential roadblocks to the
objectives of the program.

In the past, most program concerns centered on the fuel cell—indeed it is still
very problematic. However, other barriers, such as finding an appropriate onboard
hydrogen storage system, may have become more pressing. The reason is that while fuel
cell technologies are continually advancing, a breakthrough of some kind seems to be
needed to solve the storage problem.

It seems likely that the automotive original equipment manufacturers (OEMs) can
innovate enough to store sufficient compressed hydrogen onboard for a 300-mile (or
more) range, but it is not clear that this can ever be a satisfactory solution for millions of
mass-produced vehicles. The hope in this area rests, to a great extent, on the combined
talents and knowledge of the researchers at the newly established COEs to find
acceptable storage materials and systems.

Other obvious areas of great concern are the production and dispensing of enough
hydrogen to support large numbers of hydrogen-fueled vehicles.

Modeling and studies are beginning to identify the most important issues and
provide direction, but here many of the potential roadblocks are already known and many
more are sure to become known as the effort progresses. Reasonably accurate modeling is
becoming so important that in almost every area there seems to be a need for an expanded
knowledge base to allow additional analysis capabilities.

In summary, progress has been good in most areas and impressive in a few.
However, resolving the barriers already known as well as those yet to be uncovered will
clearly present major challenges.

ADEQUACY AND BALANCE OF THE PARTNERSHIP

DOE’s total FY07 budget for hydrogen-related activities (the Hydrogen Fuel
Initiative) is about $274 million, and total funding for activities relevant to the charter of
the committee is about $401 million (Figure 5-1). The detailed allocation of these funds
by main activity in the HFI is presented in Tables 5-1 and 5-2. Additional funding of
about $98 million for FY07 was provided by industry and universities as part of the
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DOE-funded research, development, and demonstration activities. Other funding and
resources from industry included about $16 million for Cooperative Research and
Development Agreements (CRADASs) supporting Partnership goals. The private sector
partners, of course, have significant proprietary programs with goals similar to those of
the Partnership. The funding for these programs is not public knowledge, but in all it is
reported to be at least twice the funding of the Partnership. The distribution of funding to
performers—universities, private industry, national laboratories, and so on—is illustrated
in Figures 5-2 and 5-3.

This level of expenditure is consistent with the priorities and recommendations of
the NRC report The Hydrogen Economy and the DOE report Hydrogen Posture Plan. It
is also consistent with the President’s commitment of $1.7 billion over 5 years (FY04 to
FYO08) in his 2003 State of the Union message (NRC/NAE, 2004; DOE, 2004). The
emphasis is on R&D related to fuel cell materials and components, hydrogen production
and delivery technology, and hydrogen storage materials. The budget also includes $50
million for basic science, which also agrees with the recommendations in The Hydrogen
Economy that call for increased emphasis on the fundamental science related to hydrogen
and fuel cell technologies. The budget also addresses the concern expressed in the NRC
Phase 1 report by the Committee on Review of the FreedomCAR and Fuel Research
Program, Phase 1 (NRC, 2005).

While hydrogen activity accounts, appropriately, for 70 percent of total program
funding, there has been a significant increase in focus and additional assets allocated to
nearer term opportunities such as HEVs, PHEVs, and advanced ICE combustion after a
dip in such spending in FY06. The committee regards this change in balance as
appropriate for three reasons: (1) It is in tune with the current national dialogue on
alternative energy; (2) it falls within the mission statement of the program; and (3) the
resulting technologies will also be applicable to increasingly electrified vehicles and
ultimately for fuel cell vehicles. (Much of the increased funding for these activities has
come at the expense of the 21st Century Truck Partnership, which is beyond the scope of
this committee).

While the committee endorses the overall size and relative allocation strategy in
the hydrogen program budget, there are five areas of concern. First, as discussed in
Chapter 2, congressionally directed activities (earmarks) continue to negatively impact
the program. The committee’s Phase 1 report expressed concern at the number of
earmarks in FY05, because they severely restricted the ability of DOE to effectively
manage the program and delayed several of its important elements. Unfortunately,
hydrogen program earmarks increased in FY06. Furthermore, for the first time, the Office
of FreedomCAR and Vehicle Technologies (FCVT) budget was also affected by
earmarks, which accounted for over 25 percent of the FY06 FCVT budget. It is
serendipitous for the FreedomCAR and Fuel Partnership that FY07 has operated under a
Continuing Resolution, in which there are no earmarks, and the committee would be
grateful if this continued to be the case in FY0S.

The second area of concern relates to the technology validation phase of the
hydrogen program. The budget for this phase steadily increased through FY07 consistent
with the deployment of increasing numbers of prototype fuel cell vehicles operating in
diverse locations around the country. As described earlier in this chapter, this fleet of test
vehicles is generating invaluable data on all aspects of hydrogen fuel cell vehicle
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operation, including the infrastructure. However, the technology validation budget
request for FY08 has been reduced by 24 percent, and this will lead to a reduction in the
number of vehicles deployed in extreme climates. The committee regrets this reduction,
for two reasons: (1) It obviously constrains shared learning and (2) it is one area where
the respective government and industry teams did not achieve consensus. The program is
clearly most effective when it operates with the consensus of all the parties. The
importance of maintaining a strong validation program cannot be overemphasized, and
the committee urges DOE to reverse the proposed reduction in funding in FY0S.

The third area of concern regarding the hydrogen program also carries over from
the committee’s Phase 1 report. While not directly within the purview of this committee,
it is generally accepted that the feasibility of large-scale carbon capture and sequestration
(CCS) essentially determines whether hydrogen can be produced from coal and/or natural
gas in a future carbon-constrained environment and consequently affects the economics
of hydrogen and its viability as a future fuel (energy carrier). Although DOE has
sponsored a large number of pilot projects to explore CCS, the committee is concerned
that the plans to monitor CO; leakage against the 99 percent retention goal are
inadequate, especially as this is such a crucial aspect of CCS programs.

The fourth area of concern relates to safety, codes and standards: While the DOE
activity in this area has increased significantly and is adequately funded, the DOT part of
the program is well behind schedule and woefully underfunded. The National Highway
Traffic Safety Administration (NHTSA) Four-Year Plan anticipated a budget of $4
million to $5 million per year, whereas current funding is only $1.4 million. It is
recommended that DOT develop a long-range hydrogen safety plan with budget
estimates and milestones to 2015 (see Chapter 2).

The fifth area of concern relates to the sustainable availability of biomass
materials for conversion to hydrogen (and other fuels), as well as water and land
requirements and the definition of subsidies that may be required. If the CCS program
(noted above) is not completely successful, then biomass sources will become crucial,
and this area deserves greater attention within the Partnership.

As noted earlier, focus and funding (shown in Table 5-3) within the vehicle
technology portion of the program have been adjusted to emphasize hybrid vehicles,
including PHEVs, and the committee endorses this emphasis. One kind of vehicle activity
that the committee is inclined to challenge once again is the materials activity. After a 6
percent increase in FY07, the budget request for FY08 proposes to increase spending on
structural materials another 12 percent, to almost $24 million, which is 19 percent of the
total FreedomCAR vehicle expenditure. The work done to date by the materials team is
excellent, but the committee continues to believe that the 50 percent weight reduction
target at zero cost penalty is unrealistic and that funds currently allocated to this activity
might be better spent elsewhere, as was suggested in the Phase 1 report.

In summary, there are five areas of concern for the Partnership, namely,
congressionally directed activities (earmarks), the size of the technology validation
program, the design of the CCS pilot projects, the status of DOT safety, codes and
standards activity, and the sustainable availability of biomass materials. The committee
strongly supports the focus and allocation of funds within the vehicle portion of the
program, with the exception of the spending on structural materials, which might be
better used for some higher priority research areas.
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Finally, the Partnership involves both short-term goals related to hydrocarbon-
fueled vehicles used during a transition period and much longer term goals aimed at a
clean and sustainable transportation energy future. The committee considers the current
split of the funding between long-term and shorter-term goals to be appropriate.
Hydrogen-related activities consume approximately 70 percent of the funds. The
remaining funds support the development of transition technologies, where cost is often
the most significant barrier, together with certain key technologies such as low-
temperature combustion and enhanced battery performance.

OVERALL RESPONSE TO PHASE | RECOMMENDATIONS

This assessment focuses on the recommendations presented in the Executive
Summary of the Phase 1 report (NRC, 2005). (See Appendix D in this report for a list of
recommendations from the Phase 1 report.) The responses of the FreedomCAR and Fuel
Partnership to the specific recommendations that were contained in Chapters 2, 3, and 4
of the Phase 1 report (Major Crosscutting Issues, Vehicle Subsystems, and Hydrogen
Production, Delivery, and Dispensing) are addressed in the corresponding chapters of this
report.

Fuel Cells and Hydrogen Storage

The following references to recommendation numbers can be found in Appendix
D. Recommendations 3-6 and 3-9 emphasized fundamental research on membrane R&D,
new catalyst systems, electrode design, and hydrogen storage. In particular, the Phase 1
report noted the risk posed to the hydrogen fuel cell vehicle program by reliance on high
pressure storage beyond the early transition period. Even with many automotive
manufacturers currently introducing fuel cell vehicles that employ high-pressure tanks,
the potential for low-pressure hydrogen storage to accelerate a hydrogen transition
remains enormous. This was a major concern in the Phase 1 report, and it remains one in
this report.

The committee recognizes the actions that the Partnership has taken to address
these fuel cell and hydrogen storage issues. It notes that they are ongoing priorities and
that their successful resolution will require that this effort extend throughout the
hydrogen transition.

Electrochemical Energy Storage for Electric Vehicles

Recommendation 3-11 proposed that high-energy batteries be given higher
priority. The Partnership concurs, and funding for breakthrough research has increased
markedly. The analyses of this committee continue to confirm the importance of battery
technology, which is essential for success of battery electric vehicle (EVs), HEVs,
PHEVs, and hydrogen fuel cell vehicles. Consider, for example, the joint announcement
on July 10, 2007, of Ford and Southern California Edison for a multiyear PHEV
evaluation and demonstration program. Toyota has also announced a PHEV collaboration
with the University of California. These programs will elicit much information about the
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performance of these vehicles in the hands of consumers and about their interaction with
the stationary electric system; however, the commercial market must await lower-cost,
high-energy batteries.

Electrical Systems and Electronics

All-electric-drive vehicles must successfully integrate the systems that manage
the flow of electric energy from its multiple possible sources (off-board connections to
the electric grid, onboard generator, regenerative braking, and so forth) to its multiple
uses (torque at the wheels, passenger comfort, battery charging, information, and so
forth). Recommendations 3-16, 3-17, and 3-18 proposed that the electrical and electronic
systems technical team coordinate the diverse research activities pertaining to electrical
systems with the aim of achieving significant cost advantages. The Partnership has
concurred and has begun that process in coordination with the DOE systems analysis
activity. The committee continues to support this electronic systems integration as a vital
strategic goal.

Hydrogen Fuel Production and Distribution

Under Recommendation 4-2, the committee called for special attention to be
directed at the transition from a fuels infrastructure built to serve ICEs to one capable of
serving a mixed fleet. In particular, the systems analysis work supporting the fuel/vehicle
pathway integration technical team should examine whether raising the cost goals for
hydrogen production during the transition period would accelerate or retard the
introduction of hydrogen fuel cell vehicles. These analyses have begun but have not yet
been completed. The committee continues to urge attention to this vital component of a
hydrogen fuel cell vehicle roll out strategy.

In Recommendation 4-3, the committee proposed greater attention to distributed
hydrogen production, including by both natural gas reforming and electrolysis, as well as
exploratory work on other distributed production options. As of this writing, DOE has
focused on electrolysis and reforming. The committee continues to suggest exploratory
research into hydrogen production at the forecourt that would use feedstocks other than
water and natural gas and that might compete successfully in a mature hydrogen
economy.

In Recommendation 4-5, the committee suggested creating a CCS subteam. In
response, the Partnership pointed out that the hydrogen production technical team has this
responsibility and coordinates closely with DOE’s Office of Fossil Energy, which
manages the CCS program for DOE. Noting the importance of this liaison, the committee
believes this arrangement can be made to work satisfactorily with ongoing management
attention. However, it remains concerned that the CCS program will not deliver results
rapidly enough to meet the key decision points in the hydrogen program.

Structural Materials

Recommendation 3-21 noted that more extensive research on carbon-fiber-
reinforced polymers and direct cooperation with the principal fiber manufacturers will be
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essential for meeting the FreedomCAR and Fuel Partnership goals. R&D on
manufacturing vehicle structures should continue. The committee appreciates the
Partnership’s emphasis on this research because of its importance as a hedge against
delays in the commercial introduction of low-pressure, on-vehicle hydrogen storage.

Recommendation 3-25 proposed a review of DOE expenditures on materials
research to see if the resources could be used in higher priority research elsewhere—fuel
cells, hydrogen storage materials or batteries, for example. DOE conducted such a review
and concluded that support for lightweight materials should not be redirected elsewhere.
In view of this program decision, the committee now recommends a review of the cost
goals for lightweight materials with the intent of gaining a more realistic understanding
of what can be achieved. The committee also continues to recommend that these funds
should for the most part be redirected to higher priority research elsewhere (see Chapter
3) except for projects that show great promise for enabling, near term and at low cost, a
reduction in mass.

Crosscutting Issues
Safety

Recommendation 2-5 recommended that the Partnership form a new crosscutting
technical team to address broad hydrogen-related safety issues. The committee further
recommended increasing resources not only from the FreedomCAR and Fuel Partnership
but also from the other participating federal agencies, chiefly NHTSA. DOE requested
the needed funds but its subsequent review of this recommendation concluded that a
separate technical team could not function as envisioned by the committee and declined
to establish a new technical team. While the committee must defer to DOE in matters of
government organization, several observations should nevertheless remain before the
management of the FreedomCAR and Fuel Partnership:

e Safety is best addressed before costly recalls must be made and the
Partnership’s reputation has been damaged;

e The Learning Demonstration Program can become an effective tool for
identifying incipient safety issues; and,

e Where the statutory responsibility requires other branches of the federal
government to become involved in hydrogen safety, DOE should exercise
leadership to ensure that these efforts are adequately supported. DOT needs to
prepare a long-range hydrogen safety plan and work to get it adequately
funded.

Public Concerns

Recommendation 2-16 recommended that DOE collaborate with the
Environmental Protection Agency to systematically identify and examine the
consequences of widespread hydrogen production and use. DOE concurred and is using

the Programmatic Environmental Impact Statement process as the backbone for this
assessment. The committee recognizes the scope and breadth of the DOE response. As
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with safety, environmental impacts are better recognized and addressed early in the
program rather than discovered after large-scale investments have been made.

Systems Analysis

Recommendation 2-2 proposed that the Partnership should use its systems
analysis capabilities routinely in all management activities—establishing goals,
evaluating trade-offs, setting priorities, and making go/no-go decisions. Recommendation
2-1 emphasized a specific element of this, the use of ongoing well-to-wheels analyses to
assess progress in the FreedomCAR and Fuel Partnership and to guide trade-offs among
goals.

DOE has concurred, and the committee recognizes the progress that has been
made since the 2005 report. The committee continues to encourage the further integration
of the systems approach into all aspects of program management, both as a guide to
effective management and as a way to communicate with the diverse set of the
Partnership stakeholders.

Strategy for Accomplishing Goals

The Phase 1 committee also recommended, following on Recommendation 2-2,
that the Partnership should perform an overall program evaluation using go/no-go
decisions and setting priorities focused on the most important goals. DOE has concurred.
Looking ahead, the committee recognizes that the future of the FreedomCAR and Fuel
Partnership beyond 2008 remains to be determined. Nevertheless, the committee
recommends that the Executive Steering Group begin a strategic planning activity that
would establish the most important objectives and ensure the means to achieve them.
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FIGURE 5-1 Estimated budget for the FreedomCAR and Fuel Partnership for the Fiscal
Year 2007 Continuing Resolution. SOURCE: Phyllis Yoshida, DOE EERE, May 31,
2007.
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FIGURE 5-2 Distribution of $268 million total funding by recipient type for the DOE

hydrogen program in FY07. SOURCE: Phyllis Yoshida, DOE EERE, November 19,
2007.
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*Other includes: SBIR/STTR, other government agencies, and various crosscutting support activities, such as the Annual Merit Review and required
EPAct studies and reports.

FIGURE 5-3 Distribution of $126.7 million total funding by recipient type for the
vehicle technologies portfolio of the FreedomCAR and Fuel Partnership for FY07.
SOURCE: Phyllis Yoshida, DOE EERE, November 19, 2007.
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TABLE 5-1 DOE Funding for Hydrogen Activities

Funding (thousand $)
Continuing Resolution
Appropriated Actual Requested
Activity FYO05 FY06 FY07 FYO08
Hydrogen production and 13303 8391 34,594 40,000
delivery
Hydrogen storage R&D 22,418 26,040 34,620 43,900
g‘z})"e“ stack component 31,702 30,710 38,082 44,000
Technology validation 26,098 33,301 39,566 30,000
Transportation fuel cell systems 7,300 1,050 7,518 8,000
Distributed energy fuel cell 6,753 939 7419 7,700
systems
Fuel processor R&D 9,469 637 4,056 3,000
Safety codes and standards 5,801 4,595 13,848 16,000
Education 0 481 1,978 3,900
Systems analysis 3,157 4,787 9,892 11,500
Manufacturing R&D 0 0 1,978 5,000
Technical/program management 535 0 0 0
support
Congr;sggnally directed 40236 42,520 0 0
activities
Total 166,772 153,451 193,551 213,000

SOURCE: E. Wall and P. Davis, “Program overview,” Presentation to the committee on
April 25, 2007.
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TABLE 5-2 Funding for the Hydrogen Fuel Initiative

Funding (thousand §)
Continuing Resolution
Appropriated Actual Requested
Activity FYO05 FY06  FYO07 FYO08
DOE
EERE hydrogen (HFCIT) 166,772 153,451 193,551 213,000
Fossil Energy (FE) 16,518 21,036 23,611 12,450
Nuclear Energy (NE) 8,082 24,057 18,665 22,600
Science (SC) 29,183 32,500 36,500 59,500
DOE subtotal 221,155 231,044 272,237 307,550
DOT 549 1,411 1,420 1,420
Total 221,704 232,455 273,747 308,975

SOURCE: E. Wall and P. Davis, DOE, “Program overview,” Presentation to the
committee on April 25, 2007.
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TABLE 5-3 DOE Funding for Vehicle Technologies Portion of the Freedom CAR and

Fuel Partnership
Funding (thousand $)
izgfopﬂa JEYO07  FY08

Activity ons Actual [Request
Hybrid electric systems 0 0 70,743

Vehicle systems 4,165 7,223 0

Hybrid and electric propulsion 41,023 64,841 0
IAdvanced combustion engine R&D 20,724 21,549 22,695
Materials technology 20,131| 21,276 23,880
Fuels technology 7,041 10,085 7,001
Technology integration 0 0 2,300

Technology introduction 1,287, 1,300 0

Innovative concepts 495 500 0

Technical/program management

support 1,188 0 0

Biennial peer reviews 495 0 0
Congressionally directed activities 0 0 0
FreedomCAR and Fuel Partnership 96,549| 126,774 126,619
Total
2 1st Century Truck Partnership 45267 45,020 29,792
Activities

SOURCE: Phyllis Yoshida, DOE EERE, June 8, 2007.
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Appendix A

Organization Chart for the U.S. Department of Energy’s Office of
Energy Efficiency and Renewable Energy (as of July 10, 2007)
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Appendix B

Biographical Sketches of Committee Members

Craig Marks (NAE), Chair, is a member of the Board of Trustees of Altarum, a not-for-
profit research firm focused on shifting health-care spending in the United States toward
systems that are centered on the value of health. For 27 years he worked at General
Motors in engineering and management positions. He subsequently became vice
president of Engineering and Technology for the TRW Automotive Sector and then Vice
President of Technology and Productivity for the Allied Signal Automotive Sector. In the
latter position he headed an automotive R&D center and was responsible for the staff
functions of manufacturing, quality, health, safety and environment, and
communications. After retiring, Dr. Marks became an adjunct professor at the University
of Michigan, with a joint appointment in the College of Engineering and the School of
Business Administration, where he helped found the Joel D. Tauber Manufacturing
Institute. He has served on a number of NRC committees including as chairman,
Committee on Review of the Research Program of the Partnership for a New Generation
of Vehicles, and chairman, Committee for the Review of the Intelligent Vehicle
Initiative—Phase 2. He is a member of the National Academy of Engineering and a
fellow of the Society of Automotive Engineers (SAE) and the Engineering Society of
Detroit. Dr. Marks holds B.S., M.S., and Ph.D. degrees in mechanical engineering from
the California Institute of Technology in Pasadena.

Peter Beardmore (NAE) was formerly director, Ford Research Laboratory, Ford Motor
Company, prior to his retirement in August 2000. His primary research interests are the
deformation and fracture of materials, including extensive research experience in metals,
polymers, and composites, and he has published over 83 technical articles. He is a
recognized international authority on composite materials and on the application of new
materials to automotive structures. His management responsibilities at Ford covered a
wide area of research activities relative to the automotive industry, including materials,
environmental chemistry, sensor technologies, automotive catalyst development, and the
application of modern analytical techniques. He is a member of the American Society for
Materials (ASM), The Metallurgical Society (TMS) of AIME, and the Engineering
Society of Detroit (ESD). He was elected a fellow of ASM in 1989 and a fellow of ESD
in 1991. In 1992, he was elected a member of the National Academy of Engineering. He
holds a B.Met. in metallurgy from the University of Sheffield and a Ph.D. in metallurgy
from the University of Liverpool.

David L. Bodde serves as a professor and senior fellow at Clemson University. There, he
directs innovation and strategy at Clemson’s International Center for Automotive
Research. Prior to joining Clemson University, Dr. Bodde held the Charles N. Kimball
Chair in Technology and Innovation at the University of Missouri in Kansas City. Dr.
Bodde serves on the board of directors of several energy and technology companies,
including Great Plains Energy and the Commerce Funds. His executive experience
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includes vice president, Midwest Research Institute; assistant director of the
Congressional Budget Office; and deputy assistant secretary in the U.S. Department of
Energy. Dr. Bodde frequently testifies before congressional committees. He was once a
soldier and served in the Army in Vietnam. He has a doctorate in business administration
from Harvard University, M.S. degrees in nuclear engineering (1972) and management
(1973), and a B.S. from the United States Military Academy.

Glenn A. Eisman is a research professor in materials science and engineering at
Rensselaer Polytechnic Institute in Troy, N.Y. He is also adjunct professor at the
graduate school of Union University (Schenectady, N.Y.); principal partner of Eisman
Technology Consultants, LLC; and managing partner of H2 Pump LLC (Niskayuna,
N.Y.). His previous positions include chief technology officer, Plug Power, Inc.;
technical leader, The Advanced Materials Program, Central Research and New
Businesses, The Dow Chemical Company; project leader, Discovery Research R&D and
Inorganic Chemicals Research, The Dow Chemical Company; and Robert A. Welch
Research Fellow, The University of Texas-Austin. Dr. Eisman has extensive experience
in R&D and product development on fuel cells, hydrogen technologies, electrochemical
engineering, physical and inorganic solid state chemistry, and new technology
commercialization and business development. He received the Inventor of the Year
Award from Dow Chemical (1993) and is a member of the Electrochemical Society. He
received his bachelor’s degree in chemistry from Temple University and a Ph.D. in
physical inorganic chemistry from Northeastern University.

W. Robert Epperly is a consultant. From 1994 to 1997, he was president of Catalytica
Advanced Technologies, Inc., a company developing new catalytic technologies for the
petroleum and chemical industries. Prior to joining Catalytica, he was CEO of Fuel Tech
N.V., a company specializing in new products for combustion and air pollution control.
Earlier, he was general manager of Exxon Corporate Research. While at Exxon Research
and Engineering Co., he was also general manager of the Synthetic Fuels Department,
where he was responsible for the engineering of commercial projects, and manager of the
Baytown Research and Development Division, where he was responsible for coal
conversion research. Earlier, he was director of the Fuels Research Laboratory,
responsible for R&D on Exxon’s fuels products. He is a fellow in the American Institute
of Chemical Engineers and a past recipient of the AIChE’s National Award in Chemical
Engineering Practice. He has authored or coauthored over 50 publications, including two
books, and has 38 U.S. patents. He has broad experience in the conversion of fossil
resources to alternative gaseous and liquid fuels, petroleum fuels, catalysis, air pollution
control, and R&D management. Since 1981, he has participated on nine committees at
the National Research Council, including the Committee on Alternatives and Strategies
for Future Hydrogen Production and Use. He received B.S. and M.S. degrees in
chemical engineering from Virginia Tech.

David E. Foster is the Phil and Jean Myers Professor of Mechanical Engineering,
University of Wisconsin, Madison, and former director of the Engine Research Center,

which has won two center of excellence competitions for engine research and has
extensive facilities for research on internal combustion engines. A member of the faculty
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at the University of Wisconsin since he completed his Ph.D., Dr. Foster teaches and
conducts research in thermodynamics, fluid mechanics, internal combustion engines, and
emission formation processes. His work has focused specifically on perfecting the
application of optical diagnostics in engine systems and the incorporation of simplified or
phenomenological models of emission formation processes into engineering simulations.
He has published more than 70 technical articles in this field throughout the world and
for leading societies in this country. He is a recipient of the Ralph R. Teetor Award, the
Forest R. McFarland Award, and the Lloyd L. Withrow Distinguished Speaker Award of
the Society of Automotive Engineers (SAE), and he is an SAE fellow and has been
awarded the ASME Honda Gold Medal. He has served on a number of NRC committees,
including the Committee on Review of the Research Program of the Partnership for a
New Generation of Vehicles. He is a registered professional engineer in the State of
Wisconsin and has won departmental, engineering society, and university awards for his
classroom teaching. He received a B.S. and an M.S. in mechanical engineering from the
University of Wisconsin and a Ph.D. in mechanical engineering from the Massachusetts
Institute of Technology (MIT).

John B. Heywood (NAE) is Sun Jae Professor of Mechanical Engineering at MIT and
director of the Sloan Automotive Laboratory. Dr. Heywood’s research has focused on
understanding and explaining the processes that govern the operation and design of
internal combustion engines and their fuels requirements. Major research activities
include engine combustion, pollutant formation, operating and emissions characteristics
and fuel requirements of automotive engines, and assessing future propulsion system
developments. He has served on a number of NRC committees, including the Committee
on Review of the Research Program of the Partnership for a New Generation of VVehicles.
He has consulted for many companies in the automotive and petroleum industries and for
government organizations. He has received many awards, from the American Society of
Mechanical Engineers, the British Institution of Mechanical Engineers, and the Society of
Automotive Engineers for his research contributions. He has a Ph.D. in mechanical
engineering from MIT, a Sc.D. from Cambridge University, and honorary doctorates
from Chalmers University of Technology (Sweden) and City University (U.K.).

Harold H. Kung is professor of chemical and biological engineering at Northwestern
University. His areas of research include surface chemistry, catalysis, and chemical
reaction engineering. His professional experience includes work as a research chemist at
E.l. du Pont de Nemours & Co., Inc. He is a recipient of the P.H. Emmett Award and the
Robert Burwell Lectureship Award from the North American Catalysis Society, the
Herman Pines Award of the Chicago Catalysis Club, the Cross-Canada Lectureship from
the Catalysis Division of the Chemical Institute of Canada, and is a Catalysis Society of
South Africa eminent visitor. He is a fellow of the American Association for the
Advancement of Science, and editor of Applied Catalysis A: General. He has a Ph.D. in
chemistry from Northwestern University.

James J. MacKenzie is a senior fellow in the World Resources Institute's (WRI’s)
Climate, Energy, and Pollution program. Prior to joining WRI, Dr. MacKenzie was a
senior staff scientist, Union of Concerned Scientists; a senior staff member for energy,
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President's Council on Environmental Quality (CEQ); and a member of the joint
scientific staff of the Massachusetts and national Audubon Societies. Much of his recent
research and analysis has focused on transportation technologies and the impact of the
transportation system on the environment. He is co-author (transportation chapter) of
Frontiers of Sustainability: Environmentally Sound Agriculture, Forestry,
Transportation, and Power Production; author of Climate Protection and the National
Interest; Oil as a Finite Resource: When Is Global Production Likely to Peak?; and The
Keys to the Car, Electric and Hydrogen Vehicles for the 21st Century. He is also co-
author of Car Trouble, a book on the impacts of cars on the American scene, and of
several major WRI reports, including an analysis of the subsidies for motor vehicles in
the United States, the impacts of global motor vehicle use on climate change, and the
effects of multiple air pollutants on U.S. forests and crops. He has also completed a
policy report exploring the linkages among the problems of climate change, air pollution,
and national energy security. Dr. MacKenzie received his Ph.D. in physics from the
University of Minnesota and completed postgraduate work at Los Alamos and Argonne
National Laboratories and MIT before joining the Audubon Society.

Christopher L. Magee (NAE) is professor, Engineering Systems Division,
Massachusetts Institute of Technology, and co-director, Engineering Design and
Advanced Manufacturing for the MIT-Portugal Program. Prior to joining MIT, he held a
number of positions at Ford Motor Company, including director, Vehicle Systems
Engineering; director, Advanced Vehicle Engineering; manager, Materials Science
Department; senior research scientist, Metallurgy Department; and executive director,
Programs and Advanced Engineering, with global responsibility for all major technically
deep areas involved in Ford’s Product Development Organization. He has expertise in
such areas as phase transformations, plastic deformation, materials strength, large-scale
collapse of engineering structures, product development, automotive design, value
engineering, and simultaneous manufacturing/product engineering. He has made
important contributions to the understanding of the transformation, structure, and strength
of ferrous materials and to lightweight materials development and implementation; he
pioneered experimental work on high-rate structural collapse aimed at vehicle
crashworthiness; and he adapted systems engineering to the modern automotive design
process. His recent research has emphasized innovation and technology development in
complex systems. He was elected to the National Academy of Engineering for
contributions to advanced vehicle development, was a Ford Technical Fellow (1996), and
is a fellow of ASM. He has a B.S., an M.S., and a Ph.D. in metallurgy and materials
science from the Carnegie Institute of Technology (now Carnegie Mellon University) and
an M.B.A. from Michigan State University.

Robert J. Nowak is a private consultant. He was a program manager at the Defense
Advanced Research Projects Agency and the Office of Naval Research. He has directed
and supported research in fundamental electrochemistry, fuel cells, batteries, capacitors,
energy harvesting, fuel processing, thermal energy conversion, micro-engines, hydrogen
storage, biofuel cells, sonoluminescence, and biomolecular motors. He recently served on
an EPRI committee to evaluate direct carbon fuel cell technologies, the NRC Committee
on Portable Energy Sources for the Objective Force Warrior, and the NRC Panel on
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Benefits of Fuel Cell R&D. He received his B.A. and M.S. degrees in chemistry from
Oakland University and his Ph.D. degree in chemistry from the University of Cincinnati.
He was a postdoctoral research associate with Professor Royce W. Murray at the
University of North Carolina at Chapel Hill and he was selected as NRC postdoctoral
fellow at the Naval Research Laboratory, where he continued his research activities in
conducting polymer electrochemistry and chemically modified electrodes as a staff
scientist and section head. Dr. Nowak received the Secretary of Defense Meritorious
Civilian Service Award in 2002 for his efforts in developing portable power sources for
the military.

Michael P. Ramage (NAE) is retired executive vice president, ExxonMobil Research
and Engineering Company. Previously he was executive vice president and chief
technology officer, Mobil Oil Corporation. Dr. Ramage held a number of positions at
Mobil, including research associate, manager of process research and development,
general manager of exploration and producing research and technical service, vice
president of engineering, and president of Mobil Technology Company. He has broad
experience in many aspects of the petroleum and chemical industries. He has served on a
number of university visiting committees and was a member of the Government-
University Industrial Research Roundtable. He was a director of the American Institute of
Chemical Engineers and is a member of several professional organizations. Dr. Ramage
chaired the recent NRC report The Hydrogen Economy: Opportunities, Costs, Barriers,
and Research Needs. He is a member of the National Academy of Engineering and has
served on the NAE Council. Dr. Ramage has B.S., M.S., Ph.D., and HDR degrees in
chemical engineering from Purdue University.

Vernon P. Roan is retired director of the Center for Advanced Studies in Engineering
and professor of mechanical engineering at the University of Florida, where he has been a
faculty member for more than 30 years. Since 1994, he has also been the director of the
University of Florida Fuel Cell Research and Training Laboratory. Previously, he was a
senior design engineer with Pratt and Whitney Aircraft. Dr. Roan, who has more than 25
years of research and development experience, is currently working as a consultant to
Pratt & Whitney on advanced gas-turbine propulsion systems. His research at the
University of Florida has involved both spark-ignition and diesel engines operating with
many alternative fuels and advanced concepts. With groups of engineering students, he
designed and built a 20-passenger diesel-electric bus for the Florida Department of
Transportation and a hybrid-electric urban car using an internal combustion engine and
lead-acid batteries. He has been a consultant to the Jet Propulsion Laboratory, monitoring
its electric and hybrid vehicle programs. He has organized and chaired two national
meetings on advanced vehicle technologies and a national seminar on the development of
fuel-cell-powered automobiles and has published numerous technical papers on
innovative propulsion systems. He was one of the four members of the Fuel Cell
Technical Advisory Panel of the California Air Resources Board (CARB), which issued a
report in May 1998 on the status and outlook for fuel cells for transportation applications.
He is currently a member of the Expert Panel on Zero Emission Vehicles for CARB. Dr.
Roan received a B.S. in aeronautical engineering, an M.S. in engineering from the
University of Florida, and a Ph.D. in engineering from the University of Illinois.
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Bernard Robertson (NAE) is president of BIR1, LLC, an engineering consultancy
specializing in transportation and energy matters that he founded in January 2004, upon
his retirement from DaimlerChrysler Corporation. 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 when Chrysler
Corporation and Daimler-Benz AG merged 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 electric, battery
electric, fuel cell, and military vehicle development. In addition, he was responsible for
regulatory analysis and compliance for safety and emissions. Mr. Robertson holds an
M.B.A. degree from Michigan State University, a master's degree in automotive
engineering from the Chrysler Institute, and a master's degree in mechanical sciences
from Cambridge University, England. He is a member of the National Academy of
Engineering, a fellow of the Institute of Mechanical Engineers (U.K.), a chartered
engineer (U.K.), and a fellow of the Society of Automotive Engineers.

R. Rhoads Stephenson is currently a technology consultant. Previously, he held a
number of positions at the Jet Propulsion Laboratory (JPL), the National Highway Traffic
Safety Administration (NHTSA), and Martin Marietta Corporation. At JPL, these
included deputy director and acting director, Technology and Applications Programs;
manager, Electronics and Control Division; deputy manager, Control and Energy
Conversion Division; and manager of the Systems Analysis Section. He also served as
associate administrator for R&D at NHTSA, and while at Martin Marietta Corporation
worked on energy conversion devices for space power. He has been a consultant to the
Motor Vehicle Fire Research Institute, has been providing peer reviews of automotive
safety issues, and has recently published a number of papers on crash-induced fire safety
issues with motor vehicles, including hydrogen-fueled vehicles. He brings extensive
expertise in vehicle safety analysis, advanced technology systems, energy conversion
technologies, and energy and environmental analysis. He has B.S., M.S., and Ph.D.
degrees in mechanical engineering from Carnegie Mellon University.

Kathleen C. Taylor (NAE) is retired director of the Materials and Processes Laboratory
at General Motors Research and Development and Planning Center in Warren, Michigan.
Dr. Taylor was simultaneously chief scientist for General Motors of Canada, Ltd., in
Oshawa, Ontario. Earlier Dr. Taylor was department head for physics and physical
chemistry and department head for environmental sciences. She serves at the Catalysis
Society, the Board of Directors of the National Inventors Hall of Fame, the DOE Basic
Energy Sciences Advisory Committee, and was formerly a member of the NRC Board of
Energy and Environmental Systems. Dr. Taylor was awarded the Garvan Medal from the
American Chemical Society. She is a member of the National Academy of Engineering
and a foreign fellow of the Indian National Academy of Engineering. She is a fellow of
SAE International and the American Association for the Advancement of Science. She
has been president of the Materials Research Society and chair of the board of directors
of the Gordon Research Conferences. She has expertise in R&D management, fuel cells,
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batteries, catalysis, exhaust emissions control, and automotive materials. She received an
A.B. in chemistry from Douglass College and a Ph.D. in physical chemistry from
Northwestern University.

Giri Venkataramanan is associate professor, Department of Electrical and Computer
Engineering, University of Wisconsin, Madison, and associate director, Wisconsin
Electric Machines and Power Electronics Consortium. Previous positions include
associate professor, Montana State University, Bozeman; visiting research associate,
Lawrence Berkeley National Laboratory; and visiting researcher, CNPq, Brazilian
National Council for Development of Science and Technology, Federal University of
Minas Gerais, Brazil. His fields of interest include electrical power conversion, AC
power flow control, design of power converters, distributed generation, power converter
architecture, and power converter packaging. Specific research projects focus on
characterization of power semiconductor devices and components, development of novel
power converters and control strategies, physical realization and packaging, mitigation of
converter-induced harmonics, and control of electromagnetic interference. He is active in
a number of IEEE technical forums, and served as chair, IEEE Montana Section. He
participated in an NRC workshop held by the Committee on Assessment of Combat
Hybrid Power Systems. He has a B.E. from the University of Madras, India, in electrical
and electronics engineering, an M.S. from the California Institute of Technology, and a
Ph.D. from the University of Wisconsin, Madison, in electrical engineering.

Brijesh Vyas is currently distinguished member of technical staff in the Nanofabrication
Research Department at Bell Laboratories—Lucent Technologies. Earlier he was the
technical manager of the Energy Conversion Technology Group at Bell Laboratories. He
also held positions at Brookhaven National Laboratory and the Technical University of
Denmark. His primary responsibility is the application of electrochemical technologies to
nanofabrication. He has been responsible for R&D of advanced materials and
technologies for high-energy batteries for portable applications and forward-looking
work on energy storage systems for standby applications including batteries, fuel cells,
flywheels, and photovoltaic devices. He has led efforts on R&D for capacitors and for
rechargeable lithium, nickel cadmium, nickel metal hydride, and lead acid batteries. In
addition he has been responsible for battery technology transfer to manufacturing and
interacted with application engineers and marketing and legal organizations. He is a
recipient of the Sam Tour award by the American Society of Testing and Materials and is
a member of the Electrochemical Society. He served on the NRC Committee to Review
the U.S. Advanced Battery Consortium’s electric vehicle battery R&D project selection
process. He holds a B.Tech. in metallurgical engineering from the Indian Institute of
Technology—Bombay and a Ph. D. in materials science from the State University of New
York, Stony Brook.

Note: NAE = member, National Academy of Engineering
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Appendix C

Presentations and Committee Meetings

1. Committee Meeting, USCAR Headquarters, Southfield, Michigan,
March 1, 2007

Opening Remarks
Larry Burns, General Motors

Perspective on the FreedomCAR and Fuel Partnership
Steve Zimmer, DaimlerChrysler
Maria Curry-Nkansah, BP

Overview of the FreedomCAR and Fuel Partnership
Ed Wall and JoAnn Milliken, U.S. Department of Energy

Vehicle Systems Analysis
Asi Perach, Ford
Lee Slezak, U.S. Department of Energy

Fuel Pathway Integration
Karel Kapoun, Shell
Fred Joseck, U.S. Department of Energy

Advanced Combustion and Emissions Control
Richard Peterson, General Motors
Ken Howden, U.S. Department of Energy

Electrochemical Energy Storage
Ahsan Habib, General Motors
Dave Howell, U.S. Department of Energy

Fuel Cells
Doanh Tran, DaimlerChrysler
Kathi Epping, U.S. Department of Energy

Electrical and Electronics

Vijay Garg, Ford

Susan Rogers, U.S. Department of Energy
Materials

Andy Sherman, DaimlerChrysler
Joe Carpenter, U.S. Department of Energy
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Onboard Hydrogen Storage
Scott Jorgensen, General Motors
Sunita Satyapal, U.S. Department of Energy

Hydrogen Production
Steve Schlasner, ConocoPhillips
Roxanne Garland, U.S. Department of Energy

Hydrogen Delivery
Jim Kegerreis, ExxonMobil
Mark Paster, U.S. Department of Energy

Codes and Standards
Jesse Schneider, DaimlerChrysler
Pat Davis, U.S. Department of Energy

2. Committee Meeting, The National Academies, Washington, D.C.,
April 25-26, 2007

Program Overview
Ed Wall and Pat Davis, U.S. Department of Energy

Systems Analysis Efforts
Fred Joseck and Lee Slezak, U.S. Department of Energy

Well-to-Wheels Analysis
Michael Wang, Argonne National Laboratory

Learning Demos/NREL Data
Keith Wipke, National Renewable Energy Laboratory
Sig Gronich, U.S. Department of Energy

Wind/Biomass Production of Hydrogen
National Renewable Energy Laboratory

Nuclear Production of Hydrogen
Carl Sink, U.S. Department of Energy

Fossil Energy Production of Hydrogen
Lowell Miller, U.S. Department of Energy

Basic Energy Science (BES)
Harriet Kung, U.S. Department of Energy
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Safety, Codes and Standards

Jay Keller, Sandia National Laboratories
Pat Davis, U.S. Department of Energy

TIAX Cost Analysis
Steve Lasher, TIAX LLC

3. Committee Meeting, The National Academies, Washington, D.C.,
June 27-28, 2007

PSAT: Status and Use for Managing the Program Tradeoffs
Lee Slezak, U.S. Department of Energy
Aymeric Rousseau, Argonne National Laboratory

Energy Storage Materials—Results of BES Workshop
Harriet Kung, U.S. Department of Energy

SBIR Activities
Ed Wall and JoAnn Milliken, U.S. Department of Energy

DOT Hydrogen Safety Activities
William Chernikoff, U.S. Department of Transportation

DOE Office of Biomass/Biofuels Production
John Ferrell, U.S. Department of Energy
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Appendix D

Recommendations from National Research Council Review of the
FreedomCAR and Fuel Research Program, Phase 1

CHAPTER 2: MAJOR CROSSCUTTING ISSUES

Determining Priorities, Milestones, and Go/No-Go Decisions

Recommendation 2-1. An ongoing, integrated well-to-wheels assessment should be
made of the Partnership’s progress toward its overall objectives of reducing the
nation’s oil dependence and introducing hydrogen as a transportation fuel, if
appropriate. This assessment should examine possible trade-offs between the
individual goals of the fuel program and the vehicle program, as well as between
short-term goals and long-term goals, and between energy sources, to guide future
research priorities and, ultimately, national transportation energy policy.

Systems Analysis and Simulation

Recommendation 2-2. The FreedomCAR and Fuel Partnership should use its
systems analysis capability routinely in the program management process,
establishing goals, evaluating trade-offs, setting priorities, and making go/no-go
decisions.

Recommendation 2-3. The FreedomCAR and Fuel Partnership should develop and
refine its models for consumer behavior during a market transition to radically different
vehicles and should also explore ways to enhance the effectiveness of its cost models.

Recommendation 2-4. The FreedomCAR and Fuel Partnership should assign
responsibility for overall program management and for the complex analyses to support
program management, such as technology assessments, goal checking, evaluating the
broader impacts of the technologies on the major problems, commercialization
assessment, and decisionmaking, among others.

NOTE: Recommendations set entirely in bold are contained in the executive summary of the
Phase 1 Report.
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Safety
Technical Teams

Recommendation 2-5. DOE should form a new crosscutting safety technical team
with a mission that includes broad hydrogen-related safety issues not only for
HFCIT but for the other DOE offices as well. The new team should incorporate the
existing codes and standards technical team as a subteam. The other offices should
assign a person to be responsible for safety and to interface with the safety technical
team. The safety, codes and standards effort needs adequate resources so that it can
accomplish the goals identified in its roadmap.

Vehicle Standards and NHTSA

Recommendation 2-6. NHTSA should begin its hydrogen R&D program in FY05 by
focusing on the effects of hydrogen releases and other potential hazards with hydrogen-
fueled vehicles as well as analyses and research to determine the right mix of system-
level and component-level standards. NHTSA should also work with other U.S. and
international safety groups to establish global standards for hydrogen-fueled vehicles.

Publication, Openness, and Safety Documents

Recommendation 2-7. DOE, USCAR, and NHTSA should prepare and maintain a
bibliography of hydrogen-safety-related reports and papers and make that information
available on their Web sites in a user-friendly manner. NHTSA and DOE should develop
investigation protocols and have investigation teams ready to visit serious incidents
anywhere.

Budget and Schedule

Recommendation 2-8. DOE should examine the budget and schedule estimates for each
of the codes and standards deliverables and also for the other safety activities of the
Safety, Codes and Standards program. To the extent that the budget and schedule are
incompatible, changes should be reflected in the next update of the roadmap.

Learning Demonstrations

Recommendation 2-9. The FreedomCAR and Fuel Partnership should continue to
develop prompt and effective channels of communication among its members to
disseminate the learning from the demonstrations. The results should also be
disseminated to supporting organizations outside the Partnership in order to promote
widespread innovation and competition. But once the learning demonstration for a project
has been carried out, the project should be reassessed to see whether further operation is
warranted.
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Recommendation 2-10. DOE management should keep the demonstration projects
focused on their primary purpose—the accumulation, analysis, and dissemination of
experience from the field. Safety should be stressed throughout the learning
demonstration program, because an accident early on could attract publicity out of
proportion to its true consequences.

Recommendation 2-11. Among the high priorities for feedback, DOE should identify
precursor incidents that point to incipient safety problems and should develop appropriate
methods for training first responders to deal with hydrogen-related emergencies.

Recommendation 2-12. The FreedomCAR and Fuel Partnership should develop
effective channels of communication among its members to disseminate lessons learned
and communicate to appropriate organizations outside the Partnership to promote in them
a culture of innovation and competition within the developing support structure.

Goals and Targets

Recommendation 2-13. The program should perform high-level systems analyses that
identify the potential, the challenges, and the specific research breakthroughs for
alternatives that could achieve the program vision without requiring a hydrogen
infrastructure, and it should use these results to help define R&D efforts and allocate
funds within DOE.

Roles of the Federal Government and Industry
Recommendation 2-14. The FreedomCAR and Fuel Partnership and USCAR leadership
should examine the effectiveness of the current process for transferring technology from
DOE projects to within-the-industry activities and develop and implement procedures
that will make such transfer as effective as possible.
FreedomCAR in the Policy Context
Recommendation 2-15. DOE should analyze the implications of alternative market
interventions for the technical goals of the FreedomCAR and Fuel Partnership. These
implications then could be included in DOE’s policy deliberations.
Environmental Impacts
Recommendation 2-16. The DOE, in collaboration with the Environmental
Protection Agency, should systematically identify and examine possible long-term

ecological and environmental effects of the large-scale use and production of
hydrogen from various energy sources.
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CHAPTER 3: VEHICLE SUBSYSTEMS
Advanced Combustion Engines and Emission Controls

Recommendation 3-1. DOE should encourage the energy industry to become involved
in establishing research parameters for the work on pure fuels that will be most relevant
to real-world fuels expected in the marketplace.

Recommendation 3-2. DOE and the energy industry should develop refinery models for
making tailored fuel blends.

Recommendation 3-3. Increased emphasis should be placed on novel emission control
technologies, and the advanced combustion and emissions control technical team should
plan for, analyze, and seek solutions for emission problems associated with emerging
fuels, fuel infrastructure, and propulsion systems.

Fuel Cells

Recommendation 3-4. DOE should broaden its collaboration with industry, academia,
and other government agencies on precompetitive, industry-wide technical issues and
solutions. Stationary fuel cell developers should be included as well. For example, DOE
could sponsor one or more conferences, workshops, debates, or forums to facilitate in-
depth interactions or it could set aside some discretionary funds that would allow
program managers to accelerate progress on promising new ideas.

Recommendation 3-5. To promote new fuel cell water and hardware imaging
techniques that could address technical barriers, DOE should enhance its existing
collaboration with the NIST Neutron Research Center. DOE should also determine
whether similar capabilities exist at the national laboratories and related academic centers
so it could capitalize on this significant analytical advancement.

Recommendation 3-6. DOE should expand activity and place a higher priority on
membrane R&D, new catalyst systems, and electrode design (with the BES
program). In particular, the national laboratories and other appropriate scientific
centers should be focused on the fundamental failure mechanisms, including a
better understanding of the chemistry, physics, and materials involved.

Hydrogen Storage
Recommendation 3-7. In view of the exploratory nature of the work and the need to
take technical risk and thereby foster discovery, DOE should check progress at
appropriate times with go/no-go decisions. In this way, new ideas are able to emerge and
the most promising approaches are adequately supported.

Recommendation 3-8. The center of excellence research model should be carefully
evaluated in parallel with peer review of the research. The committee believes centers of
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excellence are a good concept, but DOE should wait for an evaluation of the three
centers’ performance before expanding the concept to other areas of research.

Recommendation 3-9. In view of the risk posed to the entire hydrogen program by
the need for a viable hydrogen storage system, the hydrogen storage technical team
and the FreedomCAR and Fuel Partnership leadership team should report annually
to all program participants, DOE, and Congress on the state of hydrogen storage
technology worldwide relative to the goals and targets of the program.

Electrochemical Energy Storage for Electric Vehicles

Recommendation 3-10. DOE should direct more of its effort and funding for high-
power batteries for HEVs to applied and long-term exploratory research rather than
battery development.

Recommendation 3-11. A significantly larger effort and higher priority should be
placed on searching for breakthrough technology in the area of high-energy
batteries for electric vehicles.

Recommendation 3-12. In view of the potential benefits of a high-energy-density DLC
in hybrid vehicles, the energy storage technical team, in conjunction with the electrical
and electronics system technical team, should maintain an activity that explicitly
monitors progress of international DLC research programs and should consider funding
research in advanced DLC technologies.

Electrical Systems and Electronics

Recommendation 3-13. The EE technical team should play a leading role in
coordinating the specifications for the interfaces among the many vehicle subsystems,
using established standards where they exist and accelerating the development of new
ones where they are needed.

Recommendation 3-14. The EE technical team should identify the R&D path leading to
the motor cost goal, or it should reassess that goal.

Recommendation 3-15. The EE technical team should use its evaluation of the state of
the art of HEV technology to update and establish the team’s future research agenda and
goals.

Recommendation 3-16. The EE technical team should develop a process for
coordinating the diverse activities it is overseeing.

Recommendation 3-17. Integrating the electronics with the motor may well provide
significant cost advantages. The EE technical team should consider these potential

advantages and extend Table 3-6 to include aggressive targets for an integrated
system in 2010 and 2015.
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Recommendation 3-18. High-temperature power electronics and advanced thermal
management systems will significantly impact the size, weight, cost, and reliability of
the EE subsystems. FreedomCAR work in this area appears to be limited to the
application of SiC devices to the Semikron inverter. The EE technical team should
be aware of and leverage the work on high-temperature semiconductors, packaging,
and thermal management being funded by government agencies at universities,
commercial organizations, and the national laboratories.

Structural Materials

Recommendation 3-19. The only FreedomCAR effort on HSS should be careful
monitoring of outside programs with the objective of adopting novel manufacturing and
assembly methods to aluminum structures. This recommendation mirrors the previous
NRC recommendation on the PNGV program.

Recommendation 3-20. The most important aspect of the stamped aluminum program is
cost reduction, particularly for the feedstock material. Efforts in manufacturing should be
limited until progress in the cost area has been achieved.

Recommendation 3-21. More extensive research programs on CFRPs, combined
with the direct cooperation of the large fiber manufacturers, appears mandatory for
any hope of success within the program time frame. Meanwhile, R&D for
manufacturing of structures should continue.

Recommendation 3-22. Longer-term research programs in magnesium alloys should be
funded because of the weight savings these materials could offer. Cast materials should
be the primary emphasis, with limited exploratory work on wrought materials. Increased
activity in this area is highly recommended.

Recommendation 3-23. The materials technical team should provide technical materials
input to other technical teams—for example, electronics, the hydrogen on-board supply
system, magnets, motors, fuel cell structural issues—where such input would be useful.
The team has never been asked to do this, but it could be extremely useful to the overall
program.

Recommendation 3-24. The materials technical team should provide models of weight
reduction/cost trade-offs to the systems analysis and engineering team. This would help
define the singular objectives for individual systems and allow some flexibility in the
focus of cost reduction efforts.

Recommendation 3-25. Overall, since cost reduction is the main need in many of the
materials programs, the committee suspects that research activities are of somewhat
limited benefit. Thus, much of this research funding might better be expended on other
more challenging research areas, such as hydrogen storage materials, batteries, fuel cells,
and the infrastructure.
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CHAPTER 4: HYDROGEN FUEL PRODUCTION AND DISTRIBUTION

Recommendation 4-1. The committee strongly recommends that the Hydrogen
Technology R&D be fully funded at the $99 million level for the areas indicated in the
FY06 Presidential budget request to Congress.

Recommendation 4-2. DOE should pay special attention to the transition from the
current ICE fuels infrastructure to a nascent hydrogen economy. As part of this
attention, the DOE should further focus the achievements of the fuel/vehicle
pathway integration technical team by placing greater emphasis on the transition to
hydrogen in its systems analysis work and should apply its systems capabilities to
analyzing whether the cost goals for hydrogen production, established for a mature
hydrogen economy, are appropriate for the transition. Specifically, this analysis
should examine whether setting a hydrogen cost goal during the transition that is
higher than the cost goal for a mature hydrogen economy would speed or impede
the introduction of fuel-cell-powered vehicles.

Recommendation 4-3. The committee believes that significant development efforts
should be directed to distributed hydrogen production, including natural gas
reforming and electrolysis as well as exploratory work on other distributed
generation options.

Recommendation 4-4. Even closer coordination with other DOE programs would be
beneficial, including programs in the Office of Fossil Energy (FE) and the Office of
Nuclear Energy, Science and Technology (NE). Representatives from FE and NE should
be added to the fuel/vehicle pathway integration and hydrogen production technical
teams, and FE and NE should be linked closely with systems analysis efforts in the
Hydrogen, Fuel Cells and Infrastructure Technology program.

Recommendation 4-5. DOE should create a carbon capture and storage (CCS)
system subteam (under the hydrogen production team) in the FreedomCAR and
Fuel Partnership and make it part of the overall Hydrogen Fuel Initiative.

Recommendation 4-6. The goal of £30 percent precision in estimating CO, capacity
should be focused on geological storage.

Recommendation 4-7. DOE should strengthen the ties between managers of the CCS
effort at HFCIT and managers at FE by developing a specific CCS program for hydrogen
within FE. In addition, DOE should increase the shared management responsibility of
the CCS program between EERE and FE.

Recommendation 4-8. The technical teams working on hydrogen production, delivery,
dispensing, and storage should identify the unique R&D needs for hydrogen storage for

production, as well as for delivery and dispensing, that are not being adequately
addressed by the current project portfolio.
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Appendix E
Acronyms

BES (Office of) Basic Energy Sciences (DOE)
BOP balance of plant
C&S codes and standards
CAFE corporate average fuel economy
CAR Cooperative Automotive Research
CCSs carbon capture and sequestration
CFD computational fluid dynamics
CFRP carbon-fiber-reinforced polymer
CLEERS crosscut lean exhaust emission reduction simulation
CNG compressed natural gas
CO; carbon dioxide
CO carbon monoxide
COE center of excellence
CRC Coordinating Research Council
DOE U.S. Department of Energy
DOT U.S. Department of Transportation
DPF diesel particulate filter
DTI Directed Technologies, Inc.
DTT delivery technical team
E85 85 percent ethanol
EERE (Office of) Energy Efficiency and Renewable Energy (DOE)
EEA Energy and Environmental Analysis, Inc.
EPA U.S. Environmental Protection Agency
EV battery electric vehicle
FACE fuels for advanced combustion engines
FC fuel cell
FCFP FreedomCAR and Fuel Partnership
FCHEV fuel cell hybrid electric vehicle
FCVT FreedomCAR and Vehicle Technologies (program)
FE (Office of) Fossil Energy (DOE)
FFV flexible fuel vehicle
FPITT fuel pathway integration technical team
FY fiscal year
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GATE Graduate Automotive Technology Education

GDL gas diffusion layer

GFRP glass-fiber-reinforced plastic

gge gallons gasoline equivalent

GHG greenhouse gas

GREET Greenhouse Gas, Regulated Emissions, and Energy Use in

Transportation (model)

GW gigawatt

H or H, hydrogen

H2A Hydrogen Technology Analysis (model)

HAMMER Hazardous Materials Management & Emergency Response
(facility)

HC hydrocarbon

HEV hybrid electric vehicle

HFCIT Hydrogen, Fuel Cells and Infrastructure Technologies (program)

HFCV hydrogen fuel cell vehicle

HFI Hydrogen Fuels Initiative

HSS high-strength steel

HyTrans Hydrogen Transition (model)

IEA International Energy Agency

ICC International Codes Council

ICE internal combustion engine

IGBT insulated gate bipolar transistor

IGCC integrated gasification combined cycle

kg kilogram

kw kilowatt

kWe kilowatt (electric)

kWh kilowatt-hour

Li-ion lithium ion

LPG liquefied petroleum gas

LTC low-temperature combustion

M85 85 percent methanol

MARKAL Market Analysis (model)

MATT Mobile advanced technology testbed

MEA membrane electrode assembly

MOU memorandum of understanding

MPa megapascal

MSM MacroSystem Model

MWe megawatt (electric)

NAE National Academy of Engineering
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NAS National Academy of Sciences
NE Office of Nuclear Energy (DOE)
NEMS National Energy Modeling System
NFPA National Fire Protection Association
NGNP Next Generation Nuclear Powerplant
NHTSA National Highway Traffic Safety Administration
NIST National Institute of Science and Technology
NOy nitrogen oxides
NPC National Petroleum Council
NRC National Research Council
NREL National Renewable Energy Laboratory
OEM original equipment manufacturer
ORNL Oak Ridge National Laboratory
PBA (Office of) Planning, Budget and Analysis (DOE)
PC personal computer
PEIS Programmatic Environmental Impact Statement
PHEV plug-in hybrid electric vehicle
PHMSA Pipeline and Hazardous Materials Safety Administration
PEM proton exchange membrane
PM particulate matter
PNGV Partnership for a New Generation of Vehicles
PNNL Pacific Northwest National Laboratory
PRD pressure relief device
PSAT Powertrain Systems Analysis Toolkit
PV photovoltaic
R&D research and development
RITA Research and Innovative Technology Administration (DOT)
RFP request for proposal
RSPA Research and Special Projects Administration (DOT)
SAE Society of Automotive Engineers
SBIR Small Business Innovation Research
SC (Office of) Science (DOE)
SCI special crash investigation
SCR selective catalytic reduction
SCS safety, codes and standards
SER strategic environmental review
SiC silicon carbide
SMR steam methane reforming
SNL Sandia National Laboratories
SRI Stanford Research Institute
STTR small business technology transfer
SUVv sport utility vehicle
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USABC United States Advanced Battery Consortium
USCAR U.S. Council for Automotive Research
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