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I. INTRODUCTION

Developing Advanced PEM Fuel Cell Technologies
for Transportation

On behalf of the Department of Energy’s Office of
Transportation Technologies (OTT), we are pleased to
present the Fiscal Year (FY) 2000 Annual Progress Report
for the Transportation Fuel Cell Power Systems Program. In
this introduction, we briefly outline the nature, objectives,
and progress of the program, examine the technical barriers to
commercialization of the technology, and highlight the
program’s future directions. For additional information on
OTT’s R&D activities supporting the development of fuel
cell technology, the reader is referred to the FY 2000 Annual
Progress Reports on Fuels for Advanced CIDI Engines and
Fuel Cells, and Automotive Propulsion Materials.

Patrick Davis Donna Lee Ho
Program Manager Program Manager

Worldwide interest in fuel cell technology for a wide range of
applications remains very strong. The major automotive and
fuel cell companies are announcing technology
breakthroughs, development vehicles, partnerships, and new
initiatives with increasing frequency. Major energy providers
have emerged to begin addressing important fuel
infrastructure issues. The U.S. Department of Energy (DOE)
remains committed to contributing to this progress in a
significant way by supporting R&D activities that address the
most critical barriers to the introduction of commercially
viable polymer-electrolyte-membrane (PEM) fuel cell
systems.

JoAnn Milliken Nancy Garland
Program Manager Program Manager

The mission of the Transportation Fuel Cell Power Systems Program is to develop highly efficient, low- or
zero-emission automotive fuel cell propulsion systems. DOE has selected the PEM fuel cell as its leading
technology candidate because of its high power density, quick start-up capability, and simplicity of
construction.

The Program supports the Partnership for a New
Generation of Vehicles (PNGV), a cooperative research
and development partnership between the federal
government and the U.S. Council for Automotive
Research, which comprises Ford, General Motors, and
DaimlerChrysler. One of the major objectives of PNGV is
to develop a mid-size passenger vehicle capable of
achieving a gasoline-equivalent fuel economy of 80 miles
per gallon (mpg) while adhering to anticipated future
emissions standards and maintaining such attributes as
performance, comfort, and affordability. PNGV has

General Motors’ fuel-cell-powered
Precept concept vehicle.
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targeted PEM fuel cell power systems as one of the promising
technologies for achieving this objective.

The primary purpose of this report is to document the progress —
made by the DOE Transportation Fuel Cell Power Systems 4
R&D Program during FY 2000 against the R&D barriers and
tasks identified in the Office of Advanced Automotive
Technologies R&D Plan. We would be remiss, however, if we
neglected to note the advances in fuel cell technology being
made through other private and public initiatives throughout the
year. In January 2000, General Motors introduced the Precept,
its second fuel-cell-powered concept vehicle. Designed to
operate on hydrogen stored aboard the vehicle as a chemical
hydride, the Precept has a projected fuel economy in excess of 100 mpg (gasoline equivalent) and a range of
500 miles. In the fall of 1999, Ford unveiled the FC5 fuel cell vehicle, designed — unlike their previously
introduced P2000 — to operate on hydrogen extracted from methanol by means of an onboard fuel processor.

The Ford FC5 fuel cell concept vehicle.

The California Fuel Cell Partnership, a program announced last year, is continuing to generate a high level of
interest by industry and governments to accelerate the development of fuel cell vehicles. The Partnership
plans to put about 70 fuel cell vehicles — cars and buses — on the road between 2000 and 2003. Over the
past year, several new members have joined the Partnership, including DOE and the U.S. Department of
Transportation (DOT). Membership now includes six auto companies (DaimlerChrysler, Ford, Honda,
Hyundai, Nissan, and Volkswagen); two technology developers (Ballard and International Fuel Cells); seven
fuel and fuel infrastructure interests (BP, Shell Hydrogen, Texaco, Air Products, Linde AG, Methanex, and
Praxair); two transit agencies (AC Transit and SunLine), and five government agencies (California Energy
Commission, California Air Resources Board, South Coast Air Quality Management District, DOE, and
DOT). A 55,000-square-foot fuel cell vehicle headquarters and hydrogen refueling facility in West
Sacramento, California, is expected to open in the fall of 2000. Initially, up to 18 fuel cell vehicles will be
regularly driven throughout the Sacramento area to gain "real world" road experience and increase public
awareness.

The DOE Transportation Fuel Cell Power Systems Program is implemented through cost-shared contracts
with automotive suppliers and fuel cell and component developers. Furthermore, DOE national laboratories
and universities throughout the United States conduct R&D activities to increase the knowledge base and
develop enabling technologies for PEM fuel cells.
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Transportation Fuel Cell Power Systems Program Partners/Participants
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The adjacent chart illustrates the shortfall in meeting the year 2000 transportation fuel cell power system
technical and cost targets. These ambitious targets were originally established in 1994 to meet the PNGV
timeframe for production prototype vehicles in 2004. However, fuel cells are the long-term technology for
PNGV, and a great deal has been learned since the original targets were established. Therefore, DOE is

currently in the process of revising the
targets (including extension of the
timeframe) to better reflect the status of the
technology and an improved understanding
of fuel cell systems, anticipated progress,
and future PNGV fuel cell vehicle
requirements.

On the technical side are such challenging
issues as reducing component and system
costs, reducing platinum usage,
demonstrating component and system
durability, reducing system start-up time,
the availability of high-efficiency air
management subsystems, and the
availability of a suitable fuel infrastructure.
On the economic side are the issues of fuel
cell manufacturing capitalization, cost of a
new fuel infrastructure, and competition
from other technologies.

Cost ($/kW)
50
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Emissions
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Projected status (pending validation in system deliverables) vs.
technical and cost targets for a 50-kw fuel-flexible fuel cell
system operating on gasoline.
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System and Component Costs. The Arthur D. Little projection of the high-volume manufacturing cost of the
fuel cell system based on the current status of the technology ($300 per kW) is six times higher than that
needed ($50 per kW) to be competitive with the internal combustion engine. To meet the challenges of
lowering system costs, the Transportation Fuel Cell Power Systems Program strives to develop components
with lower-cost materials, more advanced manufacturing processes, and higher operating efficiency.

Platinum Cost And Supply. A preliminary analysis done by Arthur D. Little for DOE indicates that the
current platinum requirement of a fuel cell system is too high to support market penetration. The platinum
alone for a 50-kW system is currently estimated to cost $57/kW, which is higher than the DOE year 2004 cost
target for the entire fuel cell system of $50/kW. Even a 10% market penetration at the current system
platinum content would exceed current world platinum-production levels. Attainment of the year 2004 goals
for platinum use in fuel cell systems will enable large market penetration and ensure adequate world platinum
reserves. A more comprehensive study on platinum supply and cost is planned to investigate this critical
issue.

Component Durability. The durability of key components, such as membrane/electrode assemblies and fuel
processing catalysts, has not been demonstrated to 5,000 hours. Some of these components, including
automotive-type sensors and valves, are not even available yet for durability testing. Durability testing of
these components in the harsh automotive environment is critically needed. Test fleets, such as those
proposed by the California Fuel Cell Partnership, are also needed to identify component failure modes for
future development and to help establish vehicle warranties that mitigate the manufacturer’s risk.

Start-Up Time. The current start-up time for fuel cell systems, which is controlled by the fuel processor, is in
the range of 6 to 20 minutes. This does not compete well with current production vehicles and would be
unacceptable to consumers. Lengthy start-up times also have major implications for the fuel cell vehicle’s
fuel economy and emissions. Batteries could be used with the fuel cell to permit immediate operation of the
fuel cell vehicle, but the energy demand on the battery could be large (5 kWh).

Air Management. Fuel cell systems require air to operate, but the current compressors are not very efficient
in supplying air to the fuel cell, and the fuel cell is not very efficient in using it. The inefficient use of air
results in an oversupply of air delivered to the fuel cell, placing an added burden on the air compressor,
lowering the overall system efficiency, and increasing the stack size, weight, and cost. A peer review of the
technology determined that no off-the-shelf compressor technology available today comes close to matching
the DOE technical requirements for the fuel cell system. Advances in the activity of the cathode catalyst are
also needed to effectively reduce the air-supply burden on the air management subsystem.

Fuel Infrastructure. Methanol and hydrogen would be good fuels for the automotive fuel cell, as evidenced
by the use of these fuels in the early fuel cell concept cars under test by the automakers. For these and other
alternative fuels such as ethanol, significant capital investments in infrastructure will be required. Such
investments are unlikely, however, until fuel cell vehicles achieve a market penetration that can support the
investment. Petroleum-based fuels, for which an infrastructure already exists, will require the use of a fuel
processor, and may require the development of a compatible specialized fuel blend with very low sulfur and
reduced aromatics.

R&D Highlights

Researchers supporting the Transportation Fuel Cell Power Systems R&D Program continued to make
significant progress in meeting these challenges during FY 2000. Notable advances were achieved in systems
development, fuel cell and fuel-processing subsystems technology, air compressor technology, and the
development of low-cost, high-volume manufacturing processes for key components. The summaries that
follow are selected highlights of the progress made under the program.
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Atmospheric Fuel Cell Power System. During

FY 2000, International Fuel Cells (IFC) successfully
delivered a 50-kW (net) gasoline-fueled power plant

configured for system verification testing. The

laboratory power plant, designed to operate at near-
ambient pressure, consists of a fully tested 50-kW-
equivalent fuel-flexible fuel processing system (FPS)

and a 50-kW PEM stack assembly. The FPS was

tested at steady state throughout the required fuel flow
range, as well as during start/stop and transient cycles.
Demonstrated fuel conversion was 98%, with overall

fuel processor efficiency exceeding 83%. CO levels in

the reformate were consistent with required low
levels. Separate testing of the 50-kW stack

FY 2000 Progress Report

IFC 50-kW gasoline-fueled, PEM fuel cell power plant

demonstrated a gross power output of ~67 kW dc at a ready for verification testing.

stack voltage of approximately 280 V dc and a current

density of ~650 mA/cm®. Assembly and installation of the integrated power plant in the IFC test stand is
complete. Verification testing of the system will be performed once the planned checkout procedure is

complete.
g0 400°C 180°C Fuel Processor CO Clean-up Catalysts. In a major
70 A _p_metalimixed oxide inc. temp. breakthrough, Argonne National Laboratory (ANL) has
TE 60 M n.-p. metalimixed oxide after 400°C identified a nonprecious-metal/mixed oxide water-gas
Z 50| shift (WGS) catalyst that does not lose activity at
§ 20 temperatures up to 400°C and is air-stable. The cost of
g 30 this catalyst is comparable to the current low
g .0 temperature WGS catalyst, copper/zinc oxide. Although
£ . @ 0.14 wt%% P/Mixed Oxide/Alumina noble metal catalysts have desirable air and temperature
00 | | | | stability, their high cost may limit their acceptability for
14 16 18 20 22 ».  transportation applications. The nonprecious-

1000/Reactor Temp. (1000/°K)

Activity of ANL nonprecious-metal/mixed oxide
catalyst compared to that of Pt/mixed oxide/alumina.

Honeywell 50-kW CO-tolerant
PEMFC stack system design.

metal/mixed oxide catalyst has WGS activity
comparable with that of the platinum/mixed oxide at a
fraction of the cost. Although the nonprecious
metal/mixed oxide catalyst is not as active as
copper/zinc oxide, it does not lose its activity after
exposure to air at 230°C as does the copper/zinc oxide
catalyst.

CO-Tolerant PEM Fuel Cell Stack System. During
FY 2000, Honeywell (formerly AlliedSignal) made
significant advances in the development of a 50-kW
CO-tolerant fuel cell stack system. Design of the 50-kW
brassboard system, which includes the PEM stack and
the supporting gas-, thermal-, and water-management
subsystems, has been completed. The projected nominal
efficiency of the brassboard system is 45%. In
supporting stack development activities, Honeywell has
demonstrated that its cells can tolerate greater than
200-ppm CO contamination in the anode fuel gas
without appreciable performance loss; an 82-cell stack
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was successfully operated for 250 hours on CO-containing reformate. A subscale stack was also subjected to
several freeze-thaw cycles to -40°C without damage. A 10-kW (112-cell) class stack containing composite
bipolar plates with a new flowfield design demonstrated lower stoichiometry capability, a 13% increase in
active cell area, and substantial improvements in weight (specific power of 0.87 kW/kg), volume (power
density of 1.6 kW/L), and manufacturability.

Optimized Electrodes for Reformate/Air Stacks. Los Alamos National Laboratory (LANL) is working on
electrode optimization to achieve maximum performance in PEM fuel cells under conditions appropriate for
reformate/air operation. One very important aspect of this work is the identification of new catalysts and
operating conditions that improve the tolerance of the PEM fuel cell to CO in reformate fuel from a fuel
processor. During FY 2000, a 500-hour life test

50

of a 50-cm? cell demonstrated tolerance to 100
0 500 frs. ppm CO. Stable cell performance with 500
2 W ppm CO in reformate was also achieved in a
g 100-hour test with an advanced PtRu catalyst.
£ Significant progress was also made towards the
§ 2 R&D goal of improved performance at high
3 _ _ 1@ L5 soen cell voltages. LANL demonstrated that stable
10 L A e bt ecoetcores anote || N1135, s00m? performance of 0.4 A/cm? at 0.8 V could be
Cathode: 0.3 mg Pticm?, Single-Sided E-TEK V2.22 Precses'gzﬁ&gopge achieved with neat hydrogen as a fuel.
o , i Although there is still a need to lower the
0 2000 e 0 600 required catalyst loading and operate on the
reformate, this does represent a substantial first
Life test of cell with reconfigured anode exposed to step on the road to simultaneously achieving
100 ppm CO in simulated reformate (4% air bleed). acceptable performance and high-voltage
efficiency.

High-Volume Electrode Production. During FY 2000, Southwest Research Institute (SwRI) teamed up with
W. L. Gore and Associates, a leading supplier of MEAs for PEM fuel cells, to develop a high-volume pilot
manufacturing process for electrode material, a crucial (and currently costly) element in the high-volume
production of fuel cell MEASs. The key component of this process is a vacuum coating unit with the capability
to produce millions of square feet of high

performance, ultra-low-Pt loaded electrodes per 1 rotive areatom 292
year. SWRI is acquiring electrode substrate 09 Hy/Air stoich.:1.5/2.5
materials, membranes, and reference MEAs that B ) 08
utilize technology from W.L. Gore and s 081

Associates; these items will be used by SwRI for S o

MEA assembly and benchmarking. The g Cilepresston-molded
objective of the project is to demonstrate the = 061

production levels necessary to achieve MEA © o5l e

production costs below $10/kW. Specific power = cell2

values approaching 5 kW/g of platinum on o4t |3 njection-molded

hydrogen have been achieved by utilizing the 03 ‘ ‘ | | ‘ |

new technology, represents progress toward the 0 250 500 750 1000 1250 1500 1750 2000
DOE year 2004 performance target of 5 kW/g of Current density (mA/cm?)

platinum for operation on gasoline reformate. Characteristic cell performance of Energy Partners’ injection
Ultra-low loadings as low as 0.001 mg/cm?® have vs. compression molded plates.

been demonstrated in the laboratory with catalyst
uniformity within 5% achieved across 15-cm
widths of material. Work continues to further
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optimize catalyst composition and reduce precious metal content, with a target of less than 0.10 mg/cm®
thought to be achievable.

Low-Cost Bipolar Plate Development. Research at Energy Partners is contributing to a reduction in stack
component costs through the development of a high-speed injection molding process (patents pending) for
composite graphite bipolar plates. Composite bipolar plates are currently injection-molded, with cycle times
of less than 20 seconds; with proper tool design, the projected cycle time is reduced to about 10 seconds.
Energy Partners’ thermoplastic technology has the potential to greatly reduce cycle time and processing cost
(<$10/kW), improve hydrolytic stability and corrosion resistance, and allow for material recycling. Injection-
molded blank plates (500 cm?) with machined flow fields were evaluated in a fuel cell stack and compared
with the performance of cells containing Energy Partners’ compression-molded plates (performance similar to
that of cells using POCO graphite plates). Although the polarization curves for a four-cell stack were slightly
lower for the injection-molded plates than for the compression molded plates (corresponding to the higher
conductivity of the compression-molded plates), work in progress at Energy Partners indicates that
optimization of the formulation and compounding process will improve the conductivity of the injection-
molded plates.

Future Directions

Although substantial progress was made during FY 2000 toward meeting the technical targets for fuel cell
systems for light-duty vehicles, significant technical and economic challenges remain before fuel cell vehicles
will achieve significant market penetration. As we move forward, we will continue to work with our
government and industry partners to address these challenges. We will also increase our cooperation with
DOE’s PEM Fuel Cells for Buildings and Hydrogen Programs to maximize the synergy with these programs.
In developing our future R&D plans, we will put less emphasis on system integration and full-scale stack
development because industry has the capability to carry this effort forward. Our future R&D will focus on
addressing the most critical issues of cost, durability, and performance of materials, components, and
enabling technologies. This is expected to include new work on high-temperature membranes and MEAs with
higher activity cathodes and CO-tolerant anodes; advanced fuel processors and water-gas shift catalysts that
represent a significant improvement over the state-of-the-art; new compressor/expander technologies; and
advanced components including sensors for fuel cell power systems (both chemical and physical), heat
exchangers, and devices to enrich the oxygen and hydrogen content in on-board fuel cell feed streams. During
FY 2000 we held two workshops to define R&D needs and technical targets: sensor needs for CIDI engines
and fuel cells, and basic and applied research needs for PEM fuel cells. The proceedings of these workshops
can be found on the World Wide Web at http://www.ott.doe.gov/oaat/library.html.

During FY 2001, researchers at Pacific Northwest National Laboratory will continue to develop microchannel
fuel processor technology, which has the potential to substantially reduce the cost, size, and weight of this
critical subsystem. Southwest Research Institute and 3M will continue the development of low-cost
automated industrial processes for the manufacture of PEM electrode and membrane/electrode assemblies.
PEM Plates will continue the development of a bipolar plate compression molding process to substantially
reduce cost. Argonne National Laboratory will continue to develop fuel processing and water-gas shift
catalysts to improve the performance of fuel-flexible fuel processors. Los Alamos National Laboratory will
continue to develop improved electrodes for reformate/air fuel cells, as well as CO cleanup technology for
fuel processors. We are also looking forward to the testing of stack subsystems from Energy Partners and
AlliedSignal and integrated systems from Plug Power and International Fuel Cells. Through these efforts and
other related projects, researchers in the Transportation Fuel Cell Power Systems R&D Program will continue
to achieve improvements in cost, durability, efficiency, and overall system performance, allowing us to move
closer to the commercial availability of fuel cell vehicles.
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The remainder of this report presents project abstracts that highlight progress achieved during FY 2000 under
the Transportation Fuel Cell Power Systems Program. The abstracts summarize both industry and national
laboratory projects, providing an overview of the work being conducted to overcome the technical barriers
associated with the development of fuel cell power systems. Each project abstract identifies the related
barriers in the Office of Advanced Automotive Technologies R&D Plan.

Patrick Davis JoAnn Milliken

Do e Ho Taneg . Y anfand

Donna Lee Ho Nancy Garland

Program Managers

Energy Conversion Team

Office of Advanced Automotive Technologies
Office of Transportation Technologies
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Il. FUEL CELL POWER SYSTEM DEVELOPMENT"

A. Atmospheric Fuel Cell Power System for Transportation

Murdo J. Smith

International Fuel Cells

195 Governor’s Highway

South Windsor, CT 06074

(860) 727-2269, fax: (860) 727-2399, e-mail: smithmu@ifc.utc.com

DOE Program Manager: Patrick Davis
(202) 586-8061, fax: (202) 586-9811, e-mail: patrick.davis@ee.doe.gov

ANL Technical Advisor: Walter Podolski
(630) 252-7558, fax: (630) 972-4430, e-mail: podolski@cmt.anl.gov

Contractor: International Fuel Cells, South Windsor, Connecticut
Prime Contract No. DE-AC02-99EE50567, October 1999-November 2002

Objective

The objective of this contract is to deliver to the U.S. Department of Energy (DOE) a 50-kW-equivalent gasoline
fuel processing system and a fully integrated, gasoline-fueled, 50-kW polymer electrolyte membrane (PEM) power
plant for functional demonstration testing. The fuel processing system will utilize fuel-flexible reforming technology
that can be modified to accommodate such fuels as methanol, ethanol, and natural gas. Demonstration testing of
each of the units will be performed at International Fuel Cells (IFC). After IFC’s testing, the PEM power plant will
be delivered to Argonne National Laboratory (ANL) for additional operational tests by DOE.

OAAT R&D Plan: Tasks 5, 8, and 11; Barrier J

Approach
e Build and test autothermal fuel processor.
e Build and test an ambient-pressure integrated power plant.

Accomplishments

e Delivered and tested a 50-kW-equivalent gasoline fuel processing system.

e Delivered and tested a 50-kW PEM cell stack assembly for incorporation into the integrated power plant.
e Delivered a 50-kW integrated power plant configured for system verification testing.

Future Directions
e Complete verification testing of the 50-kW PEM power plant at IFC.
e Deliver the power plant to DOE for follow-on testing at ANL.

! The DOE technical targets for integrated fuel cell power systems can be found in Table 1, Appendix B.
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Introduction

International Fuel Cells is committed to the
commercialization of PEM fuel cell power plants for
transportation applications. We have in place a
program that addresses technology development and
verification for each of the necessary components
and subsystems, and ultimately for the fully
integrated power plant itself. The focus of IFC’s
program is an ambient-pressure PEM power plant
system operating on gasoline fuel and delivering
50-kW net direct-current (dc) power to the
automotive electrical system.

Project Deliverables

Under the contract, IFC will deliver to DOE a
50-kW-equivalent gasoline fuel processing system
(FPS) and a 50-kW PEM power plant.

Planned Approach

Fuel Processing System

Assembly of the gasoline fuel processing system
(FPS) deliverable was completed in December 1999.
The FPS consists of a fuel desulfurizer, an
autothermal fuel reformer, a shift converter, a
selective oxidizer, and the balance-of-plant
equipment and controls necessary to operate the
system. The FPS is sized to provide sufficient
hydrogen to meet the requirements of the PEM fuel
cell for generating 50 kW of dc electrical power. The
objective of the FPS test program was to verify that
the operation of the integrated FPS system met the
power-plant requirements.

Figures 1 and 2 are photographs of the delivered
FPS test article. The locations of the major FPS
components are identified.

The FPS was tested against a specific test plan,
using gasoline with the characteristics of California
reformulated gasoline (RFG) II. The program
included steady-state performance demonstrations
throughout the required fuel flow range, from idle to
rated power conditions, as well as start/stop and
transient cycles. Figure 3 illustrates steady-state
hydrogen production as a function of gasoline flow.
Demonstrated fuel conversion was 98%, with overall
fuel processor efficiency exceeding 83%. The FPS
efficiency is the ratio of energy delivered by the FPS
in the form of hydrogen (LHV 51,574 Btu/Ib) to the
energy delivered to the FPS in the form of gasoline

10
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(LHV 18,900 Btu/Ib). Exit CO levels were Stack performance on reformate is presented in

consistent with required levels. Figure 6, which shows stack voltage and power
output as a function of current density.

50-kW Power Plant Figure 7 is a photograph of the fully integrated

power plant in the process and control (PAC) test
configuration. In this configuration, the power-plant
system is complete, with the exception of the power
subsystem (which is not included). Initial testing is
performed without the power subsystem to allow
tuning the controls and components without
affecting the cell stacks. Assembly of the unit, which
weighs 1,550 Ib and has a volume of 30 ft*, was
completed in May 2000. It has been installed in the
test stand at IFC and is undergoing a planned
checkout procedure. When the procedure is
completed, the power subsystem will be installed
and verification testing of the complete power plant

Figure 4 provides a schematic of the gasoline
fuel cell power plant. The major subsystems include
the fuel processing subsystem, the power subsystem,
and the balance-of-plant. The balance-of-plant
includes the thermal management subsystem, the air
and water subsystems, and the controller and
associated electrical equipment.

The 50-kW power subsystem was assembled
and acceptance tested as a separate component.
Figure 5 is a photograph of the power subsystem
after successful completion of the acceptance test.
As shown, the power subsystem comprises two
25-kW PEM ambient-pressure cell stack assemblies.

FPS CSA
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Tow ™ | CELL STACK | bC
AUTO- TEMPSE{'T@‘ITURE SELECTIVE POWER
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Figure 4. Power-plant schematic.
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Figure 6. Power subsystem performance.

Figure 5. 50-kW power subsystem.
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will be performed. The efficiency of the power plant Conclusions

will be determined during the testing program. IFC is committed to the commercialization of

PEM fuel cell power plants for transportation
applications. The focus of IFC’s program is an
ambient-pressure PEM power plant system operating
on gasoline fuel. The assembly and testing of a
50-kW equivalent fuel processing system was
completed. The test results confirmed that the
operation of the FPS system met the power-plant
requirements. A 50-kW power subsystem was also
assembled and acceptance tested as a separate
component. The fully integrated power plant
configured for system verification is now
undergoing testing. Following the verification test,
the power subsystem will be installed and
verification testing of the complete power plant will
be performed.

Figure 7. 50-kW gasoline-fueled power plant.

B. Pressurized Fuel Cell Power System for Transportation

William D. Ernst

Plug Power, LLC

Latham, NY 12110

(518) 782-7700, fax: (518) 782-7914, e-mail: William_Ernst@plugpower.com

DOE Program Manager: Donna Lee Ho
(202) 586-8000, fax: (202) 586-9811, e-mail: donna.ho@ee.doe.gov

DOE Program Support: Larry Blair
(202) 586-0626, fax: (202) 586-9811, e-mail: larry.blair@ee.doe.gov

ANL Technical Advisor: Walter Podolski
(630) 252-7558, fax: (630) 972-4430, e-mail: podolski@cmt.anl.gov

Contractor: Plug Power, Inc., Latham, New York 12110
Prime Contract No. DE-FC02-97EE50472, September 30, 1997-December 31, 2000
Major Subcontractor: Nuvera Fuel Cells, Cambridge, Massachusetts 02140

Objectives

« Research and develop a fully integrated fuel cell system that operates on common transportation fuels (gasoline,
methanol, ethanol, and natural gas) for automotive applications.

e Deliver a fully integrated, 50-kW, (net) system consisting of a polymer electrolyte membrane (PEM) fuel cell
stack, with balance-of-plant components, and a 50-kW, (net) fuel-flexible reformer.

12
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OAAT R&D Plan: Tasks 5, 8, and 11; Barriers A-H and J

Approach
The integrated fuel cell system is being pursued in four phases:

Phase I: Define overall system; build and demonstrate a 10-kW, system.
Phase Il: Develop components for 50-kW, system.

Phase Il1: Integrate all components into 50-kW, brassboard system.
Phase IV: Build and test integrated 50-kW, power system in a test stand.

Accomplishments
e Built 50-kW, (net) brasshoard fuel cell power subsystem, using commercially available components.
« Achieved functional operation with simulated reformate.

e 50-kW, (net) fuel cell and fuel processing subsystems are built, characterized, and ready to be integrated with
each other.

Fuel Cell Power System

(including fuel processor, stack and auxiliaries; excluding gasoline tank and DC-DC converter)

Characteristic Status DOE Technical Target
Net Power (kW,) 50 50
Energy Efficiency @ 25% Peak Power (%) 40 (predicted) 40
Power Density (W/L) 250 (predicted) 250
Specific Power (W/kg) 250 (predicted) 250
Durability (hours) 2000 (predicted) 2000

Future Directions
e Integrate fuel cell subsystem with fuel processor subsystem.

e During integration, gain experience with compressor/motor/expander unit (CMEU) integration, water balance,
system control strategy, and power distribution.

e Onthe basis of integration experience, develop an integrated system with increased fuel cell and fuel processor
efficiency and improve overall system power density.

«  Design, build, and test a highly integrated, 50-kW, gasoline-powered fuel cell system (Phase 1V).

Introduction

The goal of Phase | of this program is to develop
fundamental knowledge about the individual
components in the fuel cell system, culminating in
the integration of a 10-kW, (net) PEM fuel cell stack
with a partial oxidation fuel processor. Phase Il is
the development of components at the 50-kW, level,
followed by brassboard system integration of the
various components in Phase I11. Phase 1V will
consist of building a fully integrated, compact
50-kW, system that incorporates the results of

13

Phase 11 testing; this system will be used for
performance and emissions testing.

Phase | was completed during fiscal year (FY)
1998, and Phase 11 was completed during FY 1999;
Phase I, currently in progress, will conclude with
the integration of Plug Power’s 50-kW (net)
brassboard system with a 50-kW, (net) fuel
processor brassboard system developed and built by
Nuvera Fuel Cells (formerly known as ADL/Epyx).
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Approach

Components developed during Phases | and 11
have been integrated into a 50-kW, brassboard
system, but the system has not run in an integrated
mode. In Phase 11, the fuel cell subsystem and fuel
processor subsystem, built on individual skids, will
be connected together. The interface points between
the fuel cell stack subsystem and the Nuvera fuel
processor subsystem have been identified for the
integrated system design. At each interface point, the
necessary fluid state, flow, and thermal conditions
have been defined. The overall system operating
strategy has also been established. The key points
are that (1) the operating pressure varies from
3.1 atm at maximum power to 2.2 atm at one-fourth
power, (2) the closed-loop water management
system will be simulated by totaling water generated
and water consumed, and (3) fully saturated
reformate will be provided to the fuel cell stack. The
net effects of these conditions are maintenance of
water balance within the system and improved
power density.

The philosophy in building the Phase IlI
brassboard system was functionality first, efficiency
and emissions second. Size and weight were not as
high of a priority in the design. A conservative
design approach was taken, and additional hardware
(valves, instrumentation, and filtration) was included
in the Phase 111 design to facilitate thorough
characterization of the system. The additional items
increase the pressure drop of the entire system,
leading to a higher parasitic load from the CMEU.
(See Figures 1 and 2.)

Figure 1. Phase Il brassboard fuel cell system, photo.
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Figure 2. Phase Il brassboard fuel cell system,
schematic.

Results

Stand-alone operation of the fuel cell brassboard
system has been achieved with simulated reformate.
(See Figure 3.) Operation of auxiliary systems and
components by direct-current (dc) power from the
stack has been demonstrated. A battery charging and
regulation system is incorporated into the brassboard
system to provide independent start-up capability.
Due to the power requirements of the CMEU, start-
up power for the unit (during fuel processor warm-
up) will be provided by a lab power supply.

The control system utilizes a dc-powered,
embedded computer to carry out control functions
and an integrated, but separable, PC to provide
operator interface. Closed-loop flow control is
provided by either user-entered flow rates or by
system power demand (load following). The fuel
processor controls reformate flow on the basis of
fuel cell demand. CMEU speed determines air flow
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Figure 3. Performance of two Phase Il stacks with
simulated reformate.
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for the entire system. The fuel processor
independently controls air flow to its system by
taking the air that it needs from the CMEU supply.
Stack operating pressure is set by expander
operation, in conjunction with back-pressure control
valves (used to provide balancing adjustments).

The CMEU has offered its own set of
challenges. Foremost, the unit’s power consumption
is greater than originally planned, primarily because
of the increased system pressure drop caused by the
addition of filters, control valves, check valves, and
instrumentation. To overcome these pressure drops,
Plug Power had to retrofit the CMEU with a larger
motor and associated controller and power supply.
Corrosion of the aluminum components within the
CMEU was overcome by choosing different coatings
for the internal components.

Improvements to stack hardware were made to
better meet the requirements of the PRDA system
for Phase 1V. Notable improvements include an
increase in the active area by 30%, simplification of
the endplate and closure mechanism, elimination of
contact between the collector plates and the fluid
streams, and incorporation of improved alignment
features. The net results of these hardware
modifications include an increase in power density
by 20% at the full power operating point, a 10%
increase in plate utilization, a 15-kg reduction in
stack weight, shorter stack assembly time, and
reduced stack cost.

Conclusions and Future Work

The remainder of this program will focus
primarily on systems integration and operation.

During the integrated testing, we plan to
quantify the effects of reformate saturation level,
pressure, and temperature on system performance.
The relationship between water balance and
operating pressure will be evaluated. Once an
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effective operating strategy has been developed,
control valves will be eliminated from the system.
(We expect to control flows and back pressures
entirely with the CMEU, thereby enabling the
elimination of valves.) An important goal is to
reduce system pressure drop by 50%.

Upon completion of Phase 11 testing, Phase IV
design and development will commence. Test results
from Phase 111 will be used to optimize selection of
the components to be used in Phase IV. The Phase
IV system will utilize a single design (one set of
schematics) and will be built on one compact skid.
Upon completion of qualification testing at Plug
Power, the Phase IV system will be delivered to
Argonne National Laboratory.
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Objective

To develop an independent cost model for polymer electrolyte membrane (PEM) fuel cell systems for transportation
applications and to assess cost reduction strategies for year 2000 to 2004 development programs.

OAAT R&D Plan: Task 8; Barrier J

Approach

« Inthe first year, develop a baseline system configuration and cost estimate based on best available and projected

technology and manufacturing practices.

« Inthe second year, assess the impact of potential technology developments on system cost reduction.

e Inthe subsequent four years, update the baseline cost model and system scenarios annually, based on
assessments of developments in PEM fuel cell (PEMFC) system technologies and manufacturing processes.

Accomplishments

< Baseline system configuration developed, in conjunction with Argonne National Laboratory.

»  Baseline cost model and cost projection of $300/kW at high volume production developed and report prepared

for distribution to the fuel cell community.

e  Results of study presented to National Research Council (NRC) review committee, Partnership for a New
Generation of Vehicles (PNGV) Fuel Cell Technical Committee, and technical conferences, including the
Future Car Congress. Constructive feedback on revisions to the model have been obtained through these

discussions about basic assumptions and system performance targets.
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Develop projections of future system performance and cost on the basis of continued industry feedback and
projected technology developments. Projections of future system performance and cost include, at a minimum, the

following scenarios:

e Anincrease in ambient temperature to 120°F resulting in an increase in the size and weight of heat exchangers.

« A stack optimized for high power output (higher current density, but lower cell voltage) resulting in a less

efficient but smaller and less costly stack system.

«  System hybridization (fuel cell/battery) and the subsequent dependence of system cost ($/kW) on rated power.

e Effect of total pressure on system cost to determine if technical targets can be met at an operating pressure of 2

or 2.5 atm.

«  Effect of a high temperature membrane (150°C) on system design and cost.

Introduction

A baseline cost estimate for a 50-kW PEM fuel
cell system for passenger vehicles was developed on
the basis of technology available in the year 2000,
but using a high production volume scenario
(i.e., 500,000 units per year). The baseline system
cost estimate presented here is the first step in a
multiyear program to assess the impact of
technology advances on system cost and to monitor
progress over the next four years. In 2000, we will
be soliciting feedback from system developers and
original equipment manufacturers (OEMs), as well
as identifying cost reduction opportunities.

Table 1.

Allocation of components between subsystems.

Approach

The first step in the construction of the baseline
cost analysis was to conduct a technology
assessment to define a plausible configuration and
realistic operating parameters. Table 1 shows how
the various components were allocated to the fuel
processing and fuel cell subsystems, as well as
miscellaneous components. To meet the PNGV
goals, an overall system efficiency above 35% and
water self-sufficiency were required; these
conditions strongly influenced the design and
specification of the system, as shown in Figure 1.
System efficiency was the major driver in specifying
and developing the system parameters shown in
Table 2.

Fuel Processor Subsystem

Fuel Cell Subsystem Balance-of-Plant

Reformate Generator Fuel Supply
Autothermal Reformer (ATR) | » Fuel Pump
High-Temperature Shift (HTS) | « Fuel Vaporizer
Sulfur Removal
Low-Temperature Shift (LTS)
Steam Generator

Air Preheater

Steam Superheater

Reformate Humidifer

Reformate Conditioner
¢ NHs;, Removal

e PROX Water Supply
« Anode Gas Cooler e Water Separators (2)
e Economizers (2) » Heat Exchanger
< Anode Inlet Knockout Drum e Steam Drum
e Process Water
Reservoir

Fuel Cell Stack (Unit Cells)
Stack Hardware

Fuel Cell Heat Exchanger
Compressor/Expander
Anode Tailgas Burner
Sensors and Control Valves

Start-up Battery
System Controller
System Packaging
Electrical

Safety

* Sensors and Control Valves for each section
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Figure 1. Block diagram of overall system.
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Table 2. Important system parameters and design goals.
System Requirements Fuel Cell Module
« Fuel Flexible (gasoline) e 50-kW (net)
» System Efficiency >35% 0 300V @ full power
« Water self-sufficiency « 80°C
e 3-atm operation « Reformate fuel

Turbocompressor/Expander

Fuel Cell Stack

0.8 V per cell

310 mA/cm? current density
One cooling plate per cell
Total power, 56 kW,

e 85% H,, utilization

I

» Specified by DOE

00 Established during technology assessment

The factory cost estimate of the fuel cell system
and components presented in this paper includes
fixed and variable manufacturing costs, but it
excludes corporate expenses (e.g., research and
development, sales, marketing, general and
administrative) and profits. A bottom-up
manufacturing model, identifying critical
manufacturing operations, was used to estimate the
cost of major fuel processor and fuel cell
components. The cost of the balance of the system
components (e.g. heat exchangers, control valves,
sensors) is based on discussions with potential
suppliers. However, many of the components needed
in the system (such as valves and sensors) are not
readily available and will have to be developed.
Others are available but will likely require redesign
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for high-volume manufacturing. In those cases, the
costs in the model are based on Arthur D. Little’s
best estimates.

Results

The model results indicate that the overall
system cost for the baseline year 2000 is $14,700 (or
$294/kW). As shown in Table 3, the cost of the fuel
cell subsystem represents 60% of the overall system
cost; the fuel processor subsystem, about 30%; and
the balance-of-plant and assembly, the remaining
10%.

The fuel cell stack represents approximately
80% of the fuel cell subsystem cost, while the
integrated tailgas burner ($460), compressed air
supply ($860), and stack cooling system
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Table 3. Breakdown of cost by major subsystems (50-kW, net, 500,000 units/year).

Cost ($/kW)
PNGV Goals
Factory Cost Percent Total Baseline
Subsystem (%) (%) Model Year 2000 | Year 2004

Fuel Cell 8,850 60 177 100 35
Fuel Processor 4,310 29 86 30 10
Balance-of-Plant 500 3 10 Not listed separately in
Assembly 1,040 8 21 PNGV goals

Total 14,700 294 150 | 50

($480) make up the balance. Within the fuel cell
stack (Table 4), the precious metal content in the
membrane electrode assemblies (anode — Ru/Pt
0.2/0.4 mg/cm?; cathode — Pt 0.4 mg/cm?; total of
180 grams of Pt per stack) makes up 35% of the
stack cost.

Most of the fuel processor costs are in the
reformate generator (which includes the
reformer/shift reactor and associated heat
exchanger), the reformate conditioning system
(preferential oxidizer, or PROX, reactor), and steam
generator, as indicated in Table 5. In the fuel
processing system, thermal, water, and steam
management, controls, and packaging contribute
70% to the overall cost of this subsystem.
Consequently, in addition to advances in catalyst
technology needed to reduce bed size and improve
catalyst life, improved system design and
engineering will be required to reduce the cost of
peripheral systems in the fuel processor.

In the high production volumes assumed for the
cost modeling, materials and purchased components
make up approximately 80% of the total factory
cost.

The estimated power density for the baseline
system is approximately 80 W/kg. Table 6 provides
a breakdown by major subsystem. The total weight
includes 110 kg for components included in the
balance-of-plant.

Conclusions

Specification of high-efficiency operation
(i.e. 0.8 volts per unit cell) and the resulting modest
power density, 250 mW/cm?, are major factors in the
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high fuel cell stack cost. If the stack were optimized
for high power output instead, the stack cost would
be significantly reduced (perhaps by as much as
half). Operation at high power lowers the unit cell
voltage but increases the current density, resulting in
a net decrease in fuel cell materials. The active
volume is approximately inversely proportional to
the power density. Revisions to the design
guidelines are now being considered and will be
incorporated into the model as appropriate.
Calculations based on a drive cycle will lessen the
impact on estimated system efficiency of a lower
unit cell voltage at rated power.

Thermal and water management components
contribute approximately 20% to the baseline system
weight of 600 kg. Design of heat exchangers for
higher ambient temperatures (e.g., 120°F) and lower
fuel cell unit voltages will further increase this
percentage and the weight of the heat exchangers.
Consideration of higher fuel cell operating
temperatures (e.g., through membranes operating at
150°C) will reduce heat exchanger weight and
volume.

In our development of costs for many of the
purchased components, such as heat exchangers,
sensors, valves, controllers, the
compressor/expander, pumps, and motors, we found
that these components are in need of technology
development to satisfy performance requirements
and need to be made cost-effectively in high
volumes. These components presently contribute
approximately 20% to the total system cost.
Simplifications in design, alternative technologies,
and economies of scale in high-volume production
have the potential to lower these component costs.
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Table 4. Breakdown of fuel cell stack costs (50-kW, net, 500,000 units per year).
Cost
Component % $ $/KW
< Anode and Cathode Layers 50 3,625 75
w Electrolyte 20 1,310 25
= Gas Diffusion Layers 5 420 5
Bipolar Plates 15 1,035 20
Gaskets 5 380 10
Other 5 280 5
Total 100 7,050 140
Table 5. Breakdown of fuel processor costs (50-kW, net, 500,000 units per
year).
Cost
Component % $ $/KW
Fuel Supply 2 100 2
Reformate Generation 47 2,035 40
Reformate Conditioning 24 1,015 20
Water Supply 27 1,160 24
Total 100 4,310 86
Table 6. Increased power density of individual subsystems needed to meet PNGV
performance targets (50-kW, net)
Specific Power, Year 2000 (W/Kkg)
Baseline System
Subsystem Weight (kg) Estimate PNGV Target
Fuel Cell 295 169 350
Fuel Processor 215 233 600
Total* 620 80 250

*Total includes 110 kg for balance-of-plant components.
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D. Fuel Cell Systems Analysis

Romesh Kumar (primary contact), E. Danial Doss, Rajesh Ahluwalia, Howard Geyer, and

Michael Krumpelt
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9700 South Cass Avenue

Argonne, IL 60439-4837
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Objectives
« Identify key design parameters and operating efficiencies.
e Assess design, part-load, and dynamic performance.

e Support U.S. Department of Energy (DOE)/Partnership for a New Generation of Vehicles (PNGV)
developmental efforts.

OAAT R&D Plan: Task 8; Barrier J

Approach

«  Develop, document, and make available an efficient, versatile system design and analysis code.
«  Develop models of different fidelity (mechanistic detail).

«  Apply models and modeling to issues of current interest as they evolve.

Accomplishments

« Defined a base-case system for the detailed manufacturing cost study being undertaken by Arthur D. Little, Inc.,
including system configuration, operating conditions, and state points.

e Completed a detailed analysis of a generic autothermal gasoline fuel processor, including effects of reforming
temperature, steam-to-carbon ratio, and operating pressure.

«  Analyzed fuel cell vehicles on drive cycles to assess fuel cell performance parameters that are needed to meet
PNGV Goal 3, fuel economy up to 80 miles per gallon (mpg).

Future Directions

« Influence of vehicle weight and other parameters on onboard fuel storage requirements.
«  Effects of revised performance targets for the compressor-expander module.

e Design/configuration issues for high ambient temperatures.

e Component weight and volume trade-offs vs. system parameters and efficiency.

« Additional trade-offs with respect to cost.
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Introduction

While individual developers are addressing
improvements in fuel cells and stacks, fuel
processors, compressor/expander modules, and other
fuel cell system components, in this work we use
modeling and analysis to address issues of system
integration, thermal management, design point and
part-load operation, and component, system, and
vehicle-level efficiencies and fuel economies. We
provide modeling results and analytical support to
DOE program managers, fuel cell developers, the
relevant PNGV technical teams, and other
researchers in the field.

Approach

For this work, we use the GCtool software
package developed at Argonne National Laboratory*
to devise and analyze system configurations and
operation. We have adapted this software to the PC
platform with the Windows-95/98/NT operating
systems, and we have made GCtool available for
licensing by research and development
organizations, universities, etc. In response to
comments by fuel cell developers and program
reviewers, we are now using typical cell
performance data, recently obtained from Los
Alamos National Laboratory (see Figure 1). These
data replace the rather high-performance Energy
Partners “super cell” data used in our earlier
analyses.
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Figure 1. Cell polarization curve used in the fuel cell

system simulation. Pressurized (3 atm)
operation on gasoline reformate. (Courtesy of
Tom Zawodzinski, Los Alamos National
Laboratory.)
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Results

During fiscal year (FY) 2000, we used systems
analysis to address three major tasks:

1. Base-case system definition for the detailed
manufacturing cost study by Arthur D. Little.

2. Detailed analysis of the authothermal fuel
processor operation and performance.

3. Vehicle-level simulations and analyses of design

and operating parameters needed to achieve
PNGV Goal 3, fuel economy up to 80 miles per
gallon of gasoline.

ANL/ADL.ttle Base-Case System Definition
for the Manufacturing Cost Study

Arthur D. Little is conducting a DOE-sponsored
study to assess the manufacturing costs of gasoline-
fueled automotive fuel cell systems (see report 2.C).
We have worked with them to define the operating
envelope (ambient temperature, design point system
power and cell voltage, etc.), system configuration
(e.g., placement of the water recovery condenser),
and other design and operating parameters. This
base-case system design is shown in Figure 2. In
continuing work, we will examine the effects of
varying some of the design parameters (e.g., designs
for higher ambient temperatures).

Gasoline Autothermal Fuel Processor
Analysis

We have analyzed in detail the operation and
performance of the fuel processor part of the fuel
cell system shown in Figure 2. These analyses were
helpful in quantifying the effects on efficiency of
varying the autothermal reforming conditions
(temperatures, water-to-carbon ratios), operating
pressure, and the use of thermal energy from the
anode exhaust burner in the fuel processor.

Figures 3 and 4 show the total system
efficiencies for an atmospheric pressure system and
a pressurized (3-atm) system. Subject to the
assumptions used in the analysis (e.g., 85%
electrochemical fuel utilization in the fuel cell stack,
fixed air and steam preheat temperatures), the
system efficiency increases with decreasing
reforming temperatures in both cases. In addition, at
the higher reforming temperatures, the fuel
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Figure 4. Total system efficiency as a function of the
water-to-carbon ratio and reforming
temperature for a pressurized system.

processor efficiency decreases with increasing
amounts of water used in the fuel processor. For a
pressurized fuel cell system, Figure 4 shows that the
system efficiency actually increases if the thermal
energy at the anode exhaust burner is not used in the
fuel processor (but is recovered more effectively in
the expander). Thus, these results show that the
optimum fuel processor design and configuration
would be different for pressurized and
nonpressurized fuel cell systems.

Achieving PNGV Goal 3

Our earlier modeling results had shown that to
achieve the target efficiencies of 38.4% at rated
power and 48% at one-fourth of rated power,
average operating cell voltages of 0.772 V and
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0.896 V would be needed at the respective power
levels. At these rather high cell voltages, the
corresponding current and power densities in today’s
fuel cells are low, requiring a large active area and a
concomitantly high-cost fuel cell stack. We
reanalyzed the gasoline-fueled systems, using the
more conservative fuel cell performance curve
shown in Figure 1. Vehicle-level analyses were then
conducted for three different vehicles, a lightweight
vehicle, a heavier but more aerodynamic vehicle,
and a lightweight and aerodynamic vehicle. For
these vehicles, the fuel economies on the Federal
Urban Driving Schedule (FUDS) and highway
cycles, as well as the combined fuel economies,
were determined. The key vehicle parameters used
in the analyses are given in Table 1. This table also
shows that the maximum and average power
requirements for the three vehicles on the two
driving schedules are approximately 22—-35 kW and
3-8 kW, respectively.

We first analyzed an 80-kW (net) fuel cell
system, with 0.7 V/cell at the rated power (rather
than the 0.772 V/cell used in the earlier analyses).
Figure 5 shows the cell voltage and the
corresponding current density for part-load operation
between 0 and 80 kW, as would be needed on the
prescribed driving schedules. At the maximum
required power output of 35 kW or less, the current
densities are less than ~150 mA/cm®. At the average
power requirement of <8 kW, the current densities
are less than ~35 mA/cm? The combined fuel
economy for the three vehicles is shown in Figure 6.
The effect of using a smaller fuel cell system (40 kW
instead of 80 kW), as well as the effect of a lower
design-point cell voltage (0.65 V instead of 0.7 V) is
shown in Figure 7.

Table 1. Vehicle parameters used in the PNGV Goal 3
analyses and the vehicle power requirements
over the FUDS and Highway cycles.

Vehicle
Lightweight &
Parameter Lightweight | Aerodynamic | Aerodynamic

Test weight, kg 1043 1379 1043

Frontal area, m 2.18 2.18 2.18

Drag coefficient 0.25 0.163 0.163

Rolling resistance 0.0064 0.0064 0.0064

coefficient

\Wheel radius, mm 326 326 326

IAuxiliary power, KW 0.5 0.5 0.5

Max (avg) power FUDS, | 27.7 (3.97) | 35.2 (4.54) 27.3 (3.77)

kw

Max (avg) power 22.9(8.17) | 28.7 (7.68) 22.4 (6.75)

Highway, KW
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Conclusions

* Toachieve PNGV Goal 3, up to 80 mpg fuel
economy, a gasoline-fueled, 80-kW fuel cell
vehicle will need to be extremely lightweight
and reasonably to highly aerodynamic.

e The 40-kW (or smaller) fuel cell system can
meet FUDS and Highway cycle power
requirements for all of these vehicles (but it may
not be adequate to provide acceptable
acceleration performance).

*  The fuel cell system is never operated at the
rated power on these drive cycles; average
power draw is ~10% of rated power, with short
bursts to ~35% of rated power.

e Operating current densities are low,
<35 mA/cm? on average, with a maximum of
~150 mA/cm? (for the 80-kW system) for short
periods.

»  The effect of lowering the design point cell
voltage may be minor on fuel economy, but it
may reduce the fuel cell stack size significantly.
The sizes of the fuel processor and the heat
exchangers would increase, however, because of
the lower efficiency at the design point.

* Using a smaller fuel cell system would decrease
system weight, volume, and cost, with a
relatively small decrease in fuel economy (but
an appropriate battery would be required to
provide adequate acceleration and passing
performance).

References

1. H. K. Geyer and R.K. Ahluwalia, GCtool for
Fuel Cell Systems Design and Analysis: User
Documentation, Argonne National Laboratory
Report ANL-98/8, March 1998.

FY 2000 Publications/Presentations

¢ R. Kumar, E. Doss, R. Ahluwalia, H. Geyer, and
M. Krumpelt, “Fuel Cell Systems Air
Management Overview,” presented at the
Compressor/Expander Module Review Meeting,
held at USCAR, Southfield, Mich., Oct. 12,
1999.

¢ R. Kumar, E. Doss, R. Ahluwalia, H. Geyer, and
M. Krumpelt, “Design Considerations for
Developing Efficient Fuel Cell Systems,”
presented at the IEA PEFC Annex XI Meeting,
Argonne, Ill., Oct. 21-22, 1999.



Fuel Cell Power Systems

R. Kumar, “Fuel Processing Considerations:
Cold Start, Transients, Coking, and Related
Issues,” presented at the NRC/Fuel Cell Review
Meeting, held at USCAR, Southfield, Mich.,
Jan. 12, 2000.

E. Doss, R. Ahluwalia, R. Kumar, and M.
Krumpelt, “Automotive Fuel Cell System
Design Points, Efficiency Targets, and Tradeoffs
to Achieve PNGV Goal 3,” presented at the Fuel
Cell Targets Workshop, held in conjunction with

26

FY 2000 Progress Report

the 2000 Future Car Congress and Exposition,
Arlington, Va., April 2-6, 2000.

E. Doss, R. Ahluwalia, H. Geyer, R. Kumar, and
M. Krumpelt, “Transportation Fuel Cell Systems
Modeling and Analysis,” presented at the 2000
Annual National Laboratory R&D Meeting, Fuel
Cells for Transportation Program, held at Pacific
Northwest National Laboratory, Richland,
Wash., June 7-8, 2000.



Fuel Cell Power Systems FY 2000 Progress Report

I1l. FUEL PROCESSING SUBSYSTEM'

A. Advanced Fuel Processor Development for Next Millennium Fuel
Processor™ for Transportation Fuel Cell Power Systems

William L. Mitchell, P.E. (primary contact), Prashant Chintawar, Srinivasa Prabhu, and
James Cross

Nuvera Fuel Cells/Arthur D. Little, Inc., 35 Acorn Park, Cambridge, MA 02140
(617) 498-6149, fax: (617) 498-6655, e-mail: mitchell.william@adlittle.com

DOE Program Manager: Patrick Davis
(202) 586-8061, fax: (202) 586-9811, e-mail: patrick.davis@ee.doe.gov

ANL Technical Advisor: Walter Podolski
(630) 252-7558, fax: (630) 972-4430, e-mail: podolski@cmt.anl.gov

Contractor: Nuvera Fuel Cells/Arthur D. Little, Inc., Cambridge, Massachusetts

Prime Contract Nos. DE-RA02-97EE50443 (PRDA) and DE-FC02-99EE50580 (SFAA)

Subcontractors/Partners: Modine Manufacturing, Energy Partners, Illinois Department of Commerce and Community
Affairs, United Catalysts, Inc., Corning, Inc., and STC Catalysts, Inc.

Objectives

e Under our Department of Energy (DOE) PRDA program for advanced fuel processor development, Nuvera
Fuel Cells/Arthur D. Little, Inc. (Nuvera), is:

- Developing a 50-kW, fuel reformer capable of processing gasoline and alternative fuels, such as ethanol.

- Developing and testing an advanced 50-kW, preferential oxidation (PROX) device based on proprietary
catalyst technology, with a major focus on gas purity when reforming gasoline and ethanol.

- Supporting Plug Power in the development of a 50-kW fuel cell power system.

e Under our DOE SFAA project to develop a Next Millennium Fuel Processor™ for transportation fuel cell
power systems, we are utilizing our current in-depth understanding of fuel processing and fuel cell systems in a
three-part R&D program that will yield a fully optimized fuel processing subsystem:

- InPhase I, Nuvera will work with Energy Partners to integrate existing hardware into a 10-kW, multifuel
power system, to identify key system-level trade-offs in the design of a fuel processing subsystem, and to
allow validation of computer models developed both internally and by Argonne National Laboratory
(ANL).

- InPhase Il, Nuvera will utilize existing integrated and modular fuel processors to perform endurance
testing to identify and address material and catalyst degradation mechanisms.

- InPhase Ill, Nuvera will conduct an in-depth core technology R&D program designed to identify high-
activity, low-cost catalysts; develop and desigh compact adsorbents, catalysts, and heat exchangers to
enhance power density and specific power and reduce start-up time; develop fuel purification (sulfur
removal) and reformate clean-up technologies to address the issue of system durability; integrate the new
catalysts and supports into a fuel processor package specifically suited to the optimized catalyst suite; and
deliver a fully integrated fuel processing subsystem to the DOE that meets or exceeds 2004 Partnership for
a New Generation of Vehicles (PNGV) targets.

! The DOE technical targets for fuel-flexible fuel processors can be found in Table 2a, 2b, and 2c, Appendix B.
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OAAT R&D Plan: Tasks 5 and 6; Barriers E, F, G, and H

Approach

PRDA:

- Build and test a brasshoard 10-kW, system based on existing reformer design, existing stack hardware, and
other available components as a proof of concept (3-atm pressure).

- Investigate multiple steady-state CO clean-up options at 10-kW, level.

- Integrate complete 10-kW, system and test it at Nuvera using a 10-kW, system test facility.

- Assist Plug Power in the development of a test facility for full-scale (50-kW,) system testing.

- Design and build an advanced 50-kW, fuel processor based on Phase | and Phase 1 testing.

- Continue catalyst refinement from Phase 1.

- Test 50-kW, fuel processor/PROX combination at Nuvera/ADL labs, including transients.

- Provide integration assistance for testing 50-kW, brassboard (Phase 111) system demonstration at Plug
Power.

- Aid Plug Power in the mechanical design and packaging of the 50-kW, Phase 11 system, focusing on
system functionality and efficiency of operation.

- Work with Plug Power to perform transient tests of the integrated Phase 111 system.

- Build and deliver a Phase 1V 50-kW, fuel processor subsystem to Plug Power for final system integration.
The Phase IV system will meet PNGV weight and volume targets for the year 2000.

SFAA:

- Perform automotive system analysis and identify strategies to meet PNGV targets.

- Evaluate the control strategies on a 10-kW, fully automated system.

- Set targets (weight, volume, performance, efficiency) for key technologies and components based on the
system analysis.

- Work closely with Nuvera partners to develop advanced catalyst, substrate, and heat-exchanger
technologies.

- Develop conceptual design of a fuel processor based on new technologies and draft control and fuel cell
integration strategies.

- Design, fabricate, and test the fuel processor on all fuels and investigate efficiency, emissions, steady-state
and transient performance, and reformate purity.

- Integrate the fuel processor and fuel cell and investigate the performance of the power system. Identify
system-level integration issues (Phase ).

- Continue technology development and refinement in Phase 11, based on Phase | results.

- Test fuel processor, integrated power system, and obtain test data (Phase I1). Phase Il system will meet
PNGV targets for specific power and power density, transient response, and reformate purity.

Accomplishments

PRDA:

- Designed, built, and integrated a fully automated 50-kW, Phase 111 fuel processor subsystem that exceeded
all Phase 111 targets.

- Demonstrated fuel processing efficiencies with California Phase Il gasoline in excess of 85%.

- Demonstrated PROX exit efficiencies of 83% and exit CO concentrations lower than 10 ppm.

SFAA:

- Designed 10-kW, fuel cell power system in conjunction with Energy Partners.

- Built a 15-kW;, (gross) automated fuel processing subsystem for integration with the fuel cell.

- ldentified “system level” strategies for weight and volume reduction of fuel cell power system.

- Developed transportation-specific substrate (monolith, foam) -based adsorbents, catalysts, and compact
heat exchangers for all reaction zones of multifuel processor.

- Investigated specialized heat exchanger in a test rig under simulated fuel processor conditions, with results
suggesting that novel heat exchangers are capable of obtaining = 5 times improvement in heat-transfer
coefficient over conventional types.
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- Developed a compact gasoline desulfurizer, designed for 5,000 miles at change-out.

- Performed catalyst studies in disintegrated fuel processor at 130-kW,, firing rate. Results show that the new
catalysts have about an order of magnitude lower thermal mass and pressure drop, and need about an order
of magnitude lower contact time, than the conventional catalysts.

- Established that with advanced technologies, = 750 W/L power density and < 2 min start-up time should be
attainable for the fuel cell power system, and other PNGV targets can be met or exceeded.

Future Directions
e PRDA:

- Integrate Phase I1I unit with 60-kW, stack from Plug Power and evaluate system efficiency and thermal

and water balance issues.

- Develop Phase IV fuel processing system, based on performance of the Phase 111 integrated system.

*  SFAA:

- Integrate 15-kW, fuel processing system with Energy Partners’ stack.

- Conduct detailed system trade-off and control strategy evaluation.

- Commence conceptual and detailed design of 50-kW, fuel cell power system.

- Improve core technology and system models to fully exploit the benefits of lightweight and low-thermal-

mass media.

Introduction

Nuvera Fuel Cells (NFC) is a leading supplier of
fuel cell power systems in the stationary and
transportation markets. Widespread implementation
of fuel cell systems requires significant
improvements in many aspects of the technology,
including power density, specific power, response,
efficiency, and cost. In addition, the ability to
operate on a number of hydrocarbon fuels that are
available through the existing infrastructure is a key
enabler for commercializing fuel cell systems. NFC
is working with the DOE to develop efficient, low-
emission multifuel processors for transportation
applications. The fuels include gasoline, methanol,
ethanol, and natural gas.

In the PRDA program, NFC is developing
reformer subsystems (fuel processor, CO clean-up,
and exhaust clean-up) and integrating them with fuel
cells for system-level evaluation of issues like
efficiency, water balance, transient response,
thermal integration, and parasitic power. The results
of this program will identify and quantify the key
technology challenges that need to be addressed in
developing fuel processing systems for automotive
applications. The deliverable of the program is an
integrated power system that meets PNGV targets
for year 2000.

In the SFAA program, the challenges identified
in the PRDA program will be addressed through an
intensive technology development program.
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Catalysis, novel heat-exchange media, and their
integration will be developed through internal efforts
and partnerships with leading companies in this
field. Two generations of fuel processors will be
developed and tested with fuel cells. The deliverable
of this program is an integrated fuel processing
system that exceeds PNGV targets for year 2004.

PRDA Phase 111 Results

The performance targets for the Nuvera
Phase 111 fuel processor are shown in Table 1. The
measured performance of the Phase 111 fuel
processing system is shown in Figures 1 and 2. The
overall efficiency of the fuel processor is defined as
the LHV of hydrogen output of the fuel processor
divided by the LHV of fuel input.

Table 1. PRDA Phase Il fuel processor system targets.
Fuel Processor (kW) 175 40 18
Overall Fuel Processor
Efficiency, % 68 68 55
Exit Hydrogen Flow
Concentration, % 35 35 28
Exit Hydrogen Flow
Rate, kg/hr 3.65 0.81 0.3
Pressure Drop, psi 5 2 1
Emissions <Tierll | <Tierll | <Tierll
Parasitics, kW 0.5 0.2 0.2
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Figure 2. PRDA Phase Il1 PROX performance.

The efficiency of the Nuvera fuel processing
system is about 85% at the higher powers and ~70%

at a turndown of 8:1. At these conditions, the dry gas

hydrogen concentration is in excess of 40%. Also
shown in Figure 1 are the maximum achievable
efficiencies and hydrogen concentrations at the
operating conditions of our system. The fuel
processing system exit (PROX exit) carbon
monoxide (CO) gas concentrations during steady-
state and mild transients are shown in Figure 2. The
Nuvera PROX technology is able to maintain CO
concentrations below 20 ppm over these transients.

SEAA for Next Millennium Fuel Processor™

Because automotive fuel processor catalysts are
subjected to rapid start-up and transient conditions
(e.g., ATR catalyst temperature rises from 25°C to
~800°C in less than 60 s), Nuvera has installed and
operated transient reactors (Figure 3) to evaluate

FY 2000 Progress Report

catalysts under those conditions. The results are
providing data under real-world conditions.

To improve the power density and specific
power of our system, Nuvera is developing
advanced substrate-based heat-transfer technology.
Figure 4 shows the test rig to evaluate new heat-
exchanger designs. We have identified compact and
moderate pressure drop heat-exchanger
configurations capable of providing 4-6 times
improvement in the heat-transfer coefficient over
that of the conventional shell and tube designs.
Currently, we are investigating durability, cost
reduction, and manufacturability issues of these
novel designs.

Figure 3. Transient catalytic reactor capable of
simulating automotive transients. It can
change the gas composition and flow rate
instantaneously and can raise the catalyst
temperature to 1100°C in< 30 s.

Figure 4. Heat exchanger test rig simulates the fuel
processor atmosphere.
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Water-gas-shift catalysts (WGSCs) account for a
large share of the volume and weight of
autothermal-reforming-based automotive fuel
processors. Conventional WGSCs, based on Fe/Cr
and Cu/Zn oxides, are not suitable for the
intermittent operation of the automotive fuel cell
power system. By working closely with its partners,
Nuvera has developed a new generation of substrate-
based catalysts (Figure 5). Data obtained in the
modular pressurized reformer at 130 kW4, suggest
that these new media need about six times lower
contact time than the conventional media. We are
conducting short-term and long-term durability
testing of these media.
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Figure 5. Monolith-based water-gas-shift catalysts
exhibit higher activity than conventional
pelleted catalysts.
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System modeling plays a significant role in
predicting the performance (conversion,
temperature, and concentration profile) of catalytic
reactors and heat-exchanger assemblies. This is
particularly true for PROX reactors, where high
temperatures can lead to runaway situations. On the
basis of single-component data, Nuvera has
developed and utilized computational fluid
dynamics (CFD) codes for improving reactor design
(Figure 6).
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Caowr: ol v Terrr b

Figure 6. Computational fluid dynamics is used to
predict the behavior of compact heat
exchangers.
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B. Multifuel Processor for Fuel Cell Electric-Vehicle Applications

Tom Flynn (primary contact)

McDermott Technology, Inc.

1562 Beeson Street

Alliance, OH 44601-2196

(330) 829-7622, fax: (330) 829-7283, e-mail:tom.j.flynn@mcdermott.com

Brian Engleman (subcontractor)

Catalytica Advanced Technologies

430 Ferguson Drive

Mountain View, CA 94043-5272

(650) 940-6391, fax: (650) 968-7129, e-mail: bde@mv.catalytica-inc.com

DOE Program Manager: Nancy Garland
(202) 586-5673, fax: (202) 586-9811, e-mail: nancy.garland@ee.doe.gov

ANL Technical Advisor: Walter Podolski
(630) 252-7558, fax: (630) 972-4430, e-mail: podolski@cmt.anl.gov

Contractor: McDermott Technology, Inc., Alliance, Ohio
Prime Contract No. DE-FC02-99EE50586, June 1999-September 2001

Objectives

Design, build, and demonstrate a fully integrated, 50-kW, catalytic fuel processor system. The fuel processor will
produce a hydrogen-rich gas for direct use in polymer electrolyte membrane (PEM) fuel cell systems for electric-
vehicle applications.

OAAT R&D Plan: Task 5; Barriers E, F, G, and H

Approach
»  Develop preliminary design of 50-kW, fuel processor system, as well as performance goals for individual
components.

« Evaluate alternative approaches for the major catalytic components (e.g., desulfurizer, reformer, shift reactor,
and selective oxidation reactor).

»  Conduct subsystem testing of major components, utilizing best catalyst approach.

»  Develop final design of overall system and design specifications for individual components.
»  Assemble 50-kW, fuel processor system.

»  Perform demonstration testing, using gasoline and methanol as fuels.

»  Ship fuel processor system to Argonne National Laboratory (ANL).

Accomplishments
»  Developed process flow models for single-catalyst bed autothermal reformer (ATR) and plate reformer designs.
»  Demonstrated liquid-phase gasoline desulfurizer that uses specifically tailored zeolitic adsorbents.

»  Performed screening tests for candidate ATR catalysts and plate reforming catalysts.
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» Evaluated three low-temperature shift catalysts.
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e Assessed NexTech CARAT program medium-temperature shift catalyst.

»  Established development agreements with Los Alamos National Laboratory and Battelle/Pacific Northwest
National Laboratory for selective oxidation reactor and microchannel heat exchangers.

Future Directions

*  Proceed with detailed design and subsystem testing for plate-based 50-kW, fuel processor.

e Develop dynamic simulation model.
e Perform subsystem catalyst evaluation.
» Investigate options for fuel preconversion.

Deliverables
A 50-kW; fully integrated fuel processor.

Introduction

Development of a compact, efficient, and low-
cost processor for converting carbon-based fuels to
hydrogen is an important aspect of the successful
implementation of fuel cells for transportation
applications. Current approaches based on
noncatalytic partial oxidation technology provide the
advantages of fast start-up and transient response,
but these approaches have not been fully
demonstrated on sulfur-bearing gasoline. A catalyst-
based reforming approach for fuel processing can
provide fast start-up and transient response, high
efficiency, and compactness. When coupled with a
liquid-fuel desulfurizer, the multifuel processor
under development by McDermott/Catalytica
promises to approach the Partnership for a New
Generation of Vehicles (PNGV) targets.

Approach

The fuel processor will consist of a liquid-fuel
desulfurizer, a catalytic reformer, high- and low-
temperature water-gas shift units, a selective
oxidizing unit, and ancillary components (including
pumps, compressor/expander, heat exchangers, and
controls). A conceptual drawing of the fuel
processor system is shown in Figure 1. The design
has been described previously [1].

The liquid-fuel desulfurizer will reduce the
sulfur in gasoline to less than 3 ppm. The reformer
unit, operating at an average temperature of 800°C,
will produce a hydrogen-rich gas from the fuel feed.
Two approaches will be evaluated during the

7

Figure 1. Process flow diagram.

program: (1) a packed bed that uses a single catalyst
and (2) a plate-based catalyst system. A shift reactor,
consisting of either a single catalyst bed or
individual high-temperature and low- temperature
catalyst beds, will reduce the CO concentration in
the reformate gas to approximately 2000 ppm. Final
reduction of CO in the reformate gas will be
achieved in a selective oxidation reactor.
McDermott Technology, Inc., will develop the
overall system design, including heat integration,
mechanical design, ancillary equipment, and
instrumentation/controls. Catalytica Advanced
Technologies will develop the catalytic components,
including improved catalysts. NexTech, as a
subcontractor on the project, will contribute its
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expertise and technology in the area of shift
catalysts. The program consists of five major tasks:
preliminary design, catalyst development, subsystem
testing, final design, and prototype assembly and
demonstration.

Results

During this reporting period, the first two tasks
were completed.

Preliminary Design

Steady-state ASPEN process simulation models
were generated for the catalyst-bed and plate-
reformer concepts. The system using the catalyst-
bed concept had a predicted efficiency of 87% at
25% load, assuming 70% hydrogen utilization in the
fuel cell and 50% fuel-cell efficiency. Actual
performance data for the fuel pump, humidifier,
compressor/expander, and fuel cell were
incorporated into the simulation model. The system
power density and specific power are 564 W/L and
316 W/kg, respectively. The compressor/expander,
humidification system, and start-up burner are
included in the fuel processor scope.

The plate concept showed a comparable system
efficiency. The plate approach yields a smaller-size
system with comparable weight.

For both systems, the heat-exchanger types and
sizes have been selected. A control system vendor
has also been selected.

Catalyst Development

Desulfurizer

We demonstrated removal of thiophenes and
methyl-substituted thiophenes from aromatic
solvents by using zeolitic adsorbents. The
thiophenes are most difficult to remove because of
steric hindrance around sulfur and competitive
adsorption by aromatics. A typical adsorption
profile, illustrating the adsorption of thiophene with
a low-aluminum ZSM5 zeolite, is shown in Figure 2.
Proprietary modifications of zeolites provided the
best performance. We obtained promising results
with California CARB Phase 2 gasoline (30 ppm
sulfur reduced to < 3 ppm sulfur).
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Adsorption Profile For Low-Aluminum ZSM5 Zeolite
Feed: 1% S (as Thiophene) in Toluene at 60°C

Breakthrough
Point

l

0.006 0.008 0.01
g Sulfur Fed / g Adsorbent

Sulfur in Effluent / Sulfur in Feed

0 0.002 0.004 0.012 0.014 0.016 0.018

Figure 2. Typical adsorption profile.

Reforming Catalyst

We completed a successful 100-hour test with
California CARB gasoline. The catalyst
demonstrated a capacity of approximately 5 kW./kg.
Equilibrium conversions were maintained
throughout the run (Figure 3.)

We also demonstrated the feasibility of using
Catalytica’s Xonon™ combustion catalyst, in
combination with a reforming catalyst, in the plate
arrangement.

An evaluation of the advantages and
disadvantages of the two approaches was made. The
results are summarized in Table 1.

Feed, ml/min: N,-64;0,-16;Fuel-0.04,H,0-0.04.
H,O/fuel=9.2; O,/fuel=2.9. P=11 psig
Tin=529°C, Tcen=697°C, To,=800°C.
Productivity: 1mol Hp/kg min (1.7 kW/kg)
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Figure 3. Approach to equilibrium for Catalytica
ATR-10 catalyst.
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Table 1. Advantages and disadvantages of plate vs. bed Table 2. Catalyst properties.
concepts. .
Relative
Plate Concept Bed Concept Reaction Relative Post-/Pre-
Advantages Advantages Rate Deactivation Activity
Rapid start-up and Rapid start-up and Catalyst | Constant | Rate Constant | Moisture
response response A 131 0.095 1.00
No dilution — smaller B 1.05 0.514 0.56
downstream components C 1.0 1.0

Higher H, partial
pressure for enhanced
fuel cell performance
Availability of existing
proprietary combustion
catalyst and washcoat
technology
Disadvantages
Preprocessor required

Disadvantages
Difficult thermal
balance within bed
Nitrogen dilution
Lower H, partial
pressure results in
poorer fuel cell
performance

Neutral

Safety issues:
combustible mixtures
Catalyst development
required — no
available commercial
catalyst

Difficult thermal balance
across plate

Neutral

Safety issues:
manifolding, leakage
Catalyst formulation
work required

Shift Catalysts

High-temperature shift (HTS) and low-
temperature shift (LTS) catalysts are traditionally
sensitive to oxygen, condensed moisture, and sulfur
poisoning. Commercial HTS catalysts tend to be
more rugged than LTS catalysts. For this reason, the
team focused on LTS catalyst development.

We completed benchmark tests of commercially
available catalysts. We assessed alternative LTS
catalysts, including high-activity supported Cu
catalysts, nanoscale Cu/Zn/Al mixed oxide catalysts,
and NexTech’s noble metal/ceria catalyst, which is
being developed under the CARAT program [2].
The best results were obtained with a proprietary
third-party catalyst. The relative reaction and
deactivation rate constants are summarized in
Table 2. (Catalyst C is a widely used commercial
LTS catalyst.)

The NexTech catalyst is a medium-temperature
shift (MTS) catalyst; as such, it is not intended to
operate in the same temperature range as low-
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temperature shift catalysts, so direct comparison is
not possible.

However, NexTech’s catalyst possesses some
important properties that warrant continued
consideration for the prototype design. The NexTech
catalyst remains active in the oxidized or
reduced state. It is less sensitive to condensed
moisture. Noble metal washcoating on a monolith
catalyst substrate is a proven technology. Finally,
because it operates at a higher temperature, it is less
sensitive to sulfur poisoning, the minimum
achievable CO concentration is limited by
equilibrium. As a result, the selective oxidation
reactor must be designed to handle a higher inlet CO
concentration. Therefore, its use must be assessed in
the context of the entire system design.

Conclusions

Significant progress has been made toward
meeting the PNGV targets. The size target is less
formidable than the weight target. On the basis of
first-year project results, the following major
decisions have been made:

¢ Proceed with subsystem testing of catalyst
formulations.

e Proceed with plate-based catalytic reforming
system design.

* Include MTS catalyst in determination of best
combination of HTS/MTS/LTS/selective
oxidation for CO clean-up.
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C. Fuel-Flexible, UOB™ Fuel Processor System: Development and Status
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Hydrogen Burner Technology, Inc.
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Long Beach, CA 90815

(562) 597-2442, fax: (562) 597-8780, e-mail: Rwoods@HydrogenBurner.com

DOE Program Manager: Patrick Davis
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Objectives
«  Research, develop, assemble, and test a 50-kW, net (12-kW, nominal), fuel-flexible fuel-processing (F°P)
subsystem.

e Conduct performance mapping of the subsystem on various fuels, including natural gas, gasoline, ethanol, and
methanol.

»  Verify the humidified low-temperature shift (HLTS) concept and assess its applicability.
e Coordinate with fuel cell system developers in preparation for system-level integration activities.

OAAT R&D Plan: Task 5; Barriers E, F, G, and H

Approach

This program includes process and hardware design for a F°P subsystem, assessment of alternative materials and
catalysts, fabrication of integrated hardware assemblies, and evaluation of alternative carbon monoxide (CO)
polishing approaches.

«  The hardware design approach selected for the prototype F°P subsystem includes three assemblies — the F*P
assembly, fuel vaporizer assembly, and CO polishing assembly. A breadboard control package is also included
to allow automatic control of the subsystem.

«  The F?P assembly integrates the primary systems/functions required for a fuel processor — reformer reactor,
thermal management, shift reactors, and integrated steam generation.

»  The fuel vaporizer assembly integrates the functions of fuel vaporization and anode off-gas combustion.
»  The CO polishing concepts being evaluated include methanation and preferential oxidation (PROX) of CO.
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The program also includes verification of the HLTS reactor concept, which encompasses the evaluation of
alternative hardware configurations and development of advanced low-temperature shift (LTS) catalysts with
improved activity at lower temperatures and higher humidity.

Accomplishments

«  F°P subsystem hardware was successfully adapted from noncatalytic partial oxidation (POX) design to

autothermal reformer (ATR) design.

«  Atotal of eight F°P systems have been fabricated, and seven have been tested. Under parallel programs, four
prototypes have been delivered to an automotive manufacturer, a fuel cell integrator, and a national laboratory.

« Atotal of alImost 800 combined hours of operation have been achieved on these units.

e “Push Button Start” automated control logic was completed for natural gas, propane, and gasoline operation.

» Packaged hardware design of a diesel fuel processing subsystem was completed. Successful initial operation

was achieved.

»  Concept verification testing of HLTS hardware was completed.

«  PROX hardware was integrated into the F°P system.

»  The technology foundation for fuel processing subsystems, which has been applied to both vehicular and

stationary applications, was established.

Future Directions
Submit final report to DOE.

Introduction

Fuel cells are considered to be a viable
alternative to the internal combustion engine for
automotive applications. The direct use of hydrogen
(H,) permits the easiest, smallest fuel cell system,
but “on-board storage” of H, raises many concerns,
as does the absence of any H, refueling
infrastructure. An alternative approach would be to
use existing liquid fuels, such as gasoline, or
evolving fuels, such as ethanol, methanol, or
synthetic liquids. Any of these fuels would require
an *“on-board reformer” to convert the liquid fuel
into H, gas on demand. Hydrogen Burner
Technology, Inc. (HBT), has entered into a
cooperative agreement with the U.S. Department of
Energy through the Office of Transportation
Technologies. This agreement is focused on
development and testing of a F°P subsystem for
automotive applications.

Program Overview

The greater share of the work involves the
design, construction, and testing of a prototype F°P
subsystem. A second effort is related to verification
of the HLTS concept.
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Activities during FY00 have included the
following: conversion of F°*P hardware from the
POX design to the ATR design; completion of
controller software for natural gas, propane, and
gasoline operation; concept verification testing of
HLTS hardware; integration of PROX hardware into
the F°P subsystem; and completion of a packaged
hardware design.

F°P Subsystem Design and Hardware

The basis of the F°P subsystem has changed
from a noncatalytic POX reactor to a catalytic ATR
reactor. The improvements this change offers are
threefold: (1) increased efficiency, (2) lower
operating temperatures, and (3) simplification of
process control.

The hardware approach taken in more recently
built packaged systems utilizes four separate
hardware assemblies to allow for evaluation testing
of alternative components. The four assemblies are
the fuel vaporizer/anode gas oxidizer assembly, the
F3P assembly, the CO polishing assembly, and the
economizer. The overall process is shown in
Figure 1.
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Figure 1. Fuel reformer subsystem.

The seven most critical chemical processes of
the F°P subsystem are thermally and physically
integrated into the F°P assembly hardware (see
Figure 2). The F°P assembly provides close thermal
interaction between the ATR reaction zone, which
operates at 760 to 870°C (1400 to 1600°F), and the
lower-temperature zones of the process air preheater
and high-temperature shift zones, which operate at
300 to 650°C (600 to 1200°F). This configuration
minimizes heat loss while maximizing reaction
temperature.

All of the processes identified in Figure 2 are
physically integrated into the hardware illustrated in
Figure 3. The prototype F°P assembly, with
conventional, commercially available catalysts,
weighs about 104 kg (230 Ib), approximately 25%
more than its target weight of 83 kg (183 Ib). Most
of this excess mass is due to high-density
commercial catalyst and flange structures used for
easy disassembly and inspection. The volume of the
F3P assembly is approximately 85 L (3 ft%).
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Figure 2. Integrated F3P assembly.
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Top View with Test Frame

Side View with Test Frame
Hydrogen Burner Techrslogy

Figure 3. Prototype F3p assembly configuration.

Increasing this size by the volume needed for the
vaporizer, CO polishing, and economizer assemblies
indicates that the prototype hardware is
approximately twice as great as its target volume.

A complete subsystem, including all four
required assemblies, is shown in Figure 4. The fuel
vaporizer/anode gas oxidizer provides a fully
vaporized fuel/steam mixture to the F*P assembly.
This fuel/steam mixture mixes with preheated air
within the F°P before entering the ATR reactor.

The reformate gas exits the F°P assembly and
enters the PROX for CO polishing. Once fuel cell
operation begins, the remaining energy in the anode
off-gas is recovered in the fuel vaporizer/anode gas
oxidizer. Any remaining unburned hydrocarbons or
hydrogen will be oxidized in the economizer, where
any additional heat recovered contributes to steam
generation.

Results

To date, HBT has accumulated almost 800 hours
of operational experience on the F°P subsystems
fabricated. This experience includes 268 start-stop

E conivi 2ey

Rir
COmgressnr

Bia g L T T

Figure 4. HBT-023 unit, right side.
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cycles, and operation on five fuels: gasoline,
methanol, natural gas, propane, and diesel.

Table 1 provides a summary of operating
experience achieved to date. The summary
represents testing performed with both manual and
automatic controls.

This operating experience has partially mapped
the performance characteristics of the F°P subsystem
on five fuels. A summary of achievements to date is
given in Table 2. Results shown are from tests in
which the ATR configuration of the F°P was used
for all fuels except methanol, which has only been
tested with the noncatalytic POX configuration.

Figure 5 shows example test data taken over the
course of six tests. The F°P subsystem used was
S/N 001. California reformulated gasoline was used
as the fuel.

Table 1. Operating experience on F°P summary.
S/N 001 S/N 002 S/N 003 S/N 004
Customer HBT/DOE Auto LANL FC Devel
Mfg’er
Fabrication 12/30/98 2/20/99 3/9/99 7/1/99
Delivered 1/1/99 3/5/99 5/28/99 9/13/99
Runs 90 14 43 45
Hours 175 20 102 150
Fuels NG, NG, NG, NG
Gasoline Gasoline Gasoline
Methanol
S/N 005 S/N 006 S/N 007 S/N 008
Customer FC Devel FC Devel CeCert SMUD
Fabrication 9/20/99 1/20/00 3/31/00 TBD
Delivered 10/19/99 TBD 4/10/00 TBD
Runs 40 25 11 N/A
Hours 250 58 33 N/A
Fuels NG, NG, NG, Diesel
Propane Diesel Diesel
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Table 2. Performance of F°P subsystem for five fuels.

Item Nat. Gas LPG Gasoline Diesel Methanol

81% 75% 75-80% 73% 76%
Max Hz, % dry 49.5%  44.0% 41-42% 42-42% 40%
Min. COLTS Out  0.8% 0.2% 0.5-06% 1% 0.1-0.3%

Capacity kW,** 35 35 35 15 38

Efficiency*

! Efficiency = (LHV H, out)/(LHV Fuel into Reformer)
2 Estimated power based on fuel cell operational assumptions.

® These are maximum capacities tested thus far. Max. subsystem
capacity is probably in the range of 40-50 kW.
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Figure 5. H, concentration on gasoline.

Conclusions

To date, the F°P subsystem has successfully
demonstrated operation and fuel flexibility, and it
has approached its performance targets. These
efforts have provided the technology foundation for
advanced fuel processing subsystems being
fabricated at HBT; testing is due to begin in June
2000. This hardware represents the next leap
forward with respect to efficiency, size, and weight
performance targets.
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D. Integrated Fuel Processor Development

S. Ahmed, S.H.D. Lee, E. Doss, C. Pereira, D. Colombo, and M. Krumpelt
Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439
(630) 252-4553; fax: (630) 972-4553, e-mail: ahmed@cmt.anl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objectives

Determine the design and operating conditions for an integrated fuel processor that can meet the targets of the
Partnership for a New Generation of Vehicles (PNGV):

*  With a microreactor process train (100 W).
*  With an engineering-scale integrated reactor (5-10 kW)

OAAT R&D Plan: Task 3; Barriers Fand G

Approach

»  Study fuel processing steps individually in microreactors to determine suitable catalysts, their kinetic
parameters, and desirable operating conditions.

«  Verify component performance in the integrated reactor, validate the reactor model, and identify concepts that
could improve fuel processor performance.

Accomplishments
»  Demonstrated fuel processor functions in the microreactor process train:

- Demonstrated conversion of hydrocarbon fuel to produce reformate containing 1% (dry basis) carbon
monoxide.
- Evaluated preferential oxidation catalysts for use in the integrated reactor.

»  Developed algorithm to determine the optimal temperature profile for the shift reactor.

»  Demonstrated operation of an integrated reactor with methanol at the 7-kW, level, with reformate containing
46% hydrogen.

» Demonstrated operation of an integrated reactor with hydrocarbon fuel at the 4-kW, level, 75% efficiency, with
reformate containing 40% hydrogen.

Future Directions

»  Study fuel processing steps in the microreactor to evaluate catalysts and determine kinetics and favorable
operating conditions.

» Integrate a preferential oxidation unit into the engineering scale reactor.
»  Transfer technology to industrial partners.
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Introduction

The objective of this work is to determine the
fuel processor layout, design, and operating
parameters needed to meet PNGV targets
(efficiency, size, weight, cost, response, etc.) for the
automotive fuel cell system.

Approach

To achieve this objective, the fuel processor is
being studied at two levels. First, a microreactor
process train has been established, with a series of
reactors set up to represent the various unit
processes. Each microreactor is enclosed in an
electric furnace for accurate temperature control.
The feed stream to each unit can be a simulated
reformate gas metered in from a cylinder, or from
the previous unit process in the fuel processing train.
The feed and product streams can be sampled and
analyzed by using an on-line gas chromatography/
mass spectrometry (GC/MS) system or with infrared
analyzers.

Results

The effectiveness of two water-gas-shift (WGS)
reaction catalysts was evaluated in the process train.
The first microreactor was loaded with a commercial
high-temperature-shift (HTS) catalyst (Fe/Cr oxide)
and maintained at 300°C. This was followed by a
second microreactor, which was loaded with
Argonne National Laboratory’s (ANL’s) shift
catalyst to represent the low-temperature-shift (LTS)
reactor and was maintained at 215°C. A synthetic
reformate gas, with the composition shown in Figure
1, was passed through the reactors.
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HTS: Fe/Cr Oxide, T =300°C
LTS: ANLWGS, T =215°C

Figure 1. The combination of a commercial HTS
catalyst and Argonne’s shift catalyst lowered
the CO level to 1%.
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The product from the HTS unit reduced the CO
level from 21.6% to 3.5%. With the inlet gas fed
directly into the LTS, the CO level was reduced
from 21.6% to 2.5%, and some methanation activity
was also seen, as shown by the increase in the CH,4
levels. With the two reactors operating in series, the
product gas emerging from the LTS unit contained
1% CO and undetected levels of CH,.

The rate of reaction for the conversion of carbon
monoxide in the shift reactor can be maximized by
maintaining temperatures high enough to favor fast
kinetics and yet cool enough that a large driving
force toward equilibrium CO concentrations can be
maintained. This is typically achieved by
maintaining a progressively declining temperature
profile within the shift reactor. An algorithm to
calculate this optimal temperature profile has been
developed; it calculates the smallest catalyst volume
necessary for the conversion of a given inlet gas
mixture to the desired outlet CO concentration,
given the specifications for the H,O/CO ratio and
the rate expression for the catalyst. Figure 2 shows
an optimal temperature profile and the resulting CO
profile for conversion of 85% of the inlet CO, using
Argonne’s shift catalyst and a H,O/CO ratio of 3. It
is noteworthy that ~50% of the catalyst volume is
needed to lower the CO level from 1.5% to the
desired 1%, due to the lower temperatures (slower
reaction rate) at the tail end of the reactor.
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Calculated optimal temperature and CO
concentration profile in a shift reactor using
ANL’s catalyst (CO;, = 7%, COqy = 1%,
H,O/CO = 3).

Figure 2.
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Two preferential oxidation catalysts were
evaluated in the microreactor. The commercial
catalyst was able to reduce 1% CO (Figure 3) to
under 500 parts per million (ppm) at a gas hourly
space velocity (GHSV) of 5000/hr at 150°C, with
0O,/CO = 2. At higher space velocities, methanation
activity was observed. A Mn-based catalyst
developed at ANL showed the ability to reduce the
CO, but at a much lower GHSV of 500/hr
(Figure 4). This type of material needs further
development before it can be considered as a
practical alternative.

12000
10000 r r
8000 r
6000 r
4000 r

2000 r

CO in Reformate, ppm

__

0 ‘

6000 11000
Time, seconds

Figure 3. CO preferentially oxidized with a commercial
catalyst (GHSV = 5000/hr, 150°C,
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Figure 4. CO preferentially oxidized with a Mn-based
catalyst (GHSV = 500/hr, 150°C,
0,/CO=1.1).
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Figure 5 shows a picture of the integrated
engineering-scale reactor. With a volume of 7 L, the
hardware includes the autothermal reformer, the
sulfur trap, and the shift reactor, together with
thermal integration.

The fuel processor was operated with methanol
(7 kW) to yield a reformate that contained 46% (dry
basis) hydrogen but also 5% carbon monoxide.

With a synthetic hydrocarbon blend resembling
gasoline, the reactor was operated at 4 kW,. The
reformate contained 40% hydrogen and 2% CO, and
it operated at an efficiency of 75%. Figure 6 shows
the product gas compositions obtained during the
experiment.

Picture of the engineering-scale integrated fuel

Figure 5.
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Figure 6. Product gas compositions obtained from the

conversion of a synthetic gasoline blend.
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Conclusions

Fuel processors are being studied with reactors
at the 100-W and 10-kW levels. The microreactor
has been used to study the kinetics and effectiveness
of WGS catalysts. An algorithm has been developed
for determining the optimal temperature profile in
the shift reactor, and this has been approximated
with two reactors in series. Commercial preferential
oxidation catalysts have also been evaluated in the
microreactor.

The engineering-scale integrated fuel processor
has been tested with methanol, iso-octane, and a
hydrocarbon blend resembling gasoline. The unit
was operated with hydrocarbon fuels at over 75%
efficiency, where the reformate contained >40%
hydrogen and ~2% carbon monoxide. This
engineering-scale integrated hardware currently
lacks the preferential oxidation unit and the spent
anode gas burner. A collaborative effort with Los
Alamos National Laboratory is under way to
incorporate the preferential oxidizer into the ANL
fuel processor.
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E. Microchannel Fuel Processor Components

Greg A. Whyatt, Ward E. TeGrotenhuis, Robert S. Wegeng, Victoria S. Stencamp, James M. Davis,

John G.H. Geeting, and Larry R. Pederson (primary contact)
Pacific Northwest National Laboratory, P.O. Box 999, Richland, WA 99352
(509) 375-2731, fax: (509) 375-2167, e-mail: larry.pederson@pnl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objectives

Develop compact reactors, separators, and heat exchangers for the onboard automotive production of hydrogen from
liquid hydrocarbons.

OAAT R&D Plan: Task 3; Barriers F, G, and H

Approach

Utilize unique heat and mass transport advantages available in engineered microstructures to develop and
demonstrate an integrated steam reforming subsystem. The integrated subsystem consists of multiple microchannel
reactors, combustors, multistream recuperative heat exchangers, fuel and water vaporizers, and vapor/liquid
separators.

Accomplishments

» High hydrogen selectivity and low methane slip were achieved for steam reforming of iso-octane in a
microchannel reactor at a rate sufficient to support a 0.5- to 1.0-kW, fuel cell.

« Anintegrated microchannel steam reformer subsystem consisting of a four-cell reactor, multistream
recuperative heat exchangers, and water/fuel vaporizers was designed and fabricated. Conservatively designed
to reform iso-octane to supply a 10-kW, fuel cell, the steam reforming subsystem incorporates an innovative
combustion gas reinjection approach that allows it to operate in an energy-efficient manner, a significant
improvement over previous designs.

» Integrated, multistream recuperative heat exchangers were developed to support operation of an energy-
efficient steam reformer. The exchangers recover heat from either the reformate or the combustion streams to
preheat reactants and combustion air and to vaporize fuel and water. Except for a low-temperature air preheater,
these heat exchangers provide all of the recuperator and vaporizer functions needed for the steam reforming
subsystem.

« A microchannel vapor-liquid separation concept was demonstrated in a single-microchannel device. Capillary
and surface forces were utilized to achieve qualitatively complete phase separation. Heat-exchange channels
were also incorporated in the single-channel phase separator, resulting in technology capable of performing
condensation and phase separation in a single compact device. The technology is projected to be substantially
smaller, with a lower pressure drop, than competing technologies.

Future Directions
»  Demonstrate highly efficient operation of the steam reforming subsystem at 10 kW, and higher.

»  Design and demonstrate steam generators and vapor/liquid separators to be incorporated into the integrated
steam reforming subsystem, or other systems, with target pressure drops of <0.1 psi.

» Evaluate long-term reactor, heat exchanger, and catalyst performance.
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«  Continue industrial interactions to evaluate microchannel reactors, recuperative heat exchangers, and fuel and

water vaporizers.
e Advance to the reforming of transportation fuels.

* Investigate means to lower manufacturing costs and improve manufacturability.

Heat Exchangers and Vaporizers

A recuperator demonstrated in late FY 1999
successfully confirmed the ability to accurately
predict microchannel recuperator performance. The
test unit, shown in Figure 1, had a volume of 37 cm’.
Performance results for this recuperator operated
with balanced nitrogen flows are given in Figure 2.
At the design conditions, the unit is expected to
achieve 89% effectiveness, with a duty of 897 watts
and a heat-transfer intensity in the core of 56 W/cm®.

Figure 1. Microchannel reformate recuperator test unit.
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Figure 2. Microchannel recuperator test unit
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performance on balanced nitrogen flows.
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On the basis of the successful demonstration of
the recuperator test unit, the microchannel heat
exchanger concept was extended to design and
fabricate multistream heat exchangers to support the
operation of an energy-efficient 10-kW, steam
reforming system. Two multistream exchangers
(shown in Figure 3) were designed so that, following
a successful demonstration, they can be integrated
into a single compact, multistream microchannel
heat exchanger that will, with the exception of a
low-temperature air preheater, contain all the
recuperators and vaporizers needed for the steam
reforming subsystem.

The microchannel design enables the water
vaporizer to efficiently extract heat from the
combustion exhaust, cooling it to just above 100°C
while still maintaining significant superheat in the
generated steam (see Figure 4).

Figure 3. Integrated multistream microchannel heat
exchangers prior to header attachment. Unit on
left contains a combustion gas recuperator and
water vaporizer. Unit on right contains a 90%-
effective reformate recuperator, a fuel
vaporizer, and a water preheater. These two
units are designed to support up to a maximum
of a 5-kW, steam reformer operating a 3:1
steam-to-carbon ratio.
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Steam Reformer Reactor Testing

The microchannel steam reforming reactor that
was designed, fabricated, and operated in FY 1999
was tested over a range of operating conditions. The
objective was to collect performance data for design
of the next-generation steam reformer at the 10-kW,
scale. The data demonstrated the reforming capacity
of the first-generation reactor design to validate
projections for power density, and it was used to
develop predictive models for microchannel
reforming for incorporation into models of the steam
reforming fuel processor.

The statistically designed experiment employed
a four-factor, full-factorial design using iso-octane
flow, water flow, combustor temperature, and
combustion air flow as variables. These variables
translate into the design parameters, reactant
residence time, steam-to-carbon ratio, reactor
operating temperature, and heat-transfer efficiency.
The steam-to-carbon ratio was varied between 3:1
and 12:1. Figure 5 shows a summary of selectivity
data over the range of conditions tested. Iso-octane
conversion ranged from about 50% to slightly over
90%. The equivalent power output ranged from 500
to 975 We (assuming 90% conversion and 100%
selectivity in the low-temperature-shift reactor, and
48% fuel cell stack efficiency), which translates to a
productivity sufficient to supply 16 to 32 kW, of
fuel cell capacity per liter of reactor core. Statistical
analysis of the data indicated that for iso-octane
conversion, the order of importance of the variables
is (1) fuel flow rate, (2) operating temperature,

(3) water flow rate, and (4) combustion air flow rate.
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Figure 5. Summary of selectivity data for the
statistically designed experiment operated
using the first-generation microchannel steam
reforming reactor. Data reflect a range of
operating conditions for reactant flows and
temperatures.

10-kW, Steam Reforming Subsystem

The 10-kW, steam reforming subsystem was
designed on the basis of data discussed in the
previous sections. The objectives of the 10-kW,
steam reforming system are to substantially scale up
the earlier steam reformer and, through an integrated
heat exchanger network and a redesign of the
reactor, produce a system that is energy-efficient.
This system has been designed and fabricated, and
will be tested in late FY 2000. It is designed to
operate at pressures up to 5 bar on the reaction side.
The 10-kW, system hardware is shown in Figure 6.

The 10-kW, reactor contains four independent
cells, each with 2.5-kW, capacity. The reactants and
products are processed through these four cells in
parallel, while the combustion gases providing the
heat to drive the reaction pass through the cells in
series. As the combustion gases pass from one cell
to the next, a small amount of additional fuel is
injected and burned to restore the temperature to the
desired level prior to entering the next cell. This
approach increases the product of (mass flow) x
(heat capacity) of the combustion gases passing
through a single cell, which reduces the temperature
drop across the reactor and dramatically reduces the
incoming temperature required to sustain a given
reaction rate. It also reduces the overall amount of
combustion air used, thereby reducing the amount of
heat lost to the combustion exhaust. This approach
also allows test units to be manufactured and
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Figure 6. Integrated 10-kW, steam reforming
subsystem. Reactor containing four cells is
located on the bottom, with one pair of
integrated exchangers provided for each cell of
the reactor. All reactor connections are made
on one face of the reactor for ease of
insulation and to reduce overall heat loss. The
many vertical tubes are for thermocouples and
pressure sensors for the experimental system,
and would not be part of a final commercial
system.

operated using 316L stainless steel. The optimal
operating temperature involves a trade-off between
reactor cost, productivity, efficiency, and operating
lifetime; this trade-off has not yet been resolved.
However, it is expected that the series use of
combustion gases will allow lower-cost alloys to be
used, compared to those required if 1,000°C
combustion temperatures were utilized.

Microchannel Condenser with Vapor/Liquid
Separation

Pacific Northwest National Laboratory (PNNL)
expanded efforts toward size and weight reduction
of balance-of-plant items by developing and
demonstrating a concept for combining partial
condensation with vapor/liquid phase separation
within a single compact microchannel device. This
approach would surpass conventional phase
separation technologies, such as centrifugal
separators, in capacity per unit hardware mass and
volume. The result is increased power density and
specific power for the overall fuel processor/fuel cell

FY 2000 Progress Report

system, regardless of the choice of reforming
technology.

This PNNL study demonstrated the concept of,
and collected performance data for, vapor/liquid
separation in a single-channel microchannel device.
Subsequently, heat-exchange channels were
incorporated to accomplish the combined functions
of partial condensation and phase separation. Future
work will include scale-up to multichannel devices.

Figure 7 shows flow capacity curves for two
configurations of the single-channel phase
separation device, indicating the maximum gas and
liquid flow rates that can be processed within the
device while achieving qualitatively complete phase
separation. Performance was compared to that of a
conventional centrifugal separator. A separation
achieved in 0.08 s residence time in the
microchannel device is projected to require 0.4 s in
the centrifugal separator. This corresponds to a
volume of 0.5 L for a full-scale device capable of
treating reformate stream from a steam reformer,
compared to a volume of > 2 L for a centrifugal
separator. Channel pressure drop was calculated to
be 0.08 in. of water, based on slit flow, while the
centrifugal separator is rated at 1.4 in. of water.

Microchannel Fuel Processing System
Implications

The current steam reforming subsystem is
projected to meet the Department of Energy’s
(DOE’s) targets for power density and fuel
processor efficiency, but improvements are needed
to meet specific power and cost targets.
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Figure 7. Flow capacities for 100%-efficient phase
separation of a dispersed gas and liquid feed
stream for two configurations of the single-
channel microchannel phase separator.
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Performance targets, current status, and short- and
long-term project goals are summarized in Table 1.
The overall system efficiency, including the

current fuel processor and PEM fuel cell, is
projected to be 39-41%. High system efficiency is
usually equated with high hydrogen utilization but
with relatively low stack current density. However,
because unused hydrogen from the fuel cell is
recycled to the fuel processor to provide heat for
reforming, system studies have shown the overall
efficiency to be relatively insensitive to hydrogen
utilization in the stack. Thus, it is expected that a
compact, microchannel steam reforming system
coupled with a fuel cell can ultimately provide both
high efficiency and high power density.

Table 1. Comparison of DOE-OAAT targets for an
automotive fuel processor.
PNNL PNNL
Technical | DOE 2004 | PNNL FY 2001 | Long-Term
Target Target Status Goals Goals
Power
Density 750 1500 3000 >6000*
(WelL)
Specific
Power 750 280 600 >1500*
(Welkg)
Cost ($/kW)
10 60" 30° <42b
Fuel
Processor 80% 83-85% 83-85% 83-85%
Efficiency

# Requires improvements to catalyst performance and/or
manufacturing costs.
® Based on cost of bonded unit only (no catalyst costs).
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F. Catalysts for Improved Fuel Processing

Rod Borup (primary contact), Michael Inbody, Byron Morton, JinKi Hong, and Jose Tafoya
ESA-EPE, MS J580

P.O. Box 1663

Los Alamos National Laboratory, Los Alamos, NM 87545

(505) 667-2823, fax: (505) 665-6173; e-mail: Borup@Ilanl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, e-mail: joann.milliken@ee.doe.gov

Objectives
» Understand fuel processor catalyst durability and causes for catalyst degradation.

- Examine fuel effects on fuel processor catalyst performance and durability. Of interest are effects on
catalyst activity associated with fuel composition, component, and impurities.

- Evaluate short-residence-time reaction events, leading to unique fuel processor designs and concepts.

- Evaluate catalysts to determine variation in rates and reaction mechanisms during use.

- Delineate catalyst degradation mechanisms.

OAAT R&D Plan: Task 3; Barrier E

Approach
» Understand and document catalyst performance over a range of relevant conditions.

- Measure adiabatic reforming performance under real operating conditions.

- Determine activity, kinetic rates, durability, and performance under isothermal conditions.

- Study the effects of varying fuel constituents and contaminants within candidate fuels.

- Examine combinations of catalyst and catalyst supports to understand catalyst component degradation.

«  Utilize catalyst characterization and surface analytical techniques to help delineate catalyst degradation
mechanisms.

- Characterize catalyst’s elemental composition, particle size, and surface area before and after testing.
- Evaluate catalyst structural changes.

Accomplishments
e Tested and characterized catalysts with various fuel components.

- Nickel and rhodium catalysts (commercial and in-house).
- With individual fuel components.
- With fuel impurity (sulfur).

»  Utilized catalyst characterization and surface analytical techniques to delineate catalyst degradation
mechanisms.

- Characterized catalysts and quantified surface area.
- Evaluated kinetic vs. equilibrium data for candidate catalysts for partial oxidation.

Future Directions
»  Study fuel processor catalyst operation with petroleum-based fuels to evaluate effects of fuel constituents.

- Measure fuel processor catalyst activity and durability with individual fuel constituents and fuel blends, as
well as with fuel impurities.
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- Monitor carbon formation in situ in adiabatic reactor with laser-scattering extinction apparatus. Map carbon
tendencies of individual catalysts, catalyst supports, and fuels constituents, and examine commercial

catalysts to observe carbon formation tendencies.

« Automate microscale test equipment, reactant mixtures, and sample injection system.

- Initiate long-term, unattended and automated catalyst testing for durability measurements.
- Evaluate fuel processing catalysts in both microscale and macroscale reactors to compare molecular-level

degradation mechanisms.

Introduction

This report covers technical progress during
fiscal year (FY) 2000 on fuel processing catalyst
characterization. These development efforts support
U.S. Department of Energy (DOE) activities in the
development of compact, transient-capable
reformers for on-board hydrogen generation starting
from candidate fuels. The long-term objectives
include increased durability and lifetime, in addition
to smaller volume, improved performance, and other
specifications required for meeting fuel processor
goals.

The technical barriers to compact fuel processor
size, transient capability, and compact, efficient
thermal management are all functions of catalyst
performance. Significantly, work at Los Alamos
National Laboratory (LANL) now involves testing
large-scale fuel processors for performance and
durability, as influenced by fuels and fuel
constituents, and complements that testing with
microscale catalyst evaluation, accomplished under
well-controlled conditions.

Approach

The fundamental tools for our research on fuel
processing catalysts are reactor test beds and catalyst
characterization techniques. Catalyst activity and
performance are measured in two different types of
reactor test beds, which serve complementary roles
in our laboratory. An adiabatic reactor exposes
catalysts to fuel processing conditions under actual
system conditions and relatively high power levels,
while an isothermal microscale reactor, in which
catalysts are used under extremely well defined and
controlled conditions, exposes the catalyst to
individual operating conditions. In addition, catalyst
characterization techniques are used to define the
catalyst structure and structural changes upon
exposure to fuel processor conditions in the reactor
test beds. These techniques, all available at LANL,

include elemental analysis techniques and
techniques to quantify surface area and particle size
changes, such as X-ray Photoelectron Spectroscopy
(XPS), BET/H, or CO chemisorption, X-ray
Diffraction (XRD), and Scanning Electron
Microscopy and Energy Dispersive Spectroscopy
(SEM/EDS). Other techniques available at LANL
include Transmission Electron Microscopy (TEM),
X-ray Fluorescence Spectroscopy (XRF), and
temperature-programmed desorption (TPD), which
will be used as required to further delineate catalyst
degradation mechanisms.

The adiabatic reactor used to evaluate catalysts
and fuel components, including the tendency for
carbon formation, is shown in Figure 1. This reactor
features ease of catalyst replacement, the ability to
incorporate catalysts supported on commercially
used substrates (such as corderite monoliths or pellet

Figure 1. Adiabatic partial oxidation reactor.
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and powder catalysts), in situ carbon formation
monitoring, and gas and temperature measurements
with radial and axial profiles. The reactor first
became operational in May 2000; the in situ carbon
formation monitoring will be added in the fourth
quarter of FY 2000. For in situ carbon formation
monitoring, an argon ion laser will be used with
extinction monitoring to observe the onset of carbon
formation. Scattering will also be utilized to observe
relative carbon particle-size distributions and the
initial onset of carbon formation, and spectral
detection will allow for fluorescence detection of
polycyclic aromatic hydrocarbons (PAHS).

The isothermal microscale catalyst reactor for
use in fuel and catalyst measurements under well-
defined, controlled conditions is shown in Figure 2.
This reactor is constructed of a quartz tube and an
isothermal oven. Typical catalyst samples are 300—
500 milligrams. Vapor or liquid fuels combined with
oxidant (air) are mixed and preheated prior to
introduction into the catalyst, while the temperature
of the catalyst remains essentially constant because
of the isothermal furnace, small catalyst quantities,
and small reactant volumes.

Results

Results using two different metal catalyst
samples, rhodium and nickel, are described in this
report. The rhodium catalyst was a commercial
0.5-wt% catalyst supported on alumina; nickel
catalysts were prepared at Los Alamos with variable
nickel loadings from 0.5 wt% to 5 wt%. Initial tests
were conducted to measure catalyst performance

Figure 2. Microscale catalyst test station.
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with partial oxidation and steam reforming
reactions. An example of these measurements is
shown in Figure 3 for the isothermal partial
oxidation of methane on a nickel catalyst. Methane
conversion reached nearly 100 % at 700°C, while
the selectivity for hydrogen production was highest
at 600°C. The isothermal partial oxidation of
methane on a rhodium catalyst is shown in Figure 4.
The rhodium catalyst shows slower oxidation
kinetics, and therefore less methane conversion, than
the nickel catalyst at similar temperatures, and it
does not reach 100% methane conversion, even at
750°C. However, the rhodium loading was an order
of magnitude less than the nickel, so the TON (turn-
over number) for each catalyst site was much higher
for the rhodium catalyst than the nickel catalyst;
thus, the rhodium has higher intrinsic activity than
the nickel. In Figures 3 and 4, Xcn4 is the fraction of
methane converted, Sy, is the selectivity for
hydrogen production, and Sco is the selectivity for
CO production, as defined below.

Stz = 0.5 Hy out /(CH4, in~ CH4,out) (1)
SCO = CO, out /(CHA,in - CH4, OUt) (2)

Figure 5 shows XRD of nickel catalysts before
and after testing with iso-octane and methane. The
main nickel diffraction peak occurs at a 2 Theta of
44 degrees. The diffraction of the new nickel
catalyst is broad, indicating small dispersed nickel
particles, while after testing with methane, the peak
has grown sharper, and after testing with iso-octane,
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the peak is still sharper. The sharpening peak
indicates nickel catalyst particle growth, either by
particle sintering or agglomeration, during the
testing with the hydrocarbons. BET surface area
analysis by CO chemisorption leads to similar
conclusions, and is summarized in Table 1 for
various rhodium and nickel catalyst samples.
Sample 1, the rhodium catalyst before testing, had
arhodium surface area of 0.718 m?/g catalyst or
143.8 m/g rhodium. After testing with methane, the
rhodium surface area decreased to 50.8 m’/g
rhodium (sample 2), while after testing with iso-
octane, the surface area was negligible (sample 3).
The negligible surface area of sample 3 probably
indicates a rhodium/alumina formation of a spinel,
and thus complete loss of pure rhodium particles —
but not loss of the rhodium itself. Nickel catalyst
samples show a similar trend toward decreasing
surface area. The initial surface area of the nickel is
much lower at 28 m?/g nickel (sample 4); however,
this is typical for a catalyst with a much higher metal
loading. After testing, a decrease in nickel surface
area is observed — 23.6 m?/g nickel (sample 5) after
testing with iso-octane and 4.7 m?/g nickel after
testing with methane (sample 6).

A different fuel processor degradation
mechanism is carbon formation during the oxidation
and steam reforming of hydrocarbon fuels. Carbon
formation has been monitored by the carbon buildup
on the catalyst surface over time as a function of
different fuel components. Figure 6 shows the XPS

Table 1. Catalyst surface areas by CO chemisorption of rhodium and nickel catalysts.
Crystallite Metal Surface Metal Surface
Sample # CO Chemisorption | Dispersion Diameter Area Area

(Description) (ccstp/g at 55 Torr) (%) (nm) (m?/g catalyst) (m?/g metal)

1. (fresh 0.5% 0.4278 39.31 3.4 0.718 143.6
Rh/ALLQO;)

2. (fresh 0.5% 0.1502 13.8 9.6 0.254 50.8
CHa)

3. (fresh 0.5% Negligible Very Low Very Large Negligible Negligible
Rh/Al,O3 with
iso-octane)

4. (fresh 5% 0.97 5.08 24.1 1.4 28
Ni/Al,O5)

5. (5% Ni/Al,O3 0.819 4.29 28.5 1.18 23.6
with iso-octane)

6. (5% Ni/Al,O3 0.164 0.86 143 0.235 4.7
with CH,)
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Figure 6. XPS of catalysts, (a) initial carbon signal and
after partial oxidation with (b) iso-octane, (c)
1-pentene, (d) methylcyclohexane, and (e) p-
xylene.

C1s signal for nickel catalyst samples tested with
iso-octane, pentene, methylcyclohexane, and xylene.
This shows relative carbon formation to be much
higher with the aromatic and unsaturated compounds
than with the aliphatic hydrocarbons. All nickel
samples after testing showed at least a small amount
of carbon present.
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Conclusions

Catalyst characterization techniques and
different catalyst test beds are employed to
understand catalyst durability and degradation
mechanisms, leading to the development of fuel
processing catalysts with longer durability. Testing
of catalysts to observe their degradation under well-
defined conditions and actual fuel processing
conditions leads to a better understanding of such
degradation. The catalysts are examined to
determine their relative activity and degradation
during fuel processing reactions under different
conditions, including different fuel components and
fuel impuirities.

Both noble metal (rhodium) and base metal
(nickel) catalysts have been shown to decrease in
surface area during fuel processing reactions. The
decrease in surface area is catalyst- and fuel-
dependent. The rhodium catalyst, after testing with
iso-octane, showed a complete loss of pure rhodium
particles.

Carbon formation has also been observed to be a
degradation mechanism. The tendency toward
carbon formation has been observed to be a function
of the fuel component; the general trend is as
follows: xylene > methylcyclohexane > pentene >
iso-octane.

G. R&D on a Novel Breadboard Device Suitable for Carbon Monoxide
Remediation in an Automotive PEM Fuel Cell Power Plant

Nguyen Minh (primary contact) and Stan Simpson (co-principal investigator)

Honeywell Engines and Systems
2525 W. 190™ Street, MS-36-1-93140
Torrance, CA 90504-6099

Nguyen Minh: (310) 512-3515, fax: (310) 512-3432, e-mail: nguyen.minh@honeywell.com
Stan Simpson: (310) 512-4604, fax: (310) 512-4128, e-mail: Stan.Simpson@ honeywell.com

Di-Jia Liu (co-principal investigator)
Honeywell Des Plaines Technology Center
50 E. Algonquin Road

Des Plaines, IL 60017-5016

DOE Program Manager: Patrick Davis

(202) 586-8061, fax: (202) 586-9811, e-mail: patrick.davis@ee.doe.gov
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ANL Technical Advisor: William Swift
(630) 252-5964, fax: (630) 252-4473, e-mail: swift@cmt.anl.gov

Contractor: Honeywell Engines and Systems, Torrance, California
Prime Contract No. DE-FC02-99EE50578, October 1999-December 2001

Objectives

Develop, implement, and demonstrate a new carbon monoxide removal system for use in polymer electrolyte
membrane fuel cell (PEMFC) systems that provides high carbon monoxide (CO) removal efficiency, low parasitic
hydrogen consumption, and tolerance to CO input variation in an easily controlled manner. The system will be
designed for removal of CO from a continuous reformate flow sized for a 10-kW PEMFC stack with a CO input
level of 5000 to 8000 parts per million (ppm).

OAAT R&D Plan: Task 7; Barrier E

Approach

* Ina27-month program, Honeywell will research and develop a novel technology to selectively remove CO
from reformate fuel for use in PEMFCs. Two approaches to CO removal will be explored and developed: the
adsorption/catalytic oxidation of CO (ACO) and the adsorption/electrocatalytic oxidation of CO (ECO).
Following an initial 12-month R&D phase, the two approaches will be evaluated critically for downselection on
the basis of efficiency, system compatibility, and cost criteria. A breadboard CO-remediation system sized for a
10-kW PEMFC stack will then be constructed and tested on both synthetic reformate and reformate obtained
from an operating fuel processor.

e The program consists of four major tasks:

- Research and development on two potentially viable approaches to remove CO from reformate.

- Downselection of the most promising technique, on the basis of performance and cost.

- Design and fabrication of a brassboard CO-removal device based upon the selected technology of choice.
- Testing of the CO-removal system.

Accomplishments
»  Proof-of-principle experiments for both technologies have been demonstrated.

»  CO-removal efficiency for both ACO and ECO has been increased significantly through optimization of
catalyst, support, and active adsorption surface.

«  Significant progress has been made in preliminary ACO/ECO engineering design.

Future Directions

»  Catalyst aging studies (currently in progress).

» Evaluation of parasitic hydrogen consumption and tolerance to CO transients.
»  System engineering to reduce pressure drop and volume.

Introduction low chemical emissions, and low operating
temperature. Hydrogen is the most energetic fuel for
the PEMFC, but the lack of an existing
infrastructure for the routine handling and
distribution of hydrogen severely limits its utility.
Alternatively, such hydrocarbon fuels as gasoline or

The PEMFC continues to benefit from intense
development efforts for its potential application in
automobiles. PEMFCs offer a number of inherent
advantages, including high efficiency, low noise,
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methanol can be reformed to a hydrogen-containing

fuel mixture, known as reformate, via a fuel
processor. Unfortunately, a typical reformate
consists of a mixture of gaseous products that

includes CO at concentration levels near 1%; the

detrimental effect of CO at even the ppm
concentration levels on the performance of a

PEMFC operating with platinum catalysts is well

documented. One approach to the CO problem is to

incorporate a pretreatment device or process in the
fuel line (between the fuel processor and the fuel

cell) to significantly decrease the CO concentration

in the reformate. This process can be either by
physical removal (as in the case of membrane

separation) or by chemical reaction (as in the case of

methanation or the use of preferential oxidation,

PROX). These techniques suffer from various

disadvantages, including high cost and complexity,
high parasitic hydrogen consumption, and a lack of

tolerance for large CO transients (without
complicated and expensive control processes).

Approach
The goal of this program is to develop and

demonstrate a novel, easily controlled CO-removal

system that provides high CO removal efficiency
plus an increased tolerance for CO input variation.

This system will be incorporated in a working

PEMFC system, between the fuel processor and the

PEMFC stack, as shown in Figure 1. The system

will be based upon the use of a selective CO

removal device that can be regenerated periodically
when saturated with CO. Potential advantages of this
approach include a high tolerance toward variations

in CO input during the change of load dynamics,

low parasitic hydrogen consumption,
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relative simplicity of operation, and an ability to
control and operate during the “cold-start”
condition.

Two innovative approaches to selective CO
removal and regeneration are being investigated in
this project. Both approaches make use of multiple,
CO-selective adsorption surfaces that can be
regenerated quickly, simply, and efficiently with
minimal consumption of hydrogen fuel in the
reformate stream. The methods, referred to as the
adsorption/catalytic oxidation (ACO) technique and
the electrocatalytic oxidation (ECO) technique,
differ in the manner by which the active adsorption
surfaces are regenerated. In ACO, CO is adsorbed
over a bifunctional material bed and subsequently
oxidized chemically to CO,, In ECO, the adsorbed
CO is removed through electrocatalytic oxidation.

Results

Proof-of-Principle Experiments

Initial proof-of-principle experiments for both
ACO and ECO have been successfully demonstrated
in laboratory-scale testing. These experiments
clearly indicated the potential of both techniques for
continuous, efficient removal and treatment of CO in
fuel reformate streams. In the case of ACO,
continuous CO removal can be achieved through the
use of multiple adsorption beds that are alternately
cycled between adsorption and regeneration modes.
In ECO, the adsorption/regeneration cycle is
generated electrically, and continuous CO removal
is achieved by changing the frequency of cell
operation. Importantly, this approach can be
controlled electronically without the need for
moving parts.
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Figure 1. The CO removal system in a reformer-fueled PEMFC power system.
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ACO/ECO Material Development

A sorption bed material suitable for ACO
application must meet the following basic criteria: it
must be capable of selectively adsorbing CO in the
presence of high levels of hydrogen, steam, carbon
dioxide, etc.; it must be capable of oxidizing the
adsorbed CO to CO; to regenerate the capacity in a
rapid and repeatable manner; and it should possess
an extended lifetime for long-term use in the
PEMFC application. One of the primary objectives
in the initial phase of this R&D effort is to identify
low-cost ACO materials that possess these
attributes.

Two parallel routes to the development of a
robust ACO sorption material that meets the
previously described criteria have been explored.
The first route focuses on the active component used
in ACO. Thus far, a wide range of metals and
preparation methods have been evaluated at the
laboratory scale. Specific chemical precursors and
preparation methods have been selected to
emphasize the effective metal utilization and to
minimize cost.

The second route focuses on the support
material upon which the active adsorption medium
is dispersed. Criteria used for support material
selection include high surface area, good pore size
distribution to ensure effective mass transfer, and
stability during the repeated swings in temperature
and humidity that accompany the alternate
adsorption and catalytic oxidation steps. A variety of
support materials and geometries have been
evaluated. The catalyst and support development
activities are ongoing.

Figure 2 illustrates an experimental
demonstration of the tolerance of a developmental
ACO metal-substrate combination to a rapid change
in reformate CO concentration. In the initial portion
of the experiment, a synthetic reformate mixture
bypasses the ACO device. A 30-second injection of
CO (representing a CO transient) is introduced into
the reformate stream, resulting in a 40% increase in
the CO concentration in the gas mixture, as shown
by the detector trace. To demonstrate the tolerance
of the ACO material to CO transients, the gas
mixture is directed into the ACO unit prior to a
second equivalent injection of CO. An immediate
depletion of CO to a near-zero level is observed
initially. During the second, identical 30-second
injection of CO, virtually no CO leakage is
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Figure 2. Demonstration of tolerance to CO transient
variation in an ACO reactor.

observed. This experiment illustrates clearly the
ability of the ACO technique to tolerate CO spikes.

A similar material development effort was
performed for the ECO approach, with slightly
different development criteria. While the need for
high CO adsorption capability and selectivity
remains, the ECO material must also demonstrate
high catalytic activity toward CO electro-oxidation
during the regeneration phase. A wide range of ECO
materials have been evaluated on the basis of these
criteria. Several have demonstrated the necessary
selectivity and regenerability; optimization studies
of these materials are under way.

Preliminary Engineering Design and
Improvement

Several engineering design studies are under
way for both ACO and ECO. As an example, ACO
design activities are in progress to optimize CO
removal efficiency and minimize the system
pressure drop. Additional studies on alternative
operating modes will begin soon to further improve
efficiency and reduce system volume and cost. For
ECO, efforts are under way to optimize both
electrode and system performance. As a result of
these efforts, CO removal capacity has been
improved by a factor of four over that observed at
the beginning of the program.

Figure 3 offers an example of CO removal by
using a periodically regenerated ECO unit. During
the experiment, the CO concentration in a synthetic
reformate formulation was monitored by a broad-
band infrared spectrometer located at the exit of the
ECO device. As shown in Figure 3, over 90% of the
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Figure 3. Demonstration of removal of CO by a
regenerated ECO unit.

CO in the reformate stream was removed during the
continuous period of ECO operation.

Conclusions

Two new technologies for the removal of CO
from processed hydrocarbon reformate for the
PEMFC application have been introduced. The
feasibility of both approaches, adsorption/catalytic
oxidation and adsorption/electrocatalytic oxidation,
was demonstrated through proof-of-concept

H. CO Clean-Up Development

FY 2000 Progress Report

experiments. Significant progress has been made in
improving CO removal efficiency, capacity, and
selectivity for both technologies. Preliminary
engineering studies have demonstrated the benefit of
both approaches and have identified directions for
further improvement.

Publications/Presentations/Patents

¢ D-J Liu, J. Williams, M. Kaiser, D. Winstead,
J. Kudart, S.F. Simpson, and T.J. Rehg, “Two
New Approaches for CO Removal from
Reformate Fuel for the PEM Fuel Cell
Application,” Society of Automotive Engineers,
Paper No. 2000-01-0379, Detroit, Mich., 2000.

e D-JLiu, D. Winstead, M. Kaiser, and T.J. Rehg,
“Removing CO from Reformate for Fuel Cell
Application using a Regenerable CO
Adsorption/Catalytic Oxidation Bed Device,”
U.S. Patent Pending.

« T.J.Rehg, D-J Liu, M. Kaiser, and J. Williams,
“An Electro-Catalytic Oxidation (ECO) Device
to Remove CO from Reformate for Fuel Cell
Application,” U.S. Patent Pending.
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ESA-EPE, MS J576
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DOE Program Manager: JoAnn Milliken

(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objectives

Research and develop carbon monoxide clean-up technology for integration into fuel processor systems to enable
them to meet the fuel purity requirements for a fuel cell stack by:

* Removing trace contaminants to purity levels required by the fuel cell stack.

» Maintaining system efficiency by minimizing hydrogen consumption.

»  Operating effectively through automotive transients — changes in power level, start-up, and shutdown.

»  Meeting overall fuel processor targets for energy efficiency, power density, specific power, and cost.
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»  Combine laboratory investigation with industrial collaboration to develop working processes and hardware for

fuel processor systems.

* Investigate and develop CO clean-up technology.

- Investigate catalysts and catalyst performance to improve baseline performance.
- Use carefully instrumented and controlled experiments at the component level to measure performance.

Develop proof-of-concept hardware on a laboratory scale.

- Develop design tools and models for application to specific design problems.

*  Work with fuel processor developers to integrate CO clean-up technology into fuel processor systems.

- Collaborate on specific designs for automotive hardware and system integration.
- Fabricate hardware and test performance of integrated CO clean-up technology.

Accomplishments

»  Developed a laboratory PROX system for testing PROX concepts and catalysts, based on a multistage reactor

approach.

»  Conducted catalyst evaluation in a single-stage PROX configuration.

- Measured temperature and gas composition profiles of catalyst volumes in the baseline PROX

configuration.

- Conducted initial series of tests on catalyzed ceramic foams.

«  Conducted transient PROX experiments in the four-stage configuration; measured dynamic response to inlet

CO concentration variation.

»  Measured kinetic data on precious metal catalysts in a microscale isothermal catalyst test reactor.

Future Directions

*  Work on technology transfer through industrial collaborations; integrate PROX technology into developer fuel

processor designs.

»  Continue testing of catalysts and of multistage PROX hardware.

- Measure reformate composition effects, hydrogen consumption, and CO conversion.
- Conduct transient tests, including power transients and start-up transients.
- Test catalysts and catalyst supports for compact automotive designs.

e Continue development of PROX design methodology to delineate successful understanding of PROX

mechanisms.

» Address further challenges to automotive implementation; develop technology to reduce start-up times and

enable cold starts.

Introduction

This report describes research conducted
during fiscal year (FY) 2000 on the development of
carbon monoxide clean-up technologies as a subset
of reformate clean-up technology for integration into
automotive fuel processor systems. Reformate clean-
up typically is the last unit operation in the fuel
processor process stream in most fuel processor-fuel
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cell system architectures. Its function is to remove
the trace contaminants from the fuel processor outlet
stream to meet the fuel purity requirements of the
fuel cell stack. The research objective then is to
develop reformate clean-up technology that not only
removes the trace contaminants, but does so with
minimal hydrogen consumption to maintain system
efficiency. Automotive applications require that the
technology enable the fuel processor to meet the fuel
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purity requirements of the fuel cell stack through
automotive transients and lead to commercially
viable fuel processor systems that meet automotive
requirements for cost, volume, weight, and
durability.

The primary focus of reformate clean-up has
been removal of CO to levels less than 10 ppm
under steady-state conditions and less than 100 ppm
in transients. The program at Los Alamos National
Laboratory (LANL) has researched preferential
oxidation (PROX) as a method to remove CO to
these levels. Work in prior years (FY 1996-FY
1999) focused on developing laboratory and
demonstration PROX reactor hardware for gasoline
fuel processing systems.

Work this year (FY 2000) focused on expanding
fundamental knowledge of CO removal processes
and then codifying that knowledge for technology
transfer. Also, work was done to address automotive
requirements for the reformate clean-up system by
investigating catalysts and catalyst supports that
reduce system size and are rugged, and by
investigating transient control requirements to
reduce the number of sensors and actuators in the
systems.

Approach

Our approach combines laboratory
investigations to research and develop the
fundamentals of reformate clean-up technology with
industrial collaborations to apply that technology.
We first develop laboratory PROX reactor hardware
for carefully instrumented and controlled
experiments at the component level to measure
performance. These experiments allow us to
investigate catalysts and quantify catalyst
performance in working hardware under simulated
reformate conditions. We also conduct transient
experiments on multistage hardware to identify the
transient response and control requirements.
Measured profiles of temperature and gas
composition through the catalyst volume and the
measured temperature and pressure response of the
reactor components in transients provide the basis
for developing detailed models of PROX reactor
performance. The understanding developed in the
proof-of-concept hardware is applied to design
PROX hardware for integration into specific fuel
processor systems, in collaboration with fuel
processor developers.

59

FY 2000 Progress Report

Results

The reformate clean-up method is based on
preferential oxidation of CO in an adiabatic reactor.
A multistage reactor has been implemented to obtain
a low CO output while minimizing hydrogen
consumption. A schematic of the reactor (Figure 1)
shows a four-stage configuration for reducing 2%
CO at the inlet to less than 10 ppm CO at the outlet.
The reactor operates as a series of short-residence-
time reactor stages, each having thermal
management, air injection and mixing, and catalyst
volume. The catalysts in each stage are selected to
work together to improve the transient performance
and minimize the control requirements. Temperature
and air injection are controlled so that CO is
removed primarily by oxidation, with some
additional removal by methanation and water-gas-
shift reactions. Temperature control is critical to
preventing the reverse water-gas-shift reaction and
runaway methanation reactions.

The laboratory reactor shown in Figure 2
implements this reactor schematic. The performance
of the reactor in removing CO from 2% CO to less
than 10 ppm CO has been verified in operation on
natural gas reformate (reported in FY 1999) and on
simulated gasoline reformate (during testing
conducted in the last quarter of FY 1999 through
FY 2000). The modular laboratory design is flexible
for testing catalysts, reactor configurations, and
control schemes. The design of the reactor and use
of lightweight internal components enhance
transient performance. The design has been verified
to give uniform air distribution and mixing into the
catalyst volume and to provide the desired control of
the inlet temperature to the stages.

Gas distribution/mixing

lemen
thermal e/?\\e ts

management

fuel stream in

up to 2% CO,
(up ) fuel stream out
to fuel cell)

(<10 ppm CO)

Particulats

air supply/metering

£

A\
Catalysts selected to work

together to improve transient

performance, minimize control
requirements

Figure 1. Schematic of the four-stage PROX reactor.
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4 !

Figure 2. Four-stage configuration of the laboratory
PROX reactor.

A single-stage PROX reactor setup was used for
measuring temperature and gas composition profiles
of catalyst volumes and for testing catalysts on
automotive supports. The measured profiles provide
data for detailed modeling of the reactor stages. The
initial focus of our catalyst testing was on
characterizing the performance of the PROX inlet
stages because they use a new catalyst that we had
not characterized before. We also think that a greater
understanding of these stages will lead to a further
reduction in the parasitic hydrogen loss.

Figures 3 and 4 show some examples of
measured profiles of CO concentration and CO
conversion, respectively, as a function of depth
within the catalyst volume. Four inlet CO
concentrations are shown, at a constant overall flow
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Figure 4. CO conversion as a function of depth in the
PROX reactor inlet stage.

rate and air injection rate. Flow rates and air
injection rates were varied to map the catalyst
volume over its expected range of operation. These
data were compiled to develop curves such as the
one shown in Figure 5, which shows the CO
conversion as a function of oxygen stoichiometry at
a single flow rate for four different inlet CO
concentrations. The solid line on the graph shows
the ideal curve for no parasitic hydrogen
consumption. Points lying further to the right from
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Figure 5. CO conversion as a function of oxygen
stoichiometry for the PROX inlet stage.

the curve have increased hydrogen consumption.
Thus, the curves show the relationship between
increasing CO conversion and increasing hydrogen
consumption, and they indicate our rationale for
using staging to minimize hydrogen consumption.
The data also provide the input to our models for
optimizing the PROX staging and operating
conditions.

Figures 6 and 7 show an example of the use of
the model to optimize the PROX for an operating
condition. The Stage 1 oxygen stoichiometry is
varied for a constant inlet CO concentration and
total flow rate. Figure 6 shows the CO concentration
at the stage outlets as a function of the Stage 1
oxygen stoichiometry. The Stage 2 and 3 oxygen
stoichiometries are held constant, and the fourth
stage is set to achieve 10 ppm CO at its outlet in this
model. Figure 7 shows the hydrogen produced (as a
percent of the hydrogen inlet flow) as a function of
stoichiometry. The H; total curve shows a peak at an
oxygen stoichiometry of about 0.25, suggesting an
optimal operating point for Stage 1.

Other catalyst testing this year included testing
of catalyzed ceramic foams in the single-stage
PROX reactor setup. We are investigating catalyzed
ceramic foams as a possible rugged catalyst support
for automotive use that may also reduce the size by
increasing turbulent mixing and combining gas
mixing and distribution elements with the catalyst
supports. Initial tests showed no improvement over
monoliths; we are iterating to optimize pore size and
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catalyst. We are also investigating higher-density
cpsi (>600 cpsi) monoliths and a catalyzed particle
filter for use as PROX catalyst substrates.

The four-stage PROX reactor setup is being
used for investigating the transient response of the
reactor components. Initial tests have been
conducted to identify the PROX response to a sine-
wave-modulated CO input at an overall steady flow.
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These tests measure the sensitivity of the PROX to
changes in inlet CO concentration. These data are
critical to the development of control strategies and
to determining the requirements for a CO sensor.
Both power transient testing and start-up transient
testing will be conducted in the fourth quarter of
FY 2000. These tests will be used to quantify the
limiting factors on the transient response of the
PROX to changes in the total flow rate,
corresponding to changes in power demand, and on
the start-up time.

Industrial collaborations have been initiated to
apply and develop the CO clean-up technology for
specific fuel processor designs. An industrial
collaboration has been started with McDermott
Technology to integrate a PROX system with their
multifuel fuel processor. A second collaboration has
started with Argonne National Laboratory to
integrate a PROX with their integrated fuel
Processor.

FY 2000 Progress Report

Conclusions

A working laboratory reactor has been
developed to investigate the fundamentals of CO
clean-up technology. The multistage reactor has
demonstrated CO removal from a 2% CO inlet to
less than 10 ppm CO at the outlet. Detailed
measurements of the catalyst and reactor
performance of the inlet stages were used to
determine optimal operating points. Transient
experiments on the multistage configuration are
being used to measure the limits of the dynamic
response and the requirements for controls.
Industrial collaborations were begun to apply the
technology to specific fuel processors and to transfer
the technology. Remaining work this fiscal year
includes continuation of catalyst testing to lead to
more compact designs, testing of transient response
to changes in power level and start-up, and work on
industrial collaborations.

I. Evaluation of Partial Oxidation Fuel Cell Reformer Emissions

Stefan Unnasch (primary contact)
Arthur D. Little, Inc.

Acurex Environmental

10061 Bubb Road

Cupertino, CA 95014

(408) 517-1550, fax: (408) 517-1553, e-mail: unnasch.stefan@adlittle.com

DOE Program Manager: Nancy Garland

(202) 586-5673, fax: (202) 586-9811, e-mail: nancy.garland@ee.doe.gov

ANL Technical Advisor: Walter Podolski

(630) 252-7558, fax: (630) 972-4430, e-mail: podolski@cmt.anl.gov

Contractor: Arthur D. Little, Inc., Cupertino, California
Prime Contract No. DE-FC02-99EE50585, September 1999-June 2001
Subcontractors: Nuvera Corporation, Hydrogen Burner Technology

Objectives

»  Measure the emissions from partial oxidation/autothermal fuel processors for polymer electrolyte membrane
fuel cell (PEMFC) systems under both cold-start and normal operating conditions.

»  Assess the feasibility of meeting emissions standards for automobiles and light-duty trucks through the use of a

fuel cell vehicle with a multifuel reformer.
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»  Define a representative test cycle consisting of both cold-start and normal operating conditions.

e Use the established test cycle to quantify emissions from a partial oxidation (POX) reformer before and after

anode-gas-burner treatment.

»  Perform the test procedure using four different feed fuels in the reformer (gasoline, methanol, ethanol, and
natural gas), as well as different catalyst formulations for the anode gas burner.

»  Perform the test procedure on both Nuvera (formerly Epyx) and Hydrogen Burner Technology (HBT) fuel
processors to quantify the emissions impact of fuel reformer design.

e Use reasonable approximations and estimates to convert emissions data from a gram-per-unit fuel basis to a

predicted gram-per-mile basis.

Accomplishments
e Assessed sensitivity of gas chromatograph.
» ldentified sampling procedures.

Future Directions
Develop control strategies to minimize emissions.

Introduction

The operation of fuel reformers is generally
divided into two operating modes: start-up and
normal partial oxidation. During start-up, the fuel
processor burns fuel at near-stoichiometric
conditions until critical system temperatures and
pressures stabilize to target values. Once the target
conditions are reached, the reformer operates in the
normal mode, in which the fuel processor burns fuel
at very rich conditions. Since the two modes
encompass considerably different operating
conditions, it follows that the emissions associated
with each of these modes also differ considerably.

The combustor is typically cold under start-up
conditions, so the emissions produced during this
brief period (target times are under 30 seconds) can
be substantially higher than those produced during
the remaining, much longer portion of the driving
cycle. The pollutant emissions produced in this
operating mode include NOy, CO, formaldehyde,
and organic compounds. These organic compounds,
which include hydrocarbons, alcohols, and
aldehydes, are referred to in California and are
regulated as nonmethane organic gases (NMOG).

Under normal operating conditions, in which the
combustor is sufficiently warm and operated under

fuel-rich conditions, virtually no NOy is formed
(although the formation of ammonia is possible).
Most hydrocarbons are converted to carbon dioxide
(or methane, if the reaction is incomplete); however,
trace levels of hydrocarbons can pass through the
fuel processor and fuel cell. The shift reactors and
the preferential oxidation (PROX) reactor reduce
CO in the product gas, resulting in a feed
concentration to the fuel cell that can be less than
20 ppm. The fuel cell may also convert CO to CO,,
thereby further reducing exhaust CO levels. Thus, of
the criteria pollutants (NOy, CO, and hydrocarbons
[NMOG]), NOy and CO levels are generally well
below the most aggressive standards. NMOG
concentrations, however, can exceed emission goals
unless these compounds are efficiently eliminated in
the catalytic burner.

Figure 1 shows estimated NMOG emissions
from partial oxidation (POX) systems fueled by
compressed natural gas (CNG) and gasoline [1]. The
figure clearly indicates the trend described above
with respect to the relative contribution of start-up
emissions and the emissions levels over the total
driving cycle. Furthermore, the figure also indicates
the importance of catalyst performance in reducing
NMOG emissions. For example, if the catalyst
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Figure 1. Estimated NMOG exhaust emissions for
POX/PEMFC systems with varying anode gas
combustor efficiencies.

efficiency is reduced from 85% (low emissions) to
20% (high emissions), a gasoline-fueled POX
reformer/PEMFC can no longer meet the California
super ultra-low emissions vehicle (SULEV) standard
for NMOG emissions.

Approach

In this study, POX fuel reformers will be
operated under conditions simulating both cold-start
and normal operation. Emissions will be measured
before and after treatment by an anode gas burner in
order to quantify the effectiveness of the burner
catalyst in controlling start-up emissions. The
emissions sampling system will comprise
continuous emissions monitors (CEMs) for O,, CO,,
CO, NO, and total hydrocarbons (THC). Also,
integrated gas samples will be collected in Tedlar
bags for hydrocarbon speciation analysis via gas
chromatography (GC). This analysis will yield the
concentrations of the hydrocarbon species required
for the California NMOG calculation. In addition,
the particulate concentration in the anode burner
exhaust will be measured through either isokinetic
sampling or the placement of a filter in the exhaust
stream.

Concentrations of the aforementioned species
will be obtained by using an emissions sampling
system similar to the one shown schematically in
Figure 2. Because emissions from a POX system
vary significantly between start-up and normal
operation (see Figure 1), a wide range of analyzer
capabilities will be required. Specifically, NOy, CO,
and hydrocarbon levels will each be between 10 and
1000 ppm during start-up and will fall below
10 ppm during normal operation.

This study will explore the sensitivity of
reformer emissions to several variations in the
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Figure 2. Emission testing setup.

system. In particular, the impact of fuel reformer
design will be assessed by testing systems from two
different manufacturers: Nuvera and HBT. The
sensitivity of reformer emissions will also be
quantified by repeating identical test procedures for
four different fuels: gasoline, methanol, ethanol, and
natural gas. Similarly, the sensitivity of emissions to
anode burner catalyst formulations will also be
quantified. An example test matrix based on the
aforementioned variations (assuming the use of two
catalyst formulations) is shown in Table 1.

To make quantitative conclusions regarding the
impact of fuel composition on reformer emissions,
the measured volumetric exhaust concentrations of
each pollutant will be converted to a gram-per-unit
fuel basis. To make further conclusions regarding
the feasibility of meeting California SULEV
emissions standards, appropriate assumptions and
estimates with respect to the powertrain of a fuel cell
vehicle will be used to convert the measured
emissions levels to a predicted gram-per-mile basis.
These results will be presented in a final report that
evaluates the reformer/anode-gas-burner
configurations.
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Table 1. Example test matrix for testing multifuel Conclusions

reformer emissions. L
The purpose of the proposed project is to assess

Test 1D Nuvera HBT the emissions from partial oxidation fuel cell
Test#1 Gasoline Gasoline reformer systems and to evaluate the performance of
Test#2 | Gasoline/Control Gasoline/Control catalytic burners in controlling startup emissions.
Strategy B Strategy B This objective will be achieved by testing the
Test#3 Natural Gas Natural Gas emissions from the HBT and Nuvera fuel-flexible
Test# 4 | Natural Gas/Control | Natural Gas/Control
Strategy B Strategy B fuel processors.
Test#5 Methanol Methanol
Test#6 | Methanol/Control Methanol/Control Reference
Strategy B Strategy B 1. Unnasch, S., “Evaluation of Fuel Cell Reformer
Test# 7 Ethanol Ethanol Emissions,” Final Report for Contract 95-313,
Test#8 | Ethanol/Control Ethanol/Control prepared for California Air Resources Board,
Strategy B Strategy B

Sacramento, Calif., Aug. 1999.

J. Catalytic Autothermal Reforming

Michael Krumpelt (primary contact), Rolf Wilkenhoener, David J. Carter, Joong-Myeon Bae,

John P. Kopasz, Theodore Krause, and Shabbir Ahmed
Argonne National Laboratory, 9700 S. Cass Ave., Argonne, 1L 60439
(630) 252-4553; fax: (630) 972-4553, e-mail: krumpelt@cmt.anl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objectives

» Improve catalytic activity and reduce cost of autothermal reforming (ATR) catalyst.

»  Determine long-term (>1000-h) stability of the catalyst.

» Investigate the effect of catalyst structure (e.g. pellet, monolith, microchannel) on catalyst activity.
»  Develop a better understanding of the reaction mechanism.

OAAT R&D Plan: Task 3; Barrier E

Approach

»  Measure hydrocarbon conversion and H, selectivity vs. temperature and space velocity for new catalyst
formulations.

»  Conduct life tests to evaluate catalyst stability during >1000-h period.
»  Fabricate different catalyst structures, and investigate the relationship between structure and activity.
»  Subcontract catalyst characterization studies to academia.

65



Fuel Cell Power Systems

Accomplishments

FY 2000 Progress Report

»  Several non-noble metal formulations with excellent activity were identified.

»  The importance of oxide ion conductivity in the catalyst substrate was clearly established.

e Catalyst stability during 1,000 h was demonstrated.

*  With the catalyst in a microchannel configuration, an H, selectivity of >50% (dry, N,-free basis) was observed

at a space velocity of 125,000 h™.

»  Strong metal-support interactions were observed by using x-ray photoelectron spectroscopy (XPS) and
extended x-ray absorption fine structure (EXAFS) methods.

»  Patent for catalyst formulation was licensed to United Catalysts (now known by SudChemie, Inc.)

Future Directions

e Catalyst cost vs. activity issues will be addressed.

*  Work will continue on determining optimal metal(s) and support composition that maximizes catalytic activity,
provides long-term stability, and provides tolerance to catalyst poisons.

»  Surface area will be increased.

»  Surface stability and mechanical properties need more attention.

» Relationship between structure (supported vs. free-standing configurations) and catalytic activity will be

evaluated.

» Understanding of the chemical and physical properties of the catalyst and how these properties influence

catalytic activity will be increased.

Introduction

In prior years, Argonne National Laboratory has
articulated the merits of autothermal reforming for
automotive fuel cell systems in terms of reactor
volume and weight, as well as for fast transient
response and start-up. We have reported good
success with a catalyst derived from solid oxide fuel
cell technology, where the metal is a transition metal
element and the substrate is an oxide ion conductor,
such as zirconia, ceria, or lanthanum gallate. We
have also shown that a good operating temperature
is 700°C, which requires catalytic enhancement of
the reaction rates.

Approach

During the past year, we have synthesized new
catalyst formulations in which either the metal or the
substrate composition was varied. We have
evaluated the catalytic activity of these new catalyst
formulations by measuring the hydrocarbon
conversion and H, selectivity as a function of
temperature and space velocity in a microreactor
system. We have conducted life tests (>1000 h) to
evaluate the stability of these catalysts toward
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deactivation. We have fabricated new structured
forms of the catalyst, such as a monolith or a spiral
microchannel configuration, to improve catalyst
durability and to minimize diffusional resistances.
Using characterization techniques, such as
inductively coupled plasma (ICP), energy-dispersive
x-ray spectroscopy (EDX), XPS/Auger, EXAFS,
X-ray absorption near-edge spectroscopy (XANES),
and transmission electron microscopy (TEM), a
better understanding of the chemical and physical
properties of the ATR catalyst and how these
properties influence the catalytic activity has begun
to develop.

Results

A major focus of the work during this period
was to identify potential non-noble transition metals
to replace precious metals, such as Pt, in order to
reduce the cost of the catalyst. The catalytic activity
of various metals supported on a doped ceria
substrate was evaluated by measuring the
hydrocarbon (2,2,4-trimethylpentane) conversion
and H; selectivity as a function of temperature and
space velocity. The percent conversion of
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hydrocarbon in the feed and H; selectivity as a
function of temperature for the various metals tested
are shown in Figures 1 and 2, respectively. These
data were obtained by using an O,/C ratio of 0.46
and a H,O/C ratio of 1.14 at a space velocity
~3000 h* in a temperature-controlled microreactor.
Although all of these catalysts were prepared in an
identical manner, substantial differences exist in the
BET surface areas that may account for the
differences observed in H, selectivity. In general, the
BET surface area of the non-noble transition metal
catalysts is 50-80% lower than that of Pt catalyst.
Some of the non-noble metals (e.g., nickel,
copper, iron, cobalt) are as active as the more
expensive platinum or palladium at temperatures as
low as 700°C. Considering that the partial oxidation
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Figure 1. Hydrocarbon conversion for autothermal
reforming of iso-octane (2,2,4-
trimethylpentane) as a function of temperature
for various transition metals supported on a
doped ceria substrate.
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Figure 2. H; selectivity for autothermal reforming of
iso-octane (2,2,4-trimethylpentane) as a
function of temperature for various transition
metals supported on a doped ceria substrate.
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of methane using a Pt/alumina catalyst requires a
reaction temperature of 1000°C to achieve high
conversion [1], it appears that an oxide-ion-
conducting substrate may play a significant role in
the reaction sequence. To better understand the role
of this substrate, three different oxide-ion-
conducting substrates (ceria, zirconia, and
lanthanum gallate) were tested. As shown in

Figure 3, the H, yield ranged from 34% to 60% (dry,
N.-free basis) for these different oxide-ion-
conducting substrates. In comparison, the H, yield
was less than 30% using a Pt/alumina catalyst under
similar reaction conditions. Work is continuing to
find the optimal metal/oxide formulation in terms of
activity, stability, and cost.

Long-term (>1000-h) life cycle studies were
conducted to evaluate the stability of the ATR
catalyst toward deactivation. As shown in Figure 4,
the H, concentration in the product gas was
relatively constant at ~35% (dry basis) over a 47-day
life test. For this test, a benchmark fuel was used,
and the catalyst was Pt supported on a doped ceria
substrate. In view of the fact that this catalyst was
far from being optimized, particularly with respect
to maximizing the surface area, it proved remarkably
stable. (See the report by Kopasz et al. for the
stability of the catalyst in the presence of sulfur [2].)

From an engineering perspective, a structured
form of the ATR catalyst, such as a monolith or a
microchannel configuration, is preferred over a
pellet form to minimize such potential problems as
back-pressure buildup. Furthermore, if the reaction
is severely mass-transfer-limited, a structured form
of the ATR catalyst that minimizes diffusional

Pt on various substrates at 800°C
0.8 - 0.9 Wi% Pt, GHSV 2602/h, O,C = 0.5, H,0/C = 1.14

|
70 | HH,

OTotal HC's |‘
CegSm 15Gd.os02
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50

LagSr,GagCr203

40 LasGasCr..03
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20 7

Product Composition, % (dry, N.-free)

10 7

0o+

Figure 3. Hj; selectivity for autothermal reforming of
iso-octane (2,2,4-trimethylpentane) for Pt
supported on various oxide ion substrates.
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resistances will have a higher activity per unit
volume than a pellet form. The higher activity of the
structured form of the catalyst will allow for higher
processing rates (space velocities), which means that
a reactor designed for use with a structured form of
the catalyst will be smaller and require less catalyst
than a reactor designed for use with pellets. For
these reasons, we have developed a microchannel
form of the catalyst, as shown in Figure 5. With the
ATR catalyst in a spiral microchannel configuration,
a reformate having a H, concentration of >50% (dry,
N-free basis) is produced at space velocities as high
as 125,000 h™* (Figure 6).

Figure 5. Spiral microchannel configuration of ATR
catalyst.
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microchannel configuration.

To optimize the catalytic activity, an
understanding of how the chemical and structural
properties (e.g. metal particle size and size
distribution, oxidation state of the metal, surface
composition, and interaction between the metal and
the oxide) of the catalyst influence the reaction rate
is required. Catalyst characterization studies, using
such techniques as ICP, EDX, XPS/Auger, EXAFS,
and XANES to measure and investigate these
properties, have been initiated. Argonne National
Laboratory (ANL) is working with the University of
Alabama to investigate the nature of the interaction
between the metal and the oxide by using ICP, EDX,
and XPS/Auger, and the metal particle size and size
distribution by using TEM. Results from this work
will be disclosed in detail at a later date. In an
EXAFS study conducted at ANL by Christopher
Marshall, small Pt clusters (Pt4) are present on Pt
supported on an undoped ceria substrate, whereas
there is no evidence of Pt clusters (no Pt-Pt bonding)
on Pt supported on a doped (Sm or Gd) ceria
substrate (see Table 1). This suggests that the metal-

Table 1. Particle size determination and Pt nearest
neighbor for Pt supported on doped and
undoped ceria, as determined by EXAFS.

Particle | Reduction
Composition sizes Stability | Comments

TARK-44 | Pt/CeO, >10A High Pt,

No Pt-O

TARK-13 | Pt/CSAO <5 A High No Pt-Pt

(prep 1) Pt-O-(Ce)

TARK-19 | P/CSAO <5 A Med. No Pt-Pt

(prep 1) Pt-O-(Ce)
TARK-34 | PY/CGO <5 A Low No Pt-Pt
Pt-O-(Ce)




Fuel Cell Power Systems

support interaction is stronger between Pt on doped
ceria than Pt on undoped ceria [3]. Experimental
work is continuing to explore how the metal-support
interaction influences the reaction mechanism as
well as the reaction rate.

Conclusions

We have demonstrated that high hydrocarbon
conversions and H; selectivity, comparable with
those observed with Pt, can be achieved with certain
less costly, non-noble metals supported on oxide ion
conductors. Long-term reactor tests demonstrated
that the Pt catalyst is stable, with little evidence for
deactivation. The Pt catalyst does not appear to be
poisoned by sulfur at concentrations in the fuel
comparable to fiscal year (FY) 2004 sulfur targets
[2].

We have developed structured forms of the
catalyst, including a monolith and a spiral
microchannel configuration, and demonstrated that a
reformate containing >50% H, (dry, N,-free basis)
can be produced at a space velocity of 125,000 h™
using the microchannel configuration. We have
observed that the addition of a dopant, such as Sm or
Gd, to ceria results in a strong metal-support
interaction that minimizes the formation of Pt
clusters and strongly influences the reaction rate.

Future work will focus on developing a
nonprecious-metal catalyst to reduce the cost. New
formulations of these nonprecious-metal catalysts
and oxide ion conductors will be investigated to
maximize catalytic activity, provide long-term
stability, and minimize the effects of sulfur
poisoning. Characterization and reaction mechanism
studies will continue to determine which chemical
and physical properties of the catalyst should be
optimized. Work will continue on optimizing the
catalytic activity and improving the mechanical
properties of new structured forms of the catalyst.
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K. Alternative Water-Gas Shift Catalyst Development

Deborah J. Myers, John F. Krebs, Theodore R. Krause, and Michael Krumpelt
Argonne National Laboratory, Argonne, 1L 60439-4837
(630) 252-4261, fax: (630) 252-4176, e-mail: myers@cmt.anl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objectives
» Develop alternative water-gas shift (WGS) catalysts to:

- Eliminate the need to sequester catalyst during system shutdown.
- Eliminate the need to activate catalyst in situ.

- Increase tolerance to temperature excursions.

- Reduce size and weight of the shift reactor(s).

- Extend lifetime of the catalyst.

OAAT R&D Plan: Task 3; Barriers E and G

Approach
«  Develop metal-support combinations to promote bifunctional mechanism of catalyst action:

- One component to adsorb CO (e.g., metal with intermediate CO adsorption strength).
- Second component to adsorb and dissociate H,O (e.g., mixed-valence oxides with redox properties under
reformate conditions).

»  Develop bimetallic or polymetallic oxide mixtures to perform the regenerative WGS mechanism:

- Each metal oxide catalyzes one-half of the WGS reaction.
- Metals need to be in intimate contact for efficient electron transfer.

Accomplishments

e Demonstrated <1% CO at 230-300°C from diesel and 1.1% CO from simulated reformate (Nov. 1999
milestone).

e ANL Pt/mixed oxide shift catalyst reduces WGS catalyst volume to 68% of Fe/Cr - Cu/ZnO combination and
does not lose activity with exposure to air (not pyrophoric).
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»  Platinum loading reduced by a factor of three while maintaining catalyst’s WGS activity.

» A nonprecious-metal/mixed oxide catalyst was identified that reduces cost of catalyst to <1% that of Pt/mixed

oxide.

»  Binary oxides show promise as inexpensive, air- and thermally-stable WGS catalysts.

Future Directions

» Increase low-temperature activity of nonprecious-metal catalysts.

«  Explore other metal/oxide and oxide/oxide combinations.

»  Determine durability and stability of metal/mixed oxide catalysts under reformate conditions, including

tolerance to sulfur.

»  Set up catalyst fabrication equipment to supply industry with evaluation-scale quantities.

Introduction

The water-gas shift (WGS) reaction,
CO+H,O - CO; + H;

is used to convert the bulk of CO in raw reformate to
CO, and additional H,. In the chemical process
industry (e.g., in the manufacture of ammonia), the
shift reaction is conducted at two distinct
temperatures. The high-temperature shift (HTS) is
carried out at 350-450°C, using an Fe-Cr catalyst.
The low-temperature shift (LTS) is carried out at
160-250°C with the aid of a Cu-Zn catalyst.

The commercial HTS and LTS catalysts require
activation by careful pre-reduction in situ and, once
activated, lose their activity very rapidly if they are
exposed to air. Moreover, the HTS catalyst is
inactive at temperatures below 300°C, while the
LTS catalyst degrades if heated to temperatures
above 250°C. For the automotive application, with
its highly intermittent duty cycle, it is important to
develop alternative WGS catalysts that (1) eliminate
the need to sequester the catalyst during system
shutdown; (2) eliminate the need to activate the
catalyst in situ; (3) increase tolerance to temperature
excursions; and (4) reduce the size and weight of the
shift reactors.

Approach

No single metal, with the exception of copper,
has high activity for both the water dissociation and
carbon monoxide oxidation steps of the WGS
reaction. Therefore, we are investigating
bifunctional catalysts, where one component of the
catalyst adsorbs or oxidizes CO and the other
component dissociates the water. Our present
research is focused on metal-support and

bimetallic/polymetallic oxide combinations to
promote this bifunctional mechanism.

For the metal-support bifunctional catalysts, the
metallic component is chosen to adsorb CO at
intermediate adsorption strengths (Pt, Ru, Pd, PtRu,
PtCu, Co, Ag, Fe, Cu, Mo). The support, chosen to
adsorb and dissociate water, is typically a mixed-
valence oxide with redox properties (such as
lanthanide oxides, manganese oxide, vanadium
oxide) under the highly reducing conditions of the
reformate.

For the bimetallic/polymetallic oxide catalysts,
one metal oxide is raised to a higher oxidation state
while reducing water to form hydrogen; another
metal oxide donates electrons to this first oxide and
oxidizes carbon monoxide to complete the cycle. A
structural requirement for this mechanism is that the
two metal centers be in intimate contact for efficient
electron transfer. The metal oxides are chosen on the
basis of the two halves of the reaction being
thermodynamically favored (in particular, materials
with solid-state structures). An example of this type
of catalyst is vanadium-cobalt oxide.

Results

Early in this project, a platinum/mixed oxide
catalyst was identified as a potential WGS catalyst
with several desirable properties. As opposed to
copper/zinc oxide, this catalyst does not have to be
reduced in situ, it does not lose activity upon
exposure to air at 21°C to 550°C, and it is active
over a 180-400°C temperature range. Over the first
two years of the project, the WGS activity of the
platinum/mixed oxide catalyst was quadrupled,
while the platinum loading was reduced from 1 wt%
to 0.42 wt%. The catalyst was also supported on an
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alumina extrudate. This past year, we developed a
new synthesis method for the alumina-supported
catalyst to further reduce the platinum loading. As
shown in Figure 1, the new method allowed a
reduction in platinum loading from 0.42 wt% to
0.14 wt%, with no loss of WGS activity.
Argonne’s platinum/mixed oxide/alumina
catalyst can reduce shift reactor volumes
significantly. Figure 2 shows a comparison of the
calculated shift reactor volumes for the commercial
HTS and LTS catalysts and for the Argonne catalyst
used at 300°C and 400°C. The calculated reactor
volumes were based on the measured intrinsic
reaction rates and activation energies for the
Argonne catalyst, and on the published kinetic data
for the commercial catalysts. The HTS and LTS
stages were assumed to operate adiabatically. The
calculated amount of catalyst is that needed to
reduce the exit CO concentration to 1% (dry basis)
from an inlet reformate gas consisting of 10% CO,
10% CO,, 34% H,, 33% N, and 13% H,O (wet
basis). As shown in Figure 2A, for the commercial
HTS and LTS catalysts operated at 400°C and
200°C, respectively, a total catalyst volume of
19.2 L is needed for a 50-kW, fuel cell system. In
comparison, with the Argonne catalyst operated at
400°C and 300°C, respectively, the total required
catalyst volume is 13.5 L, a 30% reduction. Also
shown in Figure 2 are the improvements in the
activity of the platinum/mixed oxide catalyst
throughout the duration of this project, as reflected
in the estimated reactor size, and the reduction in the

3000
2% 0.42 wt% Pt, old method
0.2 wt% Pt, old method

- 0.14 wt% Pt, new method
2000

1000 ]

Slope O WGSrate constant

0 40 80 120 160

In(([CQJin-[CO] eq )/[CO]out-[CO] eq))/liter catalyst

1/Reactant Flow Rate (min/mol)

Figure 1. New synthesis method reduced the platinum
loading of the catalyst while maintaining high
activity.
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amount of platinum needed. The platinum loading
has been reduced from 1 wt% to 0.14 wt%, for an
overall platinum weight of 32 grams for a 50-kW,
system.

Although the noble metals have desirable air
stability and temperature stability, their high cost
may limit their acceptability for transportation
applications. This past year, we developed a
nonprecious-metal/mixed oxide alternative to the
platinum/mixed oxide catalyst. As shown in
Figure 3, the nonprecious-metal/mixed oxide
catalyst has WGS activity comparable to that of
platinum/mixed oxide and does not lose activity at
temperatures up to 400°C. The nonprecious-
metal/mixed oxide catalyst is not initially as active
as commercial copper/zinc oxide (United Catalyst
Incorporated’s C18-7), but the Argonne catalyst
does not lose its activity after exposure to air at
230°C (Figure 4).
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Another promising nonprecious-metal WGS
catalyst, developed using the bimetallic/
polymetallic oxide approach, is vanadium-cobalt
oxide. This material has been prepared by two
different routes: glycine-nitrate combustion and
solid state synthesis. As shown in Figures 5 and 6,
vanadium-cobalt oxides prepared by the glycine-
nitrate process have activities (normalized to catalyst
surface area) that are comparable with those of
copper/zinc oxide; the activities (normalized to
catalyst surface area) are higher than those of
copper/zinc oxide when prepared by the solid-state
synthesis route. In addition, these materials can be
operated at temperatures up to 400°C and can be
oxidized and re-reduced without loss of activity.
They have low surface areas, and thus low overall
conversions of carbon monoxide. We are currently
attempting to prepare these materials in high-
surface-area forms.
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Figure 5. Vanadium-cobalt oxides prepared by
combustion technique have activities (per m?)
comparable with that of Cu/ZnO.
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Figure 6. Vanadium-cobalt oxides prepared by solid-
state technique have higher WGS activity
(per m?) than Cu/ZnO.

Conclusions

In the past year, we have demonstrated the
operation of a single-stage adiabatic reactor using
ANL’s platinum/mixed oxide/alumina catalyst. The
reactor was shown to reduce the carbon monoxide
level in simulated reformate from 10.5% (dry) to
1.1% (wet) and to <1% in actual diesel reformate.
During the past year, the platinum loading on this
catalyst has been reduced from 0.42 wt% to
0.14 wt% while maintaining the WGS activity.
Estimates based on isothermal kinetic data show that
the platinum/mixed oxide catalyst has the potential
to reduce WGS catalyst volume to 70% that of the
commercial Fe/Cr-Cu/ZnO combination. In addition,
the Argonne catalyst does not lose activity after
exposure to air.

A nonprecious-metal/mixed oxide catalyst was
identified that has activity comparable with that of
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the platinum/mixed oxide/alumina catalyst in the
180-400°C temperature range. This material does
not lose activity upon exposure to air and re-
reduction at 230°C. Another alternative to the
platinum catalyst, a binary oxide of cobalt and
vanadium, shows promise as an inexpensive, air-
and thermally-stable WGS catalyst.
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IV. FUEL CELL STACK SUBSYSTEM*

A. R&D on a50-kW, High-Efficiency, High-Power-Density, CO-Tolerant PEM
Fuel Cell Stack System

Tim Rehg (primary contract) and Nguyen Minh

Honeywell Engines & Systems

2525 W. 190" Street, MS-36-1-93193

Torrance, CA 90504-6099

Rehg, (310) 512-2281, fax: (310) 512-3432, e-mail: Tim.Rehg@Honeywell.com
Minh, (310) 512-3515, fax: (310) 512-3432, e-mail: Nguyen.Minh@Honeywell.com

DOE Program Manager: Patrick Davis
(202) 586-8061, fax: (202) 586-9811, e-mail: patrick.davis@ee.doe.gov

ANL Technical Advisor: William Swift
(630) 252-5964, fax: (630) 272-4473, e-mail: swift@cmt.anl.gov

Contractor: Honeywell Engines & Systems, Torrance, California
Prime Contract No. DE-FC02-97EE50470, October 1997-September 2000

Objectives

Research, develop, assemble, and test a 50-kW net polymer electrolyte membrane (PEM) fuel cell stack system
composed of a PEM fuel cell stack and the supporting gas, thermal, and water management subsystems. The PEM
fuel cell stack system will be capable of integration with at least one of the fuel processors currently under
development by Hydrogen Burner Technology (HBT) and Arthur D. Little, Inc.

OAAT R&D Plan: Task 11; Barriers A, B, C, D, and E

Approach

This phased program includes the fabrication and testing of three 10-kW subscale PEM fuel cell stacks, leading up
to the final 50-kW system. Stack technology development and system analysis are conducted iteratively to identify
pertinent technology advances to be incorporated into successive subscale stack builds. The final system analysis
will define the 50-kW stack and system configuration.

¢ Phasel:

- PEM stack R&D to demonstrate multifuel capability and carbon monoxide (CO) tolerance.
- PEM stack R&D to advance technologies toward U.S. Department of Energy (DOE) targets.

¢ Phasell:

- Subscale integration, electronic control system development, transient characteristics and
durability testing.

e Phase lll:

- Testing of the 50-kW PEM fuel cell stack system.
- Hardware delivery of 50-kW PEM fuel cell stack system.

! The DOE technical targets for fuel cell stack systems running on hydrogen-rich fuel from a fuel-flexible fuel processor
can be found in Table 3, Appendix B.
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Accomplishments

FY 2000 Progress Report

e A >200-ppm CO tolerance was demonstrated in single-fuel-cell tests.

e The second 10-kW-class stack containing conducting composite bipolar plates has been built and tested. This
112-cell stack showed significant improvements in cell-to-cell uniformity and attained a specific power of

0.87 kW/kg and a power density of 1.6 KW/L.

«  An 82-cell stack was subjected to a 250-hour life test, running on CO-containing reformate.

«  Asubscale (15-cell) stack was subjected to several freeze-thaw cycles to —40°C without damage, as judged by

subsequent performance testing.

e The 50-kW brassboard system design was completed. Component performances have been specified, and
balance of plant component procurement is scheduled to be completed in 3Q 2000.

«  Most of the balance of 50-kW brassboard plant hardware assembly (minus fuel cell stacks) will be completed in

3Q 2000.

e Controls and interfaces for real-time operation of the 50-kW brassboard are being designed, and the Hardware/

Software Interface definition is nearly complete.

e The stack engineering design has been completed for the third 10-kW subscale PEM fuel cell stack. Component

procurement is in process.

Future Directions

e Build and test the third 10-kW-class PEM stack (scheduled for November 2000).
e Deliver 50-kW net PEM fuel cell stack system brassboard to Argonne National Laboratory (ANL) at the

conclusion of the project (March 2001).

e Continue collaboration with ANL and fuel processor contractors on system integration issues.

e Continue to drive development toward DOE 2000 technical targets for high-volume production costs ($100/kW

for 5,000,000 units/year).

Introduction

Fuel cell power plants will become viable
substitutes for the internal combustion engine (ICE)
in automotive applications only when their benefits
of increased fuel efficiency and reduced emissions
are accompanied by performance and cost
comparable to those of the ICE. Meeting these
requirements is a significant technical challenge that
calls for an integrated systems approach. This effort
encompasses the technical and developmental
activities required to incorporate innovations
necessary to develop a 50-kW fuel cell stack system
to meet the requirements set forth by the DOE.
During this reporting period, Honeywell is in Phase
Il of the program.

Approach and Results

The PEM fuel cell stack system consists of the
fuel cell stack and supporting gas, thermal, and
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water management systems, as shown in Figure 1.
Overall system performance depends on the careful
integration of these subsystems.

|
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Figure 1. Performance of second 10-kW stack.
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The brassboard system design for the 50-kW
fuel cell stack has been completed. Six hexagonally
shaped stacks are pictured in Figure 2. Component
performances have been specified, and procurement
of major components is nearly completed. The
brassboard has been designed for 50-kW electric
power output, operating at high efficiency on
gasoline reformate. It incorporates full integration
and management of on-board thermal, water, and air
subsystems, and it makes use of off-the-shelf
components to minimize cost and assembly time.
Controls are being designed on the assumption of
full dynamic control capability, but provisions are
being made for a variety of actuation schemes.
Supervisory controls and built-in tests have been
partially completed. The Hardware/Software
Interface definition, which is nearly complete, will
be finalized once the remaining actuated control
valves have been selected.

In the area of membrane electrode assembly
(MEA) technology development, Honeywell has
demonstrated that our cells can tolerate >200 ppm
CO contamination without appreciable performance
loss. Honeywell plans to use these MEAs, along
with molded conducting composite bipolar plates, in
the upcoming third 10-kW stack and the final 50-kW
brassboard system build. The designs have been
completed for these builds and the procurement is in
process.

Figure 2. 50-kW brasshoard system design.
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The second 10-kW-class stack containing
conducting composite bipolar plates has been built
and tested. A comparison of the first and second
stack designs is given in Figure 3, and a photo of the
second stack is shown in Figure 4. This 112-cell
stack showed significant improvements in cell-to-
cell uniformity over the first stack (compare
Figures 5 and 6). Improvements for the second stack
included a new flow field with lower stoichiometry
capability, conducting composite bipolar plates, 13%
increase in active cell area, and substantial
improvements in stack weight, volume, and
manufacturability. The performance data for the
second stack are presented in Table 1, and 250-hour
life testing data (run on gasoline reformate/air) are
indicated in Figure 7.

Figure 3. 10-kW stack designs. Comparison of stack |
(left) and stack Il (right) designs.

Figure 4. Photo of second 10-kW-class stack.
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Table 1. Performance of second 10-k\W stack.

Figure 7. Stack Il life test data.

Item Second Stack
Number of Cells 112
Stack Weight (lb) 38
Absolute Peak Power (kW) 15
Specific Power at Peak (kW/kg) 0.87
Power Density at Peak (KW/L) 1.6
H, Stoichiometry at Nominal 1.25x
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Conclusions

In this reporting period, Honeywell has made the
transition to Phase 11 of the program. The focus is
now on the design and construction of the 50-kW
brassboard final deliverable, incorporating our third
stack design and molded composite bipolar plates.
The current projected brassboard system nominal
efficiency is 45% and the projected power densities
are ~0.2 kW/kg and ~0.15 kW/L, versus the
PNGV/DOE targets of 55%, 0.35 kW/kg, and

0.35 kW/L. It should be noted that the above
numbers include contributions from off-the-shelf
components for the brassboard, i.e., oversized heat
exchangers and valves.

FY 2000 Publications/Presentations

¢ R. Loda, “Development of PEM Fuel Cells at
Honeywell,” presented at Long Beach 2000,
Annual Battery Conference on Applications and
Advances, California State University, Long
Beach, Calif., Jan. 11, 2000.

e J. Ferrall, T. Rehg, and P. Sokolov, “Design and
Development of an Air-Reformate PEM Fuel
Cell Stack System for Light-Duty Vehicles,”
Paper No. 00OFCC-6 presented at 2000 Future
Car Congress, Arlington, Va., April 2000.

* J. Ferrall, “Automotive PEM Fuel Cell
Development at AlliedSignal,” presented at the
Joint Fuel Cell Technology Review Conference,
Chicago, Ill., Aug. 3-5, 1999.
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B. Development of Advanced, Low-Cost PEM Fuel Cell Stack and System
Design for Operation on Reformate Used in Vehicle Power Systems

Michel Fuchs (primary contact) and Frano Barbir

Energy Partners, L.C.

1501 Northpoint Parkway, #102

West Palm Beach, FL 33407

(561) 688-0500, fax: (561) 688-9610, e-mail: mfuchs@energypartners.org

DOE Program Manager: Donna Ho
(202) 586-8000, fax: (202) 586-9811, e-mail: donna.ho@ee.doe.gov

DOE Program Support: Larry Blair
(202) 586-0626, fax: (202) 586-9811, e-mail: larry.blair@ee.doe.gov

ANL Technical Advisor: William Swift
(630) 252-5964, fax: (630) 972-4473, e-mail: swift@cmt.anl.gov

Contractor: Energy Partners, L.C., West Palm Beach, Florida
Prime Contract No. DE-FC02-97EE50476, September 30, 1997-June 30, 2001

Objectives
«  Develop low-cost bipolar collector plates through improvements in materials and processes.

e Evaluate and optimize membrane-electrode assembly (MEA) configurations with enhanced carbon monoxide
(CO) tolerance and low platinum loading:

- Stable, usable performance with steady-state CO levels of 10 ppm and transient levels of 100 ppm.
- Platinum loading less than 0.5 mg/cm? per MEA.

« Design and demonstrate a reformate-capable fuel cell stack with a 50-kW,¢ power output.
e Design, integrate, and demonstrate a reformate-capable 50-kW,,; automotive fuel cell power system.

OAAT R&D Plan: Task 11; Barriers A, B, C, and D

Approach

« Phase I: Demonstration and delivery of a polymer electrolyte membrane (PEM) 10-cell stack with reformate
capability and 10 additional bipolar plates manufactured by the compression molding process.

« Phase II: Demonstration and delivery of a high-efficiency, reformate-tolerant 50-kW, fuel cell stack and power
system utilizing injection-molded bipolar plates (with compression molded plates as an alternative), excluding
power conditioning and fuel processor, to Argonne National Laboratory (ANL) for independent testing and
verification.

Accomplishments
« Bipolar plates:

- Completed compression molding development for high performance.

- New injection molding of advanced molded composite bipolar plates results in high performance,
low cost (<$10/kW), and 100% recyclability, with less than 20 seconds cycle time per part per
machine on 232-cm? plates.

- Tested injection-molded plates in a Model NG20000 stack.
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< Demonstration of hydrogen and reformate fuel cell performance:

- Scale-up of 50-kW,, automotive reformate design Model NG3000] comparable to previous

20-kW yr05s Model NG2000 .

- Built and tested 10-cell Model NG30000 on H/air.

- Achieved target performance with 10-cell Model NG30000] on reformate/air.

- Completed nearly 2000 hours of endurance testing.

- Performed freeze-tolerance testing with coolant temperature down to —10°C.

- Performed cold start-up testing from —40°C, with stack in an environmental chamber.

- “Field” tested an 8-kWg.ss Model NG20000 (hydrogen fuel cell stack) in a Deere & Co. GatorQ

industrial vehicle.

e Packaged 50-kW,; System components into an automotive test stand.

e System optimization and analysis:

- Performed trade-off studies to increase efficiency to perform at temperature extremes.
- Reduced componentry with thermally integrated system approach.

- Water balance achievable.

- Tested Arthur D. Little compressor-expander under simulated system conditions.
- Enhanced 50-kW, system model using actual component performance data.

Future Directions

e Continue evaluations of new MEA materials for reformate performance.

e Optimize bipolar material compounding process and increase conductivity.

 Injection-mold net-shaped bipolar plates with all features (500 cm?).

« Injection-mold large-scale blank bipolar plates (1000 cm?).

*  Deliver reformate-tolerant 10-cell stack.

<  Finish fabrication, assembly, controls, and testing of the 50-kW,; system and prepare it for delivery.

Introduction

Energy Partners’ program objective is to
develop a state-of-the-art, reformate-tolerant PEM
fuel cell stack and integrate it into a reformate-
capable operating system that meets automotive
design requirements. The development effort,
focused on a systems approach, is broken down into
three discrete areas: bipolar collector plates, PEM
fuel cell stack, and integrated system.

Results

Composite Bipolar Collector Plate
Development

An optimal bipolar collector plate should be
low-cost, impermeable, highly conductive,
chemically inert, lightweight, and easily
manufactured. The available choices for PEM fuel
cells are metals, graphite, and graphite-composite
materials. Energy Partners has used compression-
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molded graphite composite plates in all of its fuel
cell stacks since 1992. With the advances made in
fillers, binders, and processes, these plates have
properties comparable to those of pure graphite.
However, compression molding is not suitable for
automotive-style mass production because of its
long processing time and high energy consumption.
Energy Partners is developing materials and
processes suitable for high-speed injection molding
(patents pending). Graphite materials are initially
compounded with thermoplastic polymers and
formed into pellets in a continuous process. We have
demonstrated a production rate of over 60 kg/h, with
much higher rates possible on larger machines.
Composite bipolar plates are currently injection-
molded with cycle times under 20 seconds. With
proper tool design, cycle time can be reduced to
about 10 seconds. This is more than 8 times faster
than injection-molded processes for conductive
thermoset materials. By comparison, Energy
Partners’ thermoplastic technology offers greatly
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reduced cycle time and processing cost, improved
hydrolytic stability and corrosion resistance, and
potential for recycling. Table 1 compares properties
of Energy Partners’ compression- and injection-
molding technologies to specified DOE
requirements.

Recently, 500-cm? injection-molded blank plates
were machined to include fluid flow fields and
evaluated in a fuel cell stack. For comparison, cells
containing Energy Partners’ compression-molded
plates (performance similar to that of cells using
POCO graphite plates) were assembled in the stack
adjacent to the injection-molded plates. The
polarization curves for a 4-cell stack are shown in
Figure 1. The difference in performance corresponds
to higher conductivity for compression-molded
plates. Work in progress indicates that optimization
of the formulation and compounding process will
provide injection-molded plates with improved
conductivity. Figure 2 shows some of the current
collector plates molded at Energy Partners.

PEM Fuel Cell Stack

For the past year, work has been focused on
testing short fuel cell stacks of both the NG20000
(~300 cm?) and NG30000] (~600 cm?) designs. The

Table 1. Bipolar plate status and properties.
Compression Injection
Plate Property (complete) (in progress) | DOE Specs.
Bulk conductivity >320 S/cm >110 S/cm > 100 S/cm
4-point probe method
Surface resistance | <30 mQ-cm®* | <50 mQ-cm® | None
<20 mQ-cm? (POCO)
Corrosion rate <16 uAlcm® | <16 pAlem?® | <16
pA/cm?
H, permeability <<2x10° <<2x10° | <2x10°°
cm®/cm*s cm®/cm*s cm®/cm*s
Crush strength ~14,000 psi ~14,000 psi None
Flexibility 135x10°psi | >1x10°psi | None
(modulus)
Flexural strength 6,000-6,500 6,500-9,000 None
psi psi
Material cost ~$7.5/kwW ~$7.5/kwW None
Manufactured $146/kW <$10/kW $10/kW
cost estimate
Production cycle <40 min <20s None
time
Recyclability None 100% None
Durability @ 60°C >5,000 h >5,000 h None
Dimensions: In Production Development | None
Total plate 1,045 cm? 500 cm?
Active area 600 cm? 300 cm?
Thickness <3.0 mm <3.0 mm
Weight ~450¢g <200g
Material density 2.0-22g/cm® | ~2.0 g/cm® None
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Figure 1. Injection- vs. compression-molded plates.

Figure 2. Compression- and injection-molded bipolar
plates.

program baseline is the advanced hydrogen PEM
fuel cell stack NG2000C] rated at 20 KWgqss, Which
also has a reformate-tolerant equivalent
(NG2000R). The new NG300001 was designed
specifically for reformate, with automotive design
criteria as specified by the program (50 kW ).
Testing has shown comparable performance of both
the NG20000 and NG30000 designs (Figure 3). A
10-cell version of the NG30000 (Figure 4) was also
assembled and tested to obtain information related to
scaling up the design. The 10-cell version exhibited
very good cell-to-cell consistency (i.e., there was
very low variation in voltage between the individual
cells, even at high current densities). Figure 5 shows
cell-to-cell voltage variation at different current
densities.

The configuration of both the NG2000C] and
NG30000! is flexible, ranging from 2 to 250 cells.
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Figure 3. Comparison of NG20000J and NG30000]

stacks on hydrogen and on reformate.
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They operate at between 0.2 and 3 atm pressure with
reformate (40% H,, 40%N,, 20%CO,) and are
CO-tolerant to 100 ppm (steady state). Testing has
shown durability of nearly 2000 hours on a
NG20000] 4-cell stack running on hydrogen.
Figure 6 shows that after nearly 2000 hours,
performance still remains relatively constant.

To prove automotive design concepts on actual
hardware, freeze-tolerance testing was performed
with the stack coolant temperature as low as —10°C.
Figure 7 shows performance of the stack when held
for one hour at negative 10°C and 15 minutes at all
other temperatures. In addition, Los Alamos
National Laboratory has been able to successfully
start up an NG200000 12-cell stack from —40°C,
with the use of an environmental chamber.
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Figure 6. Durability of a 4-cell stack @0.60 A/lcm? at
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Figure 4. NG30000] 10-cell stack. 100% humidification on Ha/air.
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Figure 5. NG30000 10-cell stack, cell voltage variation
on Hy/air.
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Figure 7. Freeze-tolerance performance on Hj/air at
1.2/2.0 stoich.
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Since the introduction of the Model NG2000(1,
two in-vehicle evaluations of the stack have taken
place. The first was in Virginia Tech’s hybrid
vehicle, which took second place in the 1999
FutureCar Challenge. The second was in a Deere &
Co. Gator{ industrial vehicle, which used an
8-kWross Version of the stack (Figure 8). Both
vehicles provided extensive information on our fuel
cell in an actual vehicle application.

Integrated System Analysis

The system simulations that were previously
performed were enhanced by incorporating actual
system component performance data. All of the
major system components [i.e., radiator fan motor,
compressor/expander system (Figure 9), and coolant
pump] were tested individually under the integrated
system operating envelope. This enabled the
integrated system model to provide more realistic
performance information (Table 2).

Operating conditions were optimized to permit
the smallest heat-exchanger equipment size while
maintaining water balance. The resulting system is
shown in Figures 10 and 11. A control strategy was
developed to maintain neutral water balance over the
entire system operating range (kW) and under
different ambient conditions (patent pending).
Simplified humidification techniques were
investigated, which led to the design and
certification of an air humidifier able to meet the
necessary requirements.

Rapid start-up from an extreme ambient
temperature of —40°C is possible with Energy

Figure 8. NG2000[1, 8 kW, installed in Deere & Co.
Gator[J industrial vehicle.
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Figure 9. Picture of Arthur D. Little compressor/
expander machine.

Table 2.  Energy Partners’ status vs. DOE goals.
Characteristic EP Status (7/00) DOE Goals
System efficiency

@50 KWhe; (Wo/FP) 42-44% >44%
@12.5 KWiet (WO/FP) 50-51% >55%
Net power density (W/L) 163 W/L 350 W/L
Net specific power (W/kg) 116 Wikg 350 Wikg
Cost/kW <100 (est.) 100/kW
Durability >1880 h 2000 h
Emissions <<Tier 2 <<Tier 2
Transient performance ~0s 3s
(10% to 90%)
Precious metal 0.6 mg/cm?, 0.5 mg/cm?,
(anode + cathode) 1.17 g/lkW 0.9 g/lkW
Cold start-up to full power
—-40°C <5 min 5 min
20°C 97%in~0's 1 min
CO tolerance (<20 mV loss at | ~0 mV >10 ppm
0.7 V) (steady state) with 2% air bleed
CO tolerance (<20 mV loss at | ~0 mV >100 ppm
0.7 V) (3-s transient) with 2% air bleed

Partners’ system design. Experimental results from
freeze-tolerance tests (explained earlier) were used
in the simulations. The quick start-up feature is the
result of optimal utilization of feed gas thermal
energy and fuel cell stack thermal dissipation (patent
pending). Currently, the integrated system’s impact
on the start-up process, from —40°C, is being
investigated at Los Alamos National Laboratory
(LANL).

Conclusion

Energy Partners is developing an automotive
fuel cell power system to meet DOE performance
goals. Significant progress has been made in
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Figure 11. Picture of 50-kW,; automotive system.

development of mass-producible bipolar plates, in
stack and system design, and in development of a
control strategy that will result in neutral water
balance over the entire system operating range and
under different ambient conditions.

Presentations/Publications:

* M. Fuchs, F. Barbir, and M. Nadal, “Fuel Cell
Powered Utility Vehicle with Metal Hydride
Fuel Storage,” submitted to the GlobeEx 2000
Conference, Las Vegas, Nev., July 2000.

e F. Barbir, “Recent Progress and Remaining
Technical Issues in PEM Fuel Cell
Development,” submitted to the World
Hydrogen Energy Conference, WHEC XIIlI,
Beijing, China, June 2000.
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F. Barbir, “Air, Water and Heat Management in
Automotive Fuel Cell Systems,” presented at the
Intertech Conference on Commercializing Fuel
Cell Vehicles 2000, Berlin, Germany,

April 2000.

M. Fuchs, F. Barbir, A. Husar, J. Neutzler,

D. Nelson, and M. Ogburn, “Performance of
Automotive Fuel Cell Stack,” presented at the
2000 Future Car Congress, Arlington, Va.,
April 2000.

F. Barbir, “Bi-polar Plates, Flow Fields and
Stack Design Criteria,” presented at the
American Physical Society Meeting,
Minneapolis, Minn., March 2000.

F. Barbir, M. Fuchs, A. Husar, and J. Neutzler,
“Design and Operational Characteristics of
Automotive PEM Fuel Cell Stacks,” Fuel Cell
Power for Transportation, SAE SP-1505, Proc.
SAE International Congress & Exhibition,
Detroit, Mich., March 2000, pp. 63-69, SAE,
Warrendale, Pa., 2000.

V. Gurau, F. Barbir, and H. Liu, “An Analytical
Solution of a Half-cell Model for PEM Fuel
Cells,” Journal of Electrochemical Society,
Vol. 147(7), 2000.

F. Barbir, M. Nadal, and J. Neutzler,
“Development of PEM Fuel Cell Power Systems
for Transportation Applications,” presented at
the IQPC Conference, Fuel Cell Technology
Asia 99, Tokyo, Japan, Dec. 1999.

F. Barbir, B. Balasubramanian, and J. Neutzler,
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Mechanical Engineering Congress & Exposition,
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C. Cold-Start Dynamics of a PEM Fuel Cell Stack

Kirk Weisbrod (primary contact), Jim Hedstrom, José Tafoya, Rod Borup, and Mike Inbody

Los Alamos National Laboratory
MS J576, Los Alamos, NM 87545

(505) 665-7847, fax: (505) 667-0600, e-mail: weisbrod@lanl.gov

DOE Program Manager: JoAnn Milliken

(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objective

Develop cold-start strategies for stacks through the use of models, verified by experiments.

OAAT R&D Plan: Task 11; Barriers B and C

Approach

« Develop a global model of heat requirements and water transients associated with start-up from subfreezing

temperatures.

e Experimentally verify two cases:

- Autothermal start-up, applicable with stored hydrogen.
- Start-up with coolant heated by fuel processor waste heat.

Accomplishments

«  Developed two transient models for stack/system start-up.

e Completed test apparatus in an environmental chamber that operates down to —40°C.

e Performed initial cold start-up tests with 12-cell stack from Energy Partners.

Future Directions

Complete autothermal and coolant-heated cold-start tests, using electrochemical impedance diagnostic tools to

characterize stack and individual cell performance.

Introduction

Rapid fuel cell system start-up to full power is
an automotive requirement. Quantification of
limiting parameters on cold-start stack response
starting from —40°C is the primary objective of this
study. Start-up of the stack on reformate at low
temperature is hindered by high sensitivity of the
anode catalyst to CO poisoning, low ionomer
conductivity, potential blocking of the catalyst layer
through ice accumulation in the backing layer, and
ice plugging of feed channels. Through
measurements and generic model predictions, fuel
cell subsystem and component requirements will be
defined.

Approach

Two models were developed. An autothermal
model represented start-up on stored hydrogen gas.
An overall heat and mass balance was defined
around the stack. Assumptions for the autothermal
model include the following:

« No interaction with a coolant system takes place.

e Measured polarization curves are available down
to —10°C. Below —-10°C, the curves are
estimated.

e Dry air is available from a compressor at 78°C
(isentropic compression from —40°C).
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¢ Vent gases leave the stack at 100% relative
humidity.

» Bipolar plates are thermally isolated from the
end plates.

The second model included an external heat
source that simulated waste heat from a fuel
processor. Equations were solved by the Applied
Engineering Equation Solver (EES) software from
F-Chart Software.

All stack hardware, including the stack cooling
loop, was installed in an environmental chamber that
operated down to — 40°C. A 12-cell stack
specifically designed by Energy Partners for cold-
start tests was used. A schematic of the flow loop,
given in Figure 1, includes a reservoir containing a
60% ethylene glycol/water mixture and a heating
element. Coolant is pumped through the fuel cell
stack cooling channels and returns to the reservoir
until the stack reaches operating temperature.
Subsequently, coolant may be circulated through the
heat exchanger, which removes waste heat to the
environmental chamber. Figure 2 shows the
equipment layout.

Results and Discussion

Autothermal modeling results predicted both the
temperature rise and the accumulation of water in
the backing layer. It was assumed in the simulation
that 0.5 A/cm® was produced until the stack reached
0°C. After that point, a constant current of 1 A/lcm?
was produced by the stack. Figure 3 indicates that
approximately 6.5 minutes would be required to
reach an operating temperature of 60°C.
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Figure 1. Schematic of the cold-start system with
external heat source.
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Figure 2. Environmental chamber and apparatus for
cold-start measurements.
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Figure 3. Autothermal cold-start predictions of cell
temperature and water saturation.

The fraction of the pore volume, within an
11-mil-thick backing layer, that would be occupied
by ice was also calculated. To reach 0°C,
approximately 40% of the void volume of the
cathode backing layer would be occupied. The
impact of ice upon gas diffusion into the active
catalyst layer, though it is uncertain at this time, will
be evaluated in future experiments.

Figure 4 illustrates the impact of constant
voltage control instead of constant current. Under a
constant average cell voltage of 0.3 V, the stack
reached operating temperature 1.5 minutes earlier.
Greater chemical energy was converted to heat at
current densities up to 2 Alcm?.

Multiple start-up tests were conducted with the
Energy Partners stack and cooling loop, starting
from —40°C. Start-up with simulated waste heat
from the fuel processor involved use of 2 kW heat
input up to 0°C, followed by full power draw at
1 Alem® with feed gas humidification. Figure 5
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Figure 4. Autothermal cold-start model results for
current vs. voltage control.
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Figure 5. Temperature history during cold start of the
Energy Partners’ stack.

traces heating transients. The outlet gas temperatures
rose when gas flow began at 0°C. Stack end plates
lagged in temperature.

System transients were modeled as described
above. A match between system performance and
model results is given in Figure 6. On the basis of
the validated model, predictions were made of heat-
up rate. Figure 7 indicates that with no external heat
input, 20 minutes is required to bring the stack to
operating temperature (60°C). With 5 kW of input,
5 minutes is required. To attain the FY2004 goal of
0.5 minute for stack heat-up, approximately 50 kW
of heat would be required for this specific system.
Thus, coolant system thermal mass will have to be
minimized.
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Figure 7. Model predictions for fuel cell/coolant system.

Conclusions

The following operation and design guidelines
are recommended to minimize start-up times. For
autothermal start-up:

¢ Reduce the thermal load of end plates on the
stack by thermal isolation or by lowering their
heat capacity or thermal conductivity.

» If feasible, operate the stack at a constant low
stack voltage to maximize stack heat production.

e Use dry feed gases up to 0°C to eliminate
plugging of feed lines and internal stack
components with ice.

Additional issues connected with start-up when
an external heat source is available include the
following:

¢ The thermal mass of the coolant flow loop
should be minimized.

e A large external heat source is required to obtain
start-up times approaching 0.5 minutes.
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D. Efficient Fuel Cell Systems

Mahlon S. Wilson (primary contact), Steffen Moeller-Holst, and Christine Zawodzinski
Los Alamos National Laboratory

Materials Science and Technology Division, MST-11, MS D429

Los Alamos, NM 87545

(505) 667-6832, fax: (505) 665-4292, e-mail: mahlon@lanl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objective

Develop a simple, low-parasitic-power, low-cost fuel cell system with high net power densities and efficiencies.

OAAT R&D Plan: Task 13; Barriers B and C

Approach

e Utilize direct liquid water hydration of the membrane/electrode assemblies (MEAS).

e Operate the cathodes at near-ambient pressures to attain minimal parasitic power losses.
e Operate the stack in an “adiabatic” configuration.

Accomplishments

« Demonstrated a surplus water balance with <2% parasitic power at nominal power (and high-altitude
conditions).

«  Demonstrated system efficiencies on neat hydrogen that exceed 55% (low heat value, LHV, of hydrogen) at
nominal power.

e Attained net stack volumetric power densities of 350 W/L (based on the graphite bipolar plate area) or 450 W/L
(based on active area) at nominal power.

e Simplified system to require a single water pump to handle both water makeup and recirculation.

Future Directions

e Further simplify system (e.g., by eliminating the hydrogen recirculation pump).

< Simplify stack design and decrease unit cell thickness by introducing new design approaches.
¢ Improve stack performance and reliability.

Introduction

Of all the potential fuel cell markets,
transportation is probably the most demanding and
competitive. The challenge for fuel cells becomes
more severe if the overall systems are highly
complex and intrinsically expensive. Therefore, the
basic thrust of this effort is to develop a fuel cell
system that is as simple as possible but still provides
competitive net power densities and efficiencies.
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The primary benefits of simplicity are low costs and
reliability, both critical factors in the competitive
transportation market. As systems become simpler,
the parasitic power requirements of the peripherals
are inherently lower. It is possible to attain overall
high efficiencies and power densities by minimizing
parasitic power losses instead of maximizing stack
performance (i.e., pressurized systems).
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Approach

The key to simplifying our fuel cell system is to
directly humidify the fuel cell membrane/electrode
assemblies (MEAS) with liquid water, as previously
developed in this program. The humidification is
accomplished by the introduction of an anode
wicking backing, which conveys liquid water in the
anode flow-field plenum through the nominally
hydrophobic gas diffusion layer directly to the
membrane throughout the active area.

A second critical element is the operation of the
air-side of the fuel cell stack at very near ambient
pressure; even relatively modest pressures can result
in surprisingly high power requirements. For this
reason, inlet air pressures of less than six inches of
water are targeted. With the use of the membrane
hydration scheme described above, the higher
pressure drops associated with humidification
modules, internal manifolding, and two-phase flows
in the cathode channels are eliminated, which allows
the use of low air pressures in our system.

The result of operating a well-humidified fuel
cell stack with a dry, ambient-temperature cathode
air inlet is that the airstream becomes heated and
water-vapor-saturated as it passes through the cells.
This configuration then provides in situ evaporative
cooling of the stack, which eliminates the need for a
separate cooling system or cooling plates within the
stack. Since evaporation is a very effective heat-
transfer mechanism, the waste heat is transferred to
the air as generated and where generated. The air
inlet is at room temperature and the effluent is at
60-70°C, so a large temperature gradient develops
across the stack. This differs from most fuel cell
stack designs, which typically strive to attain
isothermal conditions. In our case, the stack is
designed to encourage a monotonically increasing
temperature as the air passes through it, to
discourage any condensation from occurring within
the flow-field channels. This general scheme of
nonisothermal operation with in situ evaporative
cooling results in an “adiabatic” stack.

Since the system relies on evaporative cooling
instead of conventional stack cooling plates and
radiator, the ability to maintain a net positive water
balance under standard and more severe ambient
conditions is among the issues addressed this year.
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Results

Over the past year, the adiabatic stack system
has been further simplified. A current schematic of
our roughly 1.5-kW system is depicted in Figure 1.
Water recirculation through the stack (for the direct
liquid hydration) and makeup from the ambient-
pressure main water reservoir are now accomplished
by using a single water pump in conjunction with a
pressure switch and float valve. With this scheme, a
second pump, liquid level controller, and motor
controller are eliminated or replaced by lower-cost,
nonpowered components.

One of the primary issues with utilizing
evaporative cooling in the adiabatic stack system
was the ability to operate with a net positive water
balance. A plastic flat-plate condenser with a
roughly 1/6-ft> exchange volume and a 12-W
cooling fan was used for water recovery from the
cathode effluent. In the water balance tests, the
thermally isolated end plates were heated to
minimize passive cooling that would skew the water
recovery results. In a typical run at 24°C ambient
temperature, the 26-cell, 300-cm?-active-area stack
was operated at a voltage of 17.5V (0.673 V/cell, or
a voltage efficiency of 57% based on LHV of
hydrogen) and a current of 83 A, for 1.45 kW gross
power. The blower provided roughly three times
stoichiometric air flow at a 5.5-in. H,O inlet
pressure. The total power draw for the various
components (blower, hydrogen and water pumps,
and condenser fan) was 26.1 W, or 1.8% of the stack
power. Net power is then 1.43 kW at a 56% overall
efficiency. Surplus water was recovered at a rate of
2.5 g/min.
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Figure 1. Schematic of the adiabatic stack fuel cell
system.
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While surplus water was easily recovered under
the high desert conditions (0.76 ambient pressure,
24°C, low humidity) in the experiment described
above, a parametric study using a system heat and
mass balance model was used to anticipate water
recovery under other scenarios (e.g., Florida).
Whereas the effect of humidity is relatively
insignificant, much more critical factors are the
ambient temperature and pressure, because the
condenser inlet temperatures increase strongly with
both. In addition, the heat-transfer coefficients are
proportional to ambient pressure. The net result is
that, for equivalent condensers and cooling air mass
flow rates, operating at a 25°C ambient temperature
in Los Alamos (0.76-atm ambient pressure) is akin
to operating at a 40°C ambient temperature at sea
level. For this and other reasons, it may be that
evaporative cooling plus water recovery is actually a
superior alternative to the conventional radiator plus
coolant approaches.

The less than 2% parasitic power level is of
critical importance to allow the modest performance
of the adiabatic stack to compete favorably with
pressurized fuel cell stacks in terms of net power
density and efficiency. The parasitic power
significance is illustrated in Figure 2. Here, a
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Figure 2. Effect of parasitic power requirements on net
efficiencies.
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polarization curve depicting the rather modest
performance of the adiabatic stack is depicted.
However, for a higher parasitic power

(e.g., pressurized) system to match the net efficiency
of the adiabatic stack, it must operate at a higher cell
voltage. For example, if a system has a 15%
parasitic power level (probably optimistic for a
30-psig stack), then it must operate at about

0.81 V/cell to attain the same net efficiency. The
unit cells will actually need to be thinner to achieve
the same net power density, because the pressurized
stack must also accommodate cooling plates etc.

Conclusions

A complete and simple version of an adiabatic
stack system has been developed and demonstrated.
Water self-sufficiency has been shown to be readily
achievable. System modeling indicates that the
experimental results attained at high altitude are
equivalent to those for sea-level conditions
(i.e., 40°C ambient temperature). Parasitic power
levels of less than 2% have been demonstrated.
Because of such low losses, net power efficiencies
and power densities of the adiabatic stack are
comparable with those for pressurized stacks. All
else being equal, it would appear that the adiabatic
system’s intrinsic simplicity and low cost would
give it a competitive edge over pressurized systems
for transportation applications.

Patents Issued/Pending

1. M. S. Wilson, “Fuel Cell Membrane
Humidification,” U.S. Patent No. 5,952,111.

2. M. S. Wilson, “Ambient Pressure Fuel Cell
System,” U.S. Patent Pending.
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E. Direct Methanol Fuel Cells
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Xiaoming Ren, Piotr Zelenay, Huyen Dinh, John Davey, and Shimshon Gottesfeld (primary contact)

Los Alamos National Laboratory, Los Alamos, NM 87545

(505) 667-6853, fax: (505) 665-4292, e-mail: gottesfeld@lanl.gov

DOE Program Manager: JoAnn Milliken

(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

Objectives

Develop materials, components, and operation conditions for direct methanol fuel cells (DMFCs) so as to prove the
potential of DMFCs for transportation applications in terms of power density, energy-conversion efficiency, and

cost. Specifically,

«  Continue to optimize anode and cathode catalyst layers to enhance cell performance;

< Prove that low fuel utilization can be resolved through a combination of ionomeric membranes of good protonic
conductivity and optimized stack structure and operation conditions; and

«  Prove the stability of all cell components — primarily anode catalyst — in longer-term operation subject to these

combined requirements.

OAAT R&D Plan: Task 14; Barriers B, F, H, and |

Approach

e Operate DMFCs and stacks near 100°C with a variety of membrane/electrode assemblies (MEAS), using
optimized catalyst layers to demonstrate performance and stability.

e Optimize other cell components, including backing layers and bipolar plate/flow fields, to maximize
demonstrated performance in DMFC small stacks operating near 100°C.

Accomplishments

«  Small DMFC Stack Development: 30-cell, 45-cm? active area, methanol/air stack fabricated, employing Los
Alamos National Laboratory (LANL) hardware; 80 W generated by stack in initial testing near ambient

conditions ( 200 W expected near 90°C).

«  Lowered Pt Loading: Low-Pt DMFCs (50 cm?) demonstrated: 5 g Pt/kW, with peak power of 0.15 W cm’?;

2 g Pt/kW with peak power of 0.12 W cm.

Future Directions
e Further lowering of precious catalyst loading.

e Possible scale-up of stack to the 1.0-kW level (budget permitting).

Introduction

The objective of the direct methanol fuel cell
effort at LANL, sponsored by the U.S. Department
of Energy’s Office of Advanced Automotive
Technologies (DOE/OAAT), has been to develop
materials, components, and operation conditions for
such cells and small stacks, to prove their potential
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for transportation applications in terms of power
density, energy conversion efficiency, and cost.
Introduction of a DMFC as a primary power source
for transportation could provide the combined
attractive properties of a liquid fuel of good potential
availability, high system simplicity (liquid fuel + air
in, DC power out), good potential for packaging as
required to achieve 350-mile range in a passenger
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vehicle, and good potential for achieving zero-
emission-vehicle (ZEV) characteristics.

Results

Our DMFC work in fiscal year (FY) 2000
included advances in DMFC stack component
development, stack assembly, and stack testing. In
addition, we made significant headway in
demonstrating DMFCs with catalyst loadings that
were lower by a factor of 10 compared with the
loading used in military applications of the
technology, at a cost in peak power of only about
30%. The demonstration of operation on such lower-
Pt loadings has provided hope for bringing precious-
metal catalyst levels in DMFCs to within a factor of
two of the precious metal level per kilowatt used
today in fuel cell systems, based on on-board
reforming. Figure 1 shows a comparison at 100°C
and 110°C of DMFC (single-cell) performance on
>10 mg Pt/cm® and on <1 mg Pt/cm®. It is clear that
the lowering in peak power, observed as a result of
lowering the Pt loading by an order of magnitude, is
rather modest. The trade-off between DMFC Pt
loading per kilowatt and cell peak power is
summarized in Table 1. For comparison, fuel cell
power systems based on reforming-on-board use at
present attain near 2 g Pt/kW, while generating stack
peak power near 0.5 W cm™,
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We extended our DMFC work to the level of a
30-cell stack of 50-cm? cells, shown in Figure 2.
Novel stack hardware has been developed in-house.
We have demonstrated initial power output of 80 W
under close-to-ambient conditions, and by the end of
this calendar year we expect to be able to
demonstrate 200 W from the same stack under the
higher temperature and pressure applicable for
transportation applications. We showed that very
effective packaging could be achieved with our stack
structure, which has a pitch per cell of 2 mm, or
5 cells/cm. This corresponds to a power density of
1 W/cm®, or 1 kWL of active volume of the stack
when operated at a higher temperature, around 90°C,
and at 30-psig air. We see the success in building the
small stack as a substantial basis for scale-up to the
1-kW level.

Another important demonstration this year was
the applicability of “factory-grade” methanol to
DMFC operation, without any further purification.
Analytic-grade methanol and methanol from the
factory gate yielded the same cell performance and
performance stability. Significantly, no special “fuel
cell grade” methanol will apparently be required for
DMFCs.

An important development this year has been the
interest expressed by Motorola in working with
LANL on DMFC technology for a variety of

0.8
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Figure 1. DMFC polarization curves for ultra-high and low Pt loadings at 100 and 100°C (45-cm?” cell).
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Table 1. Trade-off between peak power density and
catalyst requirement per kilowatt with lower
overall Pt loading.
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applications. The first application chosen, leading to
a cooperative research and development agreement
(CRADA) with Motorola, has been a power system
for cellular phones, based on a hybrid DMFC/battery

As a result of the DOE/OAAT-sponsored efforts
at LANL targeting potential transportation
applications of DMFCs, the technical status reached
is significant. In terms of power density and energy-
conversion efficiency, the DMFC (based on short
stack results) is today comparable with an on-board
methanol reforming system. There is a remaining
(although smaller than perceived) gap in precious-
metal catalyst requirements, with the DMFC
requiring 5 g Pt kW™ vs. about 2 g Pt kW™ required
today for an on-board reforming system. We plan
(budget permitting) to extend our DMFC work in
FY 2001 to fabrication and testing of stacks in the
range of 1 kW, operating near 100°C.

Total Pt Loading Peak Power
(mg cm?) g/kW (peak) | (Wcm?) system (see Figure 3).
16.6 66.0 0.250
1.9 10.0 0.190 Conclusions
1.1 6.1 0.185
0.8 4.9 0.170
0.4 2.7 0.140
0.2 1.4 0.130
Milestone of 5 g Pt/kW achieved with 45-cm? cell
at peak power of 0.17 W cm™ (at 2 g Pt/kW, peak
power is still ~0.14 W cm®).

Figure 3. DMFC application: portable power for cellular phones.
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V. PEM STACK COMPONENT COST REDUCTION*

A. High-Performance, Matching PEM Fuel Cell Components and Integrated
Pilot Manufacturing Processes

Mark K. Debe and Judith B. Hartmann (primary contact)
3M Company

3M Center, Building 201-1C-30

St. Paul, MN 55144-1000

(651) 736-1772, fax: (651) 575-1187, e-mail: jbhartmann@mmm.com

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: joann.milliken@ee.doe.gov

ANL Technical Advisor: James Miller
(630) 252-4537, fax: (630) 972-4537, e-mail: millerj@cmt.anl.gov

Contractor: 3M Company, St. Paul, Minnesota

Subcontractor: Energy Partners, Inc., West Palm Beach, FL

Prime Contract Nos. DE-FC02-97EE50473, September 1997-March 31, 2000
DE-FC02-99EE50582, September 1999-December 2001

Objectives

e Conclusion of Contract #1, Phase 2: Demonstrate scale-up potential for fabricating CO-tolerant anode catalysts
and targeted performances of prototype manufactured membrane electrode assemblies (MEAS) in a
subcontractor-provided fuel cell stack.

»  Contract #2: Develop a set of high-performance, matched polymer electrolyte membrane (PEM) fuel cell
components and pilot manufacturing processes to facilitate high-volume, high-yield stack production, and
demonstrate the matched component performance in a subcontractor-provided 10-kW fuel cell stack.

OAAT R&D Plan: Task 13; Barriers A and B

Approach
e Contract #1, Phase 2:

- Transfer anode catalyst fabrication from laboratory- to pilot-scale facility.
- Conduct single-cell tests at subcontractor facility to define flow field design; prepare MEAs for evaluation
in their short stack design at subcontractor facilities.

e Contract #2, Phase 1:

- Develop anode catalyst compositions and structures with higher reformate tolerance, based on a proprietary
catalyst support system.

- Investigate catalyst compositions and structures to produce higher-activity cathodes, based on a proprietary
catalyst support system.

- Carry out pilot manufacturing scale-up of the process for fabrication of catalyst-coated membrane (CCM)
assemblies.

! The DOE draft technical targets for fuel cell system and fuel cell stack components, sensors, and catalysts can be
found in Tables 3, 4a, and 4b, Appendix B.
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- Develop carbon electrode backing (EB) media, optimized for performance with the catalyst system.
- Optimize the fuel cell flow field, with the stack manufacturing subcontractor, for water management and
air bleed utilization with the catalyst system.

Contract #2, Phase 2:

- Evaluate matched component system’s performance in subcontractor stack tests.
- Fabricate and deliver a 10-kW stack.

Accomplishments

Successfully scaled up anode catalyst, completed large-area short stack testing at Energy Partners, and prepared
final report on Contract #1.

Defined and implemented development of methods for fast screening of new anode and cathode catalyst
compositions and structures, which have direct correlation with fuel cell performance.

Implemented and refined multiple in-situ techniques for characterizing MEA properties relevant to fuel cell
performance.

Systematically evaluated multiple PEMs and gas diffusion layer media in MEAs to select the optimal set for
catalyst screening experiments.

Developed a quantitative understanding of optimal water management and operating conditions for the
nanostructured MEASs.

Identified critical factors in MEA components and fuel cell break-in conditioning, leading to significant
improvements in performance.

Identified and implemented improvements in pilot-scale CCM fabrication, which resulted in improved fuel cell
performance.

Achieved improved definition of process windows for catalyst and CCM fabrication; identified key process
parameters for statistically designed scale-up and quality improvement studies in the next stage of the effort.

Completed the greater portion of the work needed to establish test stations, in-line process equipment, and
monitoring equipment to support the laboratory- and pilot-scale studies.

Completed fuel cell evaluations and characterization studies of ~50 different electrode backings, which fall
under four different media categories. Identified key EB characteristics related to fuel cell performance and
developed increased understanding of differences among the types of media that influence how to optimize
their use.

Evaluated the effects of EB coating properties on fuel cell performance for the different types of EB media.

Implemented three-dimensional flow field model for simulation of down-channel and cross-channel
distributions of oxygen, temperature, current density, and water saturation levels.

Future Directions

Continue development and evaluation of anode and cathode catalysts, emphasizing scaleable process methods
that yield higher specific surface area activities for oxygen reduction.

Continue EB materials and process development to optimize water management with a high-volume
manufacturing process.

Continue development of the CCM pilot-scale process to improve on-line process control methods, yields,
quality, and performance.

Continue flow field optimization modeling and verification.
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Introduction

The membrane electrode assembly is the core
component set of a PEM fuel cell stack. An MEA
consists of five basic components: anode and
cathode catalysts, ion exchange polymer membrane,
and anode and cathode gas diffusion layers. The
functions of these basic components are intimately
related, and the interfaces between them are critical
for optimal performance. For large-scale volume
fabrication at the costs and quality targets required
by transportation applications, very high yields and
in-line process control of integrated processes based
on cost-effective materials are required. This
contract is directed toward demonstrating high-
performance, matching PEM fuel cell components
manufacturable by integrated pilot processes,
utilizing a proprietary nanostructured thin-film
catalyst support system.

In fiscal year (FY) 2000, the initial contract
(DOE-1) to demonstrate the feasibility for such an
approach was concluded, and a follow-on, expanded
contract was initiated (DOE-2). In this report, we
summarize the progress in Phase 2 of the initial
contract and in the current contract to date. Phase 2
of DOE-1 focused on evaluating full-size MEAs,
based on a nanostructured support system and
fabricated by feasibility process methods, in a short
stack at the subcontractor facilities. The objective of
DOE-2 is to build on the feasibility of the first
contract, further optimizing the component
performances, their integration, and development of
high-volume pilot manufacturing processes for
continuous fabrication of the catalyzed membranes
and gas diffusion layers used to form five-layer
MEA:s. In the second phase of DOE-2, the
performance of the matched component system will
be demonstrated in a 10-kW fuel cell stack.

Approach

The objectives and approaches of DOE-1 are
described in the FY 1999 edition of this report. In
completing Phase 2 of DOE-1, the proprietary
nanostructured anode catalysts developed in Phase 1
were scaled up and used to fabricate 150- and
300-cm® MEAs for single-cell and, finally, short
stack testing. Evaluation of single-cell MEAs with
different catalysts, membranes, and gas diffusion
layers was performed using different subcontractor
flow field designs to determine a likely best
component set for the short stack. New short stack
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bipolar plates were fabricated for the short stack
tests and combined with the best MEA component
set fabricated by the feasibility pilot process.

The objectives of DOE-2 both extend and add to
those of DOE-1, and the approach reflects this as
well. In Phase 1 of DOE-2, new cathode catalyst
compositions and structures based on nanostructured
support films are being developed for higher
performance and efficiency on low-pressure air, and
development is continuing on improved anode
catalysts for operation on reformate with better air
bleed utilization. For both areas of catalyst
development, the unique nanostructured support and
catalyst coating methods are similar and offer many
potential combinations of materials and process
conditions to obtain higher-performing, more cost-
effective electrodes. Because of the large number of
potential new multicomponent catalyst structures
that can be fabricated by this approach, a fast
screening methodology is being developed to permit
the electrochemical evaluation of the new catalysts
as quickly as possible, to support selection of those
that merit more thorough evaluation. In addition,
multiple in-situ techniques for characterizing MEA
properties relevant to fuel cell performance have
been defined and implemented on the fuel cell test
stations.

Scale-up of the processes for producing the
catalyst support structures and CCMs is being done
in a pilot-plant facility. Initial work has focused on
experiments to better define the process windows
and to identify key process parameters.
Improvements to the processes and equipment are
being made as the need is identified through
experiments. On-line monitoring and inspection
methods are being defined and implemented, and
fuel cell test stations are being installed to support
pilot-scale, statistically designed process
experiments and quality improvement studies, which
will begin when the test station installation is
completed.

Electrode backings in four categories of media
are being evaluated by fuel cell performance tests
and by a variety of characterization studies.
Preliminary assessment of relative process
feasibility and cost is also part of the selection
process. Experiments are being conducted to
identify key characteristics and to develop an
understanding of the differences among the types of
media. Future work will include more detailed
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evaluation of the most promising types of substrates,
one of which will be selected for scale-up.

Finally, the proprietary nanostructured-catalyst-
based MEAs have different water management
requirements than MEAs fabricated with
conventional carbon-particle-supported catalysts,
requiring optimized gas diffusion layers and flow
field designs for best performance. An empirical
approach was used in DOE-1 for investigation of
two types of existing flow fields. In the current
contract, modeling via computational fluid dynamics
(CFD) is being utilized by the subcontractor to
simulate the operating environment within the cell
for different flow field design parameters and gas
diffusion layer properties.

Results

A six-cell stack was fabricated at Energy
Partners, using their bipolar plate technology, and
3M CCMs were fabricated by continuous process
methods with anode and cathode catalysts developed
under DOE-1. Figure 1 shows a set of three stack
polarization curves taken under pure hydrogen, 40%
H, with 60% N, and 40% H, with 40% N, and 20%
CO,. No H;dilution effects or loss in performance
from the CO, are seen. Performance did not match
the single-cell tests, but it was discovered after the
tests were completed that the anode flow rates were
inadequate because of a test station leak. The stack
will be retested for benchmarking under DOE-2.
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Figure 1.  Short stack polarization curves from DOE-1,

Phase 2, final tests of 300-cm” MEAs
fabricated by the pilot continuous process
methods.
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Significant progress has been made, since the
beginning of DOE-2, in determining materials,
process, and fabrication factors that give improved
performance, but are still based on the anode and
cathode catalysts developed in DOE-1. These factors
involve water management, the type of PEM and gas
diffusion layer, and the conditions for assembling
them. Figure 2 illustrates a series of four
polarization curves representing the best
performance at the date indicated, with constant Pt
cathode loadings of ~0.22-0.28 mg/cm®. Al
measurements were taken at ambient pressure in a
potentiodynamic scanning mode.

The nanostructured catalyst process is very
facile, and many new catalyst alloys and composites
can be made rapidly for evaluation. A rapid
screening technique had to be implemented with a
close correlation to fuel cell performance to facilitate
the catalyst evaluations, which guide the process
development. A 16-segment cell (16 working
electrodes) and 16-channel potentiostat now under
development will allow AC-impedance
characterization of the CCMs made with the new
catalyst types, specifically to allow simultaneously
measuring and distinguishing the catalyst reaction
polarization impedances from membrane, contacts,
and interfacial impedances. Figure 3 illustrates AC
impedance plots obtained at open circuit voltage
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Figure 2. lllustration of the continuing improvement in
ambient pressure performance obtained since
the start of DOE-2 with the same
nanostructured catalysts, by advances in other
MEA components, fabrication methods, and
testing protocols.
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Figure 3. AC impedance plots obtained at open-circuit

voltage under reformate with a prototype
segmented cell from five different catalyst
compositions. The low-frequency intercept is
seen to be a strong function of catalyst
composition. The final 16-segment cell and
potentiostat will be used to rapidly screen new
anode and cathode catalysts.

under reformate, with a prototype segmented cell,
from five different catalyst compositions. The low-
frequency intercept is seen to be a strong function of
catalyst composition.

Improvements to the pilot-plant CCM
fabrication process and equipment resulted in
material having improved fuel cell performance.
Ambient-pressure polarization curves taken in
potentiodynamic/constant flow (PDS) and
galvanostatic/constant stoichiometry (GSS) scanning
modes for this material are shown in Figure 4. The
discrepancy at low current densities between the
PDS and GSS curves reflects the need for optimized
electrode backings and flow fields. Experiments
conducted on the catalyst fabrication process
resulted in better definition of the process windows
and identification of major variables for future,
statistically designed experiments. Installation of
pilot-plant test equipment to support statistically
designed scale-up and process quality improvement
studies is nearing completion.

Fuel cell evaluations and characterization
studies were completed for ~50 different EBs, which
fall under four different media categories. Also,
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