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Introduction

In his 2003 State of the Union Address, President Bush announced a $1.2 billion
Hydrogen Fuel Initiative to accel erate the development of the hydrogen and fuel cell
technol ogies needed to move the United States toward a future hydrogen economy. While
many scientific, technical, and institutional challenges must be overcometo realize the
vision of a hydrogen energy economy, moving from today’ s laboratory-scal e fabrication
technol ogies to high-volume commercial manufacturing has been identified as one
potential roadblock to a future hydrogen economy.

The Workshop

The Federal Interagency Working Group on Manufacturing for the Hydrogen Economy
was established to coordinate and leverage the current federal efforts focused on
manufacturability issues such as low-cost, high-volume manufacturing systems, advanced
manufacturing technol ogies, manufacturing infrastructure, and measurements and
standards. Participants in this working group include the Department of Energy (DOE -
lead organization), Department of Agriculture, Department of Commerce/National
Ingtitute of Standards (NIST), Department of Defense, Department of Transportation,
Environmental Protection Agency, National Aeronautics and Space Administration,
National Science Foundation, Office of Management and Budget, and White House
Office of Science and Technology Policy. Over the last year, this working group has been
laying the groundwork for developing a roadmap to coordinate and guide research and
development (R& D) efforts on manufacturing technologies critical to commercializing
hydrogen and fuel cell technologies. The Roadmap Workshop on Manufacturing
Technologies for the Hydrogen Economy is the next step in this process.



The purpose of the Manufacturing R& D workshop is to bring together industry,
university and government representatives to discuss the key issues facing all aspects of
manufacturing for hydrogen products including: (1) fuel cellsthat convert hydrogen into
electric energy, (2) hydrogen storage systems, and (3) large-scale hydrogen production
and delivery systems. The recommendations resulting from this workshop, which will
outline the key technical problems facing the manufacture of hydrogen systems today and
identify priorities for research and development on manufacturing during the transition to
a hydrogen economy (e.g., 2005-2025), will be incorporated into the R&D Roadmap on
Manufacturing Technologies for the Hydrogen Economy. This roadmap will be used to
guide R& D on critical manufacturing technologies and technical standards required for
high-volume production, and to direct future public-private partnerships that will
facilitate transfer of technology to industry through cost-shared projects.

Purpose of This Document

This document on manufacturing R& D for proton exchange membrane (PEM) fuel cell
systems is one of three documents that have been prepared for the Workshop on
Manufacturing R&D for the Hydrogen Economy. The other two documents cover
manufacturing R& D for systems that store hydrogen and for systems that produce and
distribute hydrogen.

This material isintended to provide information to workshop participants for their use
prior to and during the workshop. This paper was written by the DOE roadmap team and
NIST in consultation with industry participants.

The paper covers the following topics that will be addressed in the workshop:

« What hydrogen system components need to be manufactured to begin the
transition from petroleum to hydrogen between now and 2025?

« What isthe state of manufacturing technologies for these components and
systems?

In addition, the workshop will identify and prioritize topics for public-private R&D on
manufacturing of PEM fuel cells.

Fuel Cell System Components and Manufacturing
Processes

The PEM fud cell powerplant is built from four main subsystems: (1) the cell stack, (2)
the balance-of -plant, (3) power conditioning, and (4) system controls. Hydrogen storage
is considered separately from the powerplant and, for the purposes of this document,
represents a separate system that delivers “fuel cell quality” hydrogen to the powerplant.
In thisanalysis, the air delivery system to the fuel cell isan integral part of the balance-
of-plant.
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Cell Stack

The cell stack has received the greatest amount of research and devel opment attention
because within the cell stack isthe “heart” of the fuel cell; i.e., the electrochemical
process. The technical targets for the cell stack are given in Attachment A.

Membrane Electrode Assembly

The membrane electrode assembly (MEA) is afive-layer structure as shown in Figure 1.
The inner structure consists of a membrane with each face covered by a catalyst layer and
this layer isidentified as a catal yst-coated membrane. In today’ s technology, the
membrane is Nafion® perfluorosulfonic acid, and the membrane thickness ranges from
25 to 50 micrometers. The catal yst-coated membrane is basically a thin film sandwich
that could require thin film manufacturing processing; possibly roll-to-roll processing
coupled with deposition processes such asink jet printing.

The catalyst layers adjacent to each face of the membrane are platinum supported on
carbon (~50 wt %) at aloading of equal to or less then 0.4 mg Pt/cm?. The thickness of
the catalyst layer can approach 25 micrometers but is usually thinner. The outer two
layers of the five-layer structure are the gas diffusion layers (GDLSs), each adjacent to a
catalyst layer. The GDLs are considerably thicker porous carbon layers with thicknessin
the range 300 micrometers per layer. Woven carbon/graphite cloths and carbon felts are
promising technologies for manufacturing GDLSs. The carbon felts are manufactured
using paper processing techniques. For many fuel cells, the GDL is chemically treated to
control its hydrophobic/hydrophilic properties. Thin film manufacturing processes such
as vapor / physical deposition could be used to apply the hydrophobic/hydrophilic
properties.

Membrane

The Nafion® membrane is an expensive component for the fuel cell*. DuPont reports?
that improvements in the processing efficiencies and a potential reduction in materials
cost will permit Nafion® to achieve the cost targets consistent with the hydrogen
economy specifications. Arkema®, PolyFuel™*, and others propose alternative membrane
materials to replace Nafion®. Reduced cost is the primary driver for alternative
membrane manufacture, and the above researchers propose cost reductions by a factor of
4 to an order of magnitude compared to Nafion®. The aternative films have yet to be
proven as replacements for Nafion® and until proven remain a development activity
outside the scope of this manufacturing, fabrication, and assembly workshop.

Polymer processing research and development would help drive the cost of the Nafion®
membrane to levels consistent with achieving the hydrogen economy goals. Roll-to-roll

1 E. Carlson, “Cost Analysis of Fuel Cell Stacks/Systems”, TIAX, LLC, 2003 Hydrogen and Fuel Cells Merit Review
Meeting, Berkeley, CA, May 19-22

2 D. Lousenberg, T. Henry, D. Curtin, M. Tisack, P. Tangeman, “DIFFERIENTIATED MEMBRANES AND DISPERSIONS
FOR COMMERCIAL PEM FUEL CELL AND ELECTROLYSIS SYSTEMS”, DuPont - Fayetteville Works, Fayetteville, NC,
2003 FUEL CELL SEMINAR ABSTRACTS

3 Gaboury, Scott, “’"Development of a Low-Cost, Durable Membrane and MEA for Stationary and Mobile Fuel Cell
Applications”, Atofina Chemicals, Inc. (Arkema Group), 2004 Annual Program Review Meeting May 24-27, 2004,
Philadelphia, PA

4 http://www.polyfuel.com/technology/hydrogen.html
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processes are easily capable of handling multiple 25 micrometer films and this is another
areathat may provide a pathway to low cost membranes.

Catalyst and Catalyst Layers

Cost driversfor the catalyst layer are materials (precious metal) costs, process cost to
apply the catalyst to the carbon support, and process cost to deposit the carbon supported
catalyst to the membrane. The latter identifies the importance of developing thin film
manufacturing methods for fuel cells. For processing supported catalyst, the catalyst is
typically applied to carbon using a batch, wet chemistry method. Alternative, high
throughput methods to prepare supported catal yst would decrease the cost of supported
catalyst manufacture. Deposition methods, such asink jet printing, vapor deposition,
physical deposition, and semiconductor processing technology, offer alternative
manufacturing approaches that could drive down cost.

Seals

There is approximately one mile of sealant in an 80 kW transportation fuel cell stack.
Because of the large number of seals, the development of high-speed seal applicationsis
necessary. Integrating the sealing process with the manufacturing of MEASs s an obvious,
but possibly difficult method to develop. Thin film manufacturing processes, e.g., screen
printing, and coating process such as spray coating or roll coating, may offer
opportunities for low cost manufacture of seals for the MEAs.

Bipolar Plates

Both graphite and metal bipolar plates are proposed for PEM fuel cells and the
technology has not progressed to the stage where the superior approach can be identified.
There are some fundamental and common properties associated with all bipolar plates.
flatness, parallelism of the faces, and uniformity of the flow fields.

The ability to manufacture plates without post machining or grinding to assure flatness
and parallelismisacritical need. A 25 micrometer increase in thickness at one corner of
abipolar plate, when repeated in a cell stack, could result in a 10 cm tilt in an 80 kW
stack (approximately 400 cells). Building a cell stack with such arepeatable, uncontrolled
variation would obviously not be feasible. The importance of tolerance control is
demonstrated. Lack of tolerance control in the manufacture of the flow fields can produce
uneven distributions of the reactants’. Performance, durability, and life of the fuel cell
will al be impacted by the uneven distribution of the reactants. Precise control of the
dimensions of the flow fieldsis critical for the manufacture of bipolar plates.

The fuel cell R&D community has proposed rapid, high rate manufacture of metal and
graphite bipolar plates. Stamping of the metal plates will require exacting control of the
plate configuration and dimensions. Injection molding of carbon- and graphite-containing
resinsis an approach for high rate forming of graphitic bipolar plates. Fabrication
research and development is important for establishing methods that can maintain the
exacting dimensions and physical properties of bipolar plates.

® Kelly, Kenneth J., et. al, “Application of Advanced CAE Methods for Quality and Durability of Fuel Cell Components”
2005 Annual Program Review Meeting May 23-26, 2005 in Arlington, Virginia
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For some bipolar plates, surface treatments are required to control corrosion and/or the
hydrophobic/hydrophilic properties of bipolar plates. Physical and vapor deposition
processes and heat treatment manufacturing approaches need to be established. These
surface treatment methods must provide high rate delivery while maintaining the physical
and chemical properties of the bipolar plates. Technology developed for photovoltaic
processing and for the semiconductor industry may find application in the manufacture of
bipolar plates.

Reactant Manifolds

Two types of reactant manifolds are common for PEM fuel cell stacks: internal manifolds
and external manifolds.

Internal Manifolds

« Fabrication of the reactant manifolds for internally sealed designsisacritical part
of the manufacture of the bipolar plates, discussed above.

« Complex metal stampings methods will be necessary to fabricate the metal
bipolar plate with internal manifolds and precise flow fields.

« Molding or pressing of graphite plates with complex geometries containing
internal manifolds will be a requirement for PEM stacks with graphite bipolar
plates.

« Theapplication of sealsis critical to the manufacturing process and must assure
compl ete segregation of the reactants and prevent cooling liquids from
contaminating the fuel cell.

External Manifolds

Externa reactant manifolds can be made from commercia-grade plastics using injection
molding, thermoforming or alternative high-rate fabrication methods. Complex
configurations may be required to assure the proper ducting of the reactants to the fuel
cell stack. Sealing the reactant manifoldsis critical to achieving the necessary
performance. Integrating the sealing process with the manufacture of reactant manifolds
isan obvious, but possibly difficult manufacturing method. Thin film manufacturing
processing and coating processes may be required to achieve sealing quality for the
reactant manifolds.

Cell Stack Assembly

The construction of fuel cell stacks with multiple MEASs layered within the stack and
under controlled stacking pressure demands exacting indexing of the MEAS, bipolar
plates, and cooler plates. The applications of seals and spacers are an important but time-
consuming process that assures indexing and alignment of the multilayered stack. The
requirements of controlled stack load, i.e. uniform distribution of pressure between seals
and adjacent active areas of MEAS, is decisive for optimum cell performance and
eliminating reactant leaks. To achieve the controlled stack load, the height of the internal
sealsis controlled and matched to the electrode height and this provides a uniform
flat/parallel face between cell components. Cell stacks with as many as four hundred
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individual cells (MEA with two bipolar plates) each separated by a cooler plate, are
anticipated for the transportation applications.

Indexing the seals and adjacent cells prevents stresses that could fracture the carbon
components or tear the fragile membrane. It will probably be necessary to control of the
alignment to +/- 5 micrometers. Rapid assembly, while critical to low cost manufacture
of stacks, is complicated by the indexing requirement.

Designs for manufacturing and assembly may provide pathways to high-rate construction
of rugged fuel cell stack subsystems. Early application of design for manufacturability
should shorten product development time and standardize tooling and components.
Simplifying the design and development of standard manufacturing and repeatable
processes is necessary to achieving cost reduction. Integrating functionality offersthe
prospect of additional production and assembly optimization. The integration could
include the devel opment of subsystems through a supplier network. The concept of
establishing supply-based production is consistent with the principles of designs for
manufacturability.

Quiality Assurance

Defining component, cell stack subsystems, and cell stack quality requirements together
with the application of quality control practices will minimize, or possibly eliminate, the
need for sampling and control testing of these components. Evaluating and incorporating
manufacturing best practices, such as 5S, agile manufacturing, and six sigma/ Statistical
Process Control are necessary to the development of high rate manufacturing. A quality
assurance program is vital for identifying methods that best use management by facts
using six sigma, kaizen, and statistical analysis as applied to the cell stack and cell stack
subsystems. Focusing on preventing defects in manufacturing processes would
significantly advance cell stack fabrication and offer promise for anticipating and
exceeding quality requirements while minimizing quality assurance costs.

Balance of Plant

The balance-of-plant (BOP) has probably received the least amount of attention since a
basic tenet of the of fuel cell manufacturersis that the assemblies within the bal ance-of -
plant can be manufactured from existing technology. On the other hand, the balance-of -
plant represents up to 50% of the overall cost of commercialized fuel cell powerplants.
Ongoing research and development indicates a need for specialized BOP components,
particularly in areas of compressors and expanders. The balance of plant specifically
addresses supply and control of the reactants (air and hydrogen) and removal of the by-
products (heat and water). Sensors to monitor and control the flow of reactants, the
removal of by-products, temperature, and pressure are necessary components for the
BOP.

Pre-treatment of the reactants could include filtering the air, pressurizing the air,
controlling the flow rates of the reactants (utilization), and humidifying either or both of
the reactants.
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By-product removal would include the following subsystems:

1. Heat (thermal management) including cell cooling (heating) subsystem and pre-
heating of reactants.

2. Product water removal from cell, capture of the product water, and storage of the
product water when necessary.

Reactant Delivery Subsystem

Integrating the reactant delivery components into subsystems, air and hydrogen, or into a
common subsystem that provides control and pretreatment separately to both reactants
would greatly simplify the assembly of the PEM powerplant. Materials joining
manufacturing methods and component integration to reduce the number of joining
operations would greatly simplify the manufacture and assembly of the reactant delivery
systems.

Development of rapid, low cost manufacturing methods for the physical sensors used in
the air and hydrogen delivery systems will be required for PEM powerplants. Key factors
measured by the advanced powerplant sensors include: humidity, pressure, temperature,
and reactant flow. The application of MEMS to sensors will incorporate nanotechnol ogy
manufacturing. Semiconductor processing and photovoltaic fabrication methods can
contribute to rapid, low cost manufacturing methods.

Air Delivery

Current PEM powerplants often use off-the-shelf compressors or blowers that are not
specificaly designed for fuel cell applications, resulting in systems that are heavy, costly,
and inefficient. Manufacturing research for low cost blowers, turbo-compressors, mass
flow meters, pressure regulators, and humidification systems will be necessary to reduce
the cost of these components. Technical targets for compressor/expanders are given in
Attachment A.°

Rapid prototyping methods coupled with CAD processes could accelerate the
development of designs for manufacturability of an air delivery system. Selective laser
sintering and stereolithography could provide pathways to designs based on integration of
components. Concepts such asindirect tooling provide reduced production cost for
molding components. Sand casting, investment casting and vacuum casting offer promise
for the indirect tooling to reduce component and subsystem cost.

Hydrogen Delivery

Manufacturing processes identified in the air delivery section offer benefits similar to the
hydrogen delivery system. Hydrogen sensors and hydrogen recycle blowers are
components requiring manufacturing development. Integrating the sensors into the cell
stack components offers the opportunity to reduce assembly time. The use of rapid
prototyping will benefit the development of these additional components.

® The Hydrogen, Fuel Cells & Infrastructure Technologies Program Multi-Year Research, Development and Demonstration
Plan, published in February 2005, http://www.eere.energy.gov/hydrogenandfuelcells/mypp/
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The development of recycle hydrogen blowers will require high quality, low-cost seals.
The manufacture of zero-defect seals for the hydrogen delivery system in the PEM stack
will be atarget for PEM powerplants. The requirement of nanotechnology manufacturing
methods for hydrogen sensors is consistent with needs of the physical sensors previously
identified.

Thermal Management Subsystem

Major components in the manufacture of the thermal management subsystem include the
heat exchanger, cooling plates, energy management system (e.g. a contact cooler), and
associated pumps and coolant follow controllers. Integrating these componentsinto a
subsystem and devel oping material joining methods and optimizing sealing systems
could greatly enhance the manufacturability of the therma management subsystem.
Designs for manufacturability and assembly could simplify the manufacturing process
and drive down manufacturing costs. Coupling rapid prototyping methods with CAD
processes may provide a means to accel erate the devel opment of low-cost manufacturing
methods.

The manufacture of porous metal materials, metal foams, and microchannel components
for heat exchangersis a potential area of interest. Applying selective laser sintering and
stereolithography could provide pathways to design for manufacture concepts. Advanced
manufacturing of 3-D-woven graphite fiber structures for heat exchanger applicationsisa
fabrication method that needs to be proved.

By developing rapid methods for applying thermal insulation to fuel cell powerplants and
components, manufacturers could lower assembly cost. Advanced manufacturing of
thermal insulation systems integrated with the fabrication of components for the thermal
management system offers a cost reduction approach.

Water Management Subsystems

Water management is key technology for the PEM fuel cell. Reservoirs, accumulators,
humidifiers, condensers, and associated pumps and controllers are the major components.
Integrating the water management subsystem with the thermal management subsystem
provides one avenue to simplify manufacturing and reduce cost.

Similar to the case of the thermal management subsystem, integrating the major
components into a subsystem with minimal manufacturing efforts in the joining of
components could lead to low-cost manufacture of the water management subsystem.
Integrating the seal with subsystem design could permit usto rapidly assemble the many
components in the water management subsystem. Low cost manufacturing methods for
heat exchangers and condensers could build on the metal foam and graphite structures
identified in the thermal management section.

Manufacturing wettable coatings that promote the transfer of water through bipolar plates
and coolers and prevent the build up of liquid water barriers in the water management
system could be approached using vapor deposition or physical deposition technologies.
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Power Conditioning

The fuel cell power conditioning subsystem converts the low-voltage DC power
produced by afuel cell into high voltage power consistent with the transportation
requirements. The first stage is the DC/DC boost that will increase the fuel cell stack
voltage to a higher voltage. Energy storage to assist in responding to rapid transients
would include batteries, super capacitors, or ultra capacitors. The final stage in the power
conditioner is to develop regulated power, either through a DC/DC converter or aDC/AC
converter’. The power conditioning unit also controls feedback into the fuel cell and
maintains the harmonics at acceptable levels.

The manufacture of integrated power conditioning systemsis awell established industry.
Engaging the power conditioner industry into transportation fuel cell applicationsisa
pathway for advancing fuel cell power conditioning.

System Controls

System controls for the powerplant are built on computer interfacing between the vehicle
and the powerplant to achieve optimum performance of the overall vehicle system.
Developing integrated circuits dedicated to the operation and interfacing of the PEM
powerplant offers us the opportunity for low-cost system controls. Remote monitoring of
major subsystems and components using “ Bluetooth-like” wireless communications
offers the opportunity for low cost assembly of control systemsin the powerplant and
vehicle. These approaches to low cost system controls would build on existing and
emerging technology for traditional ICE vehicles.

Cross Cutting Issues
(prepared by NIST)

As outlined in the previous section, manufacturing for the hydrogen economy covers a
large spectrum of manufacturing technologies, from continuous chemical processes to
discrete mechanical fabrication processes. As such, there are diverse issues and
challenges associated with each of these manufacturing technologies. However, there are
significant mutual influences among these technologies to affect the overall feasibility of
the hydrogen economy. For example, while some continuous chemical process
technologies rely on advances in discrete mechanical fabrication for cost reductions (e.g.
fuel injectors used in gasifiers, feed systems) other discrete manufacturing technologies
benefit from advances in continuous processes (e.g. gas purity, water management).
Thus, the working group is able to identify asmall set of challenges that are applicableto
most of the manufacturing technologies. This section provides a preliminary summary of
these cross cutting issues.

" “In some fuel cell vehicle applications the fuel cell's DC power is converted to alternating current (AC) to run AC
induction motors, requiring the use of AC motor controllers. In other cases, DC motors are used, governed by DC motor
control systems.” from Fuel Cell Power for Vehicles, U.S. Fuel Cell Council, Spring 2001, http://www.usfcc.com/USFCC-
TransportationBrochure.pdf
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Metrology and Standards

Metrology provides quantitative information about a manufacturing process and its
output. Thusit is key to understanding and improving any manufacturing technology.
The ability to reliably measure various process parameters and other critical
manufacturing process outputs enables cost effective manufacturing. Specific metrology
needs of manufacturing for the hydrogen economy include the areas of dimension and
form of components, micro structures and surfaces, particle size and distribution, thin and
thick film coatings, pressure, temperature, vacuum, gas flow, water transport, resistance,
conductivity, and electrical power.

Related issues include the need for standard measurement methods and protocols for
these properties. Such standards ensure quality in the supply chain, lower costs, enhance
international trade, and improve the quality of the end products.

Modeling and Simulation

Modeling and simulation can significantly advance the development and optimization of
manufacturing processes, and thus are key elements in the development of aviable
manufacturing for hydrogen economy.

Knowledge Bases

To support modeling efforts, there is aneed for information and knowledge about new
materials and sealants, including their processibility, formability, machinability, and
compatibility with other materials and gases. Thereis aso aneed for new process
technologies, fundamental correlations between manufacturing parameters, and
performance parameters. Creating pre-competitive, easily accessible, user-friendly
knowledge bases for the use of the hydrogen industry will foster further innovation in this
area.

Design for Manufacturing and Assembly

In order to cost effectively move from existing small-batch production to high-volume
production, design-for-manufacturing (DFM) methodol ogies have to be used at the
earliest stages of product development. DFM principles that should be considered include
component selection for reduced parts counts designs that can be produced consistently at
both low and high volumes, and realistic tolerance analysis and specifications.

Sensing and Process Control

Sensors and process control technologies are key enablers for increasing the reliability
and quality of manufacturing processes while reducing cost. Low cost sensing and sensor
fusion technol ogies with reliable sensor networks are therefore needed for in-process
sensing of processes and in-operation sensing of product performance.
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State of Manufacturing

Fuel cell stacks and their respective components are in the early stages of manufacturing.
Fuel cells are now manufactured using laboratory fabrication methods that have been
typically scaled up in size, but do not incorporate high volume manufacturing methods.
As an example, for fuel cells based on PEM technology, the assembly of membrane
electrode structures (including the gas diffusion layer)—a five-layer structure—is
accomplished in five separate stages. The multi-layer structure is then hot pressed to bond
the layers together. The bonding is affected by the edge seal material, which typically has
thermal set or thermal plastic properties. The final product is called, depending on
manufacturer, a unified electrode assembly or unified cell device, UCD. All of these steps
are conducted as discrete operations with most of the actual labor done by hand; indexing

the anode and cathode layersis, of course, very timeintensive.

Precious metal catalysts contribute significantly to the overall cost of fuel cells.
Recognized, reliable, and repeatable measurement technol ogies and methodol ogies that
would allow catalyst application within fuel cell stacksto be optimized would greatly
reduce fuel cell cost from both a materials and process perspective.

Assembling the fuel cell stack requires
exacting control of the layout of the
individual UCDs to ensure direct alignment
of the electrodes in adjacent cells. Between
the UCDs is the bipolar plate whose flow
fields are again carefully indexed. For cells
with internal manifolds, sealing the bipolar
plate to the UCDsis critical to avoid mixing
of reactant gases. An additional component
for the stack isthe cooler plate, which like
the bipolar plate must maintain strict flatness
and parallelism tolerances. Assembly
requires that manufacturers repeatedly
measure stack components and close
tolerances for seal connections to assure
quality and performance are maintained.
Manufacturing ancillary equipment such as
compressors, flow controllers, and
converters must aso be addressed.

Asfuel cell manufacturing scalesup, itis
also imperative that we understand the

Status of Fuel Cell Manufacturing
Fuel cell manufacturing is alabor-
intensive process requiring hand lay-up
of the membrane-electrode-assemblies
and labor-intensive assembly of fuel
cell components. Most processes for
the manufacture of fuel cellsare
maodifications and expansions of
laboratory procedures. Phosphoric acid
cell assembly line courtesy of UTC
Fuel Cells

relationships between fuel cell system performance and manufacturing process
parameters and variability. Such understanding does not currently exist, but can play a
major rolein fuel cell design, tolerances, and specifications, and isintegral to
implementing design for manufacturability. Modeling and simulation can play a

significant role in developing this understanding.
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Magjor subsystem components such as the air delivery system and the cooling system are
each individually assembled by joining components, e.g., connecting the heat exchangers
to the coolant system or integrating the humidification system with the air blower.
Construction of the power plant is usually done through the integration of subsystems,
however each subsystem is assembled separatel y by alabor-intensive process. Gas,
water, and coolant manifolds are constructed on-site. To weld and join components, each
connector must be separately cut, prepared, and joined to the subsystem. Prefabrication of
components and the molding of components are limited if used at al. A lack of
component standardization is one reason for the limited manufacturing capability.

Today the high volume production cost of fuel cellsis about seven times the DOE target
of $30/kW.

Through 1990, PEM cost was

dominated by platinum loading Cost goal of $30/kW approximates
(~20g/kW) the cost of conventional engy
3000/\’ technology

Today’s high volume estimate is
$225/kW and is attributed to platinum
and membrane cost

(/;

)
(

Cost in $/kW
50kW system

Standardization of modular design
Manufacturing process
development

Improved membrane fabrication
Design for system optimization

200

1990 1995 2000 2005 2010 2015
Year

30

1. High volume production defined as 500,000 units per year
2. Cost estimated by TIAX with enhanced hydrogen storage.

Figure 2. Cost Goals for PEM Powerplants

Designs for manufacture concepts are only beginning to be applied to the manufacture of
fuel cell powerplants. The design for manufacture concepts offer a pathway to reducing
capital costs, eliminating “ site specific” production, and devel oping interchangeable
“pallet” based technology. Concepts such as “just in time production and lean
manufacturing” and approaches such as Six Sigma/ Total Quality need to be used to
achieve the cost reductions.

Summary

No medium-scale production exists at greater than 1,000 powerplants per year but less
then 10,000 powerplants per year.

Fuel cell stacks and their respective components are in the early stages of manufacturing.
Laboratory processes have been upgraded to pilot plant productions levels. MEA
manufacture development and adaptation of screen printing and cloud deposition of
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catalyst onto membranes or to roll-to-roll processing has not reached a mature stage.
Robotic assembly and fabrication of stationary phosphoric acid powerplants have been
successfully demonstrated but not at the high rates required for transportation
applications.

Membrane production is dominated by the Chlor-Alkali industry that delivers a premium
product at a premium cost. Nafion® for fuel cells remains a spin-off technology from this
Chlor-Alkali manufacturing and scale-up of fuel cell grade Nafion® technology is not
justified based on present fuel cell demand.

No medium scale production facilities capable of producing 1,000 powerplants per year
exist. Investment in production facilities is only beginning to be acceptable based on the
development status of fuel cell technologies for non-transportation applications.

The manufacturing technology most similar to fuel cell stacksis battery production,
which already incorporates roll-to-roll processing. Photovoltaic and semiconductor
device manufacturers have adapted thin film manufacturing to commercial processes;
although their processing costs remain prohibitive compared to the targets for the
transportation fuel cell.

Assembling fuel cell powerplants remains alabor intensive process. Current systems
often use off-the-shelf components that are not specifically designed for fuel cell
applications, resulting in systems that are heavy, costly, and inefficient.

The stationary powerplant producers are beginning to develop processes for
manufacturing 1,000 to 10,000 powerplants per year. The stationary powerplant
manufacturers provide a base for the transportation efforts;, however these stationary
effortsfall short of the one million or more powerplants per year necessary for
transportation. Cost drivers for the stationary powerplants are approximately one order-
of-magnitude higher than transportation cost targets; $500/kW compared to $30/kW.

Manufacturers anticipate building on the experience of the recording media,
semiconductor industry, battery industry, and photovoltaic industry when developing
manufacturing processes for PEM fuel cells. The development of supply networks within
the North America can lead to the cost targetsin Figure 2. A public-private partnership
that includes industry, academia, and government provides the process for devel oping the
PEM fuel cell transportation industry over the period 2006 through 2025. Generic, core
process, metrology, and other critical manufacturing technol ogies and technical standards
required for high-volume production, need to be developed by the federal government’s
research ingtitutions, and enabled by university research. To leverage government
investment, cost-shared projects formed with the private sector would facilitate transfer
of technology to industry.
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Figure 1: Sketch of 5-layer MEA
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Attachment A

Technical Targets from “Multi-Y ear Research, Development and Demonstration Plan:
Planned Program Activities for 2003-2010", U.S. Department of Energy, Hydrogen, Fuel
Cells and Infrastructure Technologies Program, February 2005.

Table 3.4.3. Teohnloal Targets: 80-kW, (net) Integrated Transportation Fuel Cell Power

Systems Operating on Direot Hydrogen®

_— . 2004
Characteristic Units Status 2005 2010 2015

Energy efficiency® & 25% of rated powsr . 58 &0 &0 &0
Energy efficiency & rated power £ 50 50 =0 50
Porwer density WL A5F 500 680 B0
Spscific powsr Wikg 4HF 500 850 650
Coss® LU 120 126 45 a0
Transant responss [tims from 10% to -

- . E8C 1.6 2 1
B4 of rated powsr)
Cold start-up time to B0% of rated
power

@-20°C ambisnt temp 1] 120 &0 30 30

@+20°C amoéent temp SAD &0 an 16 16
Diurakbility with cycling hours -1000F 2000 50008 5000
Survivability” C =20 -0 =40 -40

* Targets axciude bydrogen. siomgs.

+ Boato of DT oulput snergy to the lower beating valus of the input fael (bydrogen)y. Pak eSicancy oooas at about 15% meed poser.
* Based oo commesponding dxm iz Table 3.4 4 divided by 3 to accoumst for ancillaries.

* Bued oo 2002% and cost pemjectsd to bigh-woboms (300,000 stacks per year)

* Biaged oo 2004 TIAX Smody and will be pertodically wpdaned.

! Drempbilisy & baing araluzsed through the Tech=elegy Validaficn acthitics. Steady-ctat Sxahiliny i 8,000 beoors

¥ Techoduc typacal drive cycle.

b Parfomeascs targsts must be achicved at the and of B-hour cold-soak 21 tamperatima.
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Table 3.4.4. Teohnloal Targets: BD-HW_ (net) Transportation Fuel Cell Stacks Operating

on Direot Hydrogen*
- . 2004
Characteristic Units Status 2005 2010 2015
Simck power densiyr WL 1330¢ 1500 2000 2000
Stack spacific peorwEr '|"Jf-"|'0§ 1260F 1500 2000 2000
Saack afficiency® @ 26% of rated power % 65 65 &5 65
Saack: afficiency® & rated power e 55 &5 55 55
Precious metal lcading® ok 1.3 27 03 02
Cose TR 5 B85 30 20
Diurability witn cycling NS -1000 2000 5000 SO0
Transiant esponss - 1 2 1 s
[timea fior 10% to B0% of rated powsr]
Cold startup time to 80% of rated power
& —20°C ambient temperature sec 120 &0 30 a0
& +20PC amioient smpsraturs SBC <60 30 16 16
Sunvivability oG -40] -30 -4l -4

* Exchudes Iopdropen siorege 2od fiel cell anollanse: thermal, waber, air masygemant Fysiems.

" Poover refars w0 oot powes {14, md:mnnnumhnm Vil & “box” volime, incding dead rpacs, and is deSned 25 te waar-
Eplaed volums dmes 1.3
* Aswrage from Fuosl Calls 2000, hipe ‘w'nw.‘mlm]limm.ﬁc-ﬂm’shm'_#ﬁ:n Agril MoK

+ Ratio of cutpet DO energy to Jower heting vahue of irdrogen fuel sowam. Peak eficincy ocozs af abost 25% med power. Asemes svstom sficency
& 92%% of ctack eficiancy
+ Egavalant ot precious mefal leading (anods + cathods): 0] oo by 2010 at rated powar. Preecions matal target based on cost ogst of <136W,
precios metuls i MEA [@ 8450 ooy omos (315g), <02 g&W))
 Eaced on 30005 and cost projected 1o bigt-vodome {300,000 srcks par vear].

* Based om 2004 TLAX Soudy and will be periodically wpdated

& Dheibiliny i baing eralumed threugh Techoology Validation acthises. Steady-stne dumbility is 9,000 hours.

¢ Inchndec typical dnwe opcle

¢ Parformascs st pct be achicred at the and of B-hour cold-toak 2t tamperahma.
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Table 3.4.10. Teohnloal Targets: Sensors for Automotive and Statlonary Fuel Cell

Systems®
All sensors require industrial standard outpet, e.g., 4-20mA, 1-5V DG, 0-5VDGC, 0-10VDG

Sensor 2010 Requirement

{a) Stonad H, at @5.000% at trancportation fusling station

= 0.1-05 ppm

= Oparational tamparatura; <1680°C

= Riseponea tima: 0.1 sec

= Gas smvironment: dry hydrogen at 1-700 atm total pressure
= accurecy. =2% full scale

(b} Reformate from stationary fusl processor to PEM stack

= 1001000 ppm CO sansors

= Oparational tamparatura; 260°C

= Riseponea tima: 0.1—1 sec

= Gas environment: high—-humidy reformen’partial oxidation gas: H, 30%-75%, GO, GO, N,
H,O at 1-3 aim total pressurs

= Accurecy. =2% full scale

{c) Betemen shift reactors and PSA

= [.1-2% CO sensor 250°-400°C

= Oparational tamparature; 260°- 400°C

= Riseponea tima: 0.1—1 sec

= Gas smvironment: high—hurmidity reformen’partial oxidation gas: Hy 30%-75%, GOy, GO, N,
H,0 at 1-3 atm total pressurs

= Apcuracy. =2% full scale

Carbon Monoxida

= Measurement rangs: 25H-100%

= Oparating temperature: 70°-1507C

* Risspones time: 0.1-1 sec for 80% responss to step changs

* Gas environment: 1-3 atm total pressure, 10-30 mol® water, 30%-75% twotal H,, GO, N,
= Accuracy. =2% full scale

Hyarogem in fusl
DICEEEOT CUTpUt

= Measurement rangs: 1— 5%

= Tempsraturs range: -30°C to 30°C

= Riscpones time: undsr 1 sac

= Accuracy. <6% full scale

air (safsty sensor) = Gas mm"mant: ambient air, 103%-08% BH rangs
= Lifetima: & years

= Intarfarencs racistant (aug.. hydrocarbons)

Hyarogen in ambiant

8] H, to storage, ambient temperature
= Oparating temperaturs: up to 300°C
= Measurement rangs: 0.01-0.56 pom

= Riseponea tima: <1 min at 0.05 ppm

.
Sulfur compounds -
= = * Gas emvironment: H,, GO, CO,, mydrocarnons, watar vapor

{H,5. S0.. organic
surfur}

|0} From fusl processor

= Oparating temperature; up to 300°C

* Measurement rangs: 0.01-0.5 ppm

= Riseponea tima: <1 min at 0.05 ppm

* Gas snvironment: H,, CO, CO,, hydrocarbons, watar vwapor
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Fiow rate of fual
prOCEESOr autput

= Fiow rate rangec 30-300 SUPM (3-25kw) and 800-15,000 SLPM (50-250 kv

= Tempsraturs: 0-100°C

* Gas environment: high—humidity reformer/partial exidation gas: H, 30-75%, GO, N, 50, CO
at 1-3 aim total pressurs

Ammaonia

= Oparating temperature: 70-160°C

= Measurement rangs: 0.5-5 ppm

= Salectivity: <1 ppm from gas mixtues

= Lifetima: 5-10 yaars

= Risspones tima: <1 min at 0.6 ppm

* Gas environment: high-humidity reformer/partial oxidation gas: H, 30%-75%, GO, N, HO,
G0 at 1-3 atm total prassurs

= Oparating rangs: —20°C to 150°C

= Riseponea tima: in the —20°100°C renge <0.6 sac with 1.6% ful-scale accuracy; in the 100°-
160°C range, a rasponea tima <1 sac with 2% ful-scals accuracy

* Gigs environment: high—humidity reformer/partial oxidation gas: H, 30%-75%, GO, N, HO,
GO at 1-3 atm total pressure

= Insensitiva to flow walocity

Redaties humidity for
cathods and anods gas
Eireams

= Oparating temperature: 0°C o 120°C

= Rislative hurmidity: 20%-100%

= Accuracy: 1% full scale

* Gas environment: high-humidity reformer/partial oxidation gas: H, 30%-75%, GO, N, HO,
GO at 1-3 atm

Oecygen in cathods exit

* Measurement rangs: 0%—50% O,

= Oparating temperature; 30T20°C

= Rissponea tima: <0.5 sec

= Accuracy” 1% full scals

= Gas environment: H,, ©Oy, My, HO at 1-3 atm totsl pressurs

Differantial pressure in
fusl ced stack

* Rangs: 0~1 p&i jor 010 or 1-3 pei. capanding on the desgn of the fusl call systam)
= Tempsraturs rangs: 30-120°C

* Survivabikty: —40°C

= Riseponea tima: <1 sec

= Accuracy” 1% of full Ecala

= Other: masswre in the presence of liquid and gas phases

Fiow rate for dirsct
hydrogen syetem

* Fiowr rate maximummc 26000 SLPM for wet H,
* Fiow rate maximurc 1000 SUPM for dry H,
= Gas snvironment: H, cry (sse table 3.4.16 for concentration), 26100% RH

* Sezsor: for mezsporation mst enzhls conformetion o s, weight, amd oo comsTET
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Table 3.4.11. Teohnloal Targets: Compressor/Expanders for Transportation

Fuel Oell Systems BO-kW_Unit-Hydrogen

Characteristic Units 52133:5 2005 2010 2015
o p"'ﬁ;ﬂ;’ O T ww, | Bamar | 6337 | 54428 | 54428
E)I.:E:':;Lr;hmr- Mickor Controllar Comvarsion Efficiency, 5% a5 g5 85 25
mﬁﬁ ﬂmm Alr [with K, EOAZ4 | E2MZa | 2418 | 44M1B
gfll:}lqlr:\ressun'Eman:jBr Efficiency at Full Fiow (CE ag 7EB0 7550 80/a0 S0VED
ComprassonExpander Eficisncy at 20-25% of Fun
Fiow {G/E Only) fCompressor at 1.3 PR/Expandar at % 45307 BEM415 60/50 B0/B0
1.2PR
Systemn violume* liters 2 1& 16 18
Systam Waights kg e ] 18 15 15
System Cost' 5 700 800 400 200
Turndown Fatic 11 101 10:1 10:1
rg:;e;t;'l:z::;l;g o (exciuding air fiow noisa at -:ﬂrn__.i: 1 s &5 . s
Transiant Time for 10-80% of Maxsmum Airfiow = 1 1 1 1

* Tograt povwar to the shast o power 2 compresson expandar, or compressor cely syEo, Schding a metocmotor conmollar wid an overall sficancy of
% 30-EKW, comprassor sxpender umit for ydmpanair fow — 20 g'sec (doy) oo fow for compressor, comprassar outlet pressurs is specified o
a2 ¥ atm Fxpesder (if uced) inlet firw condisions are acnmad o be 83 gitec (22 full Aow), B0"C and 22 aem.

* Projected

+ The: pracees rabo & allowad io fleat as 2 fimetion of load. Inlet wseperaime a=d praceos wed for aSoency caloulatioes are 204070 and 2.5 atm.

4 Mearume blads efficiemcy:

* Wiight and vohmos mchude S8 moser 2=d motor conolles

* Cost targats based oo 2 marrafachring wolume of 100,000 it per year chodes cost of meter 2nd motor controllsc
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Table 3.4.12. Technloal Targets: Membranes for Transportation Applioations

Gharacteristic Units 2003 2010 2015
Status

Mamorane Conductivity at

Operating Temperaturs Siem 010 010 010 0

Rioom tempsraturs Siem 0107 0.07 [Ty o7

-20°C Sfcm A 0.04 A 0.01
Operating Tempsrature i =80 =120 =120 =120
Inlist water vapor partial pressurs kPa {absohuts) &0 sl 1.6 16
Chaygan cross—over® mafom G ] 2 2
Hydnogen cross—over® mAfcm? ] B 2 2
Cost e 65" 200 40 4i]
Dursainility with cycing

At operating temp of <80°C hours ~100 2000 B000= B000¢

At operating temp of =80°C hours not avasable® 2000 000
Burvvabiity B -20 =30 -40 -4
Thermal cyclabiity in presence of condensed watar fes fag Es ves

* Tsted in MEA o 1 atm O or H, at nomizal sreck operecing soparanurs.

* Based oo 2004 TIAX Stody and will be periodically updated.

* Duralbdity is being evabaed.  Swady-state dumbility is 9,000 bours.

* Inchudec typical driving cyclec.

+ High-termarators eambrazac ars cill in a dewlopmest capgs a=d dumbdbity data are not avilihla.
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Table 3.4.13. Teohnloal Targets: Eleotrooatatysts for Transportation Applioations

2004 Status Targets (Stack)
Characteristic Units
Cell Sfack 2005 2010 205
PGaA Tow Contsnt o/EW rated 05 13 267 0.6 04
DG Tomm Loasing: mg PGt siecirode | 1 08 07 03 0.2
arsa
Cost e a el 40 ] [
Curabiity with cychng
At oparating temp of <BIFC hours =»2000 -1000¢ 2000 E000 =000
At operating temp of =80°C houwrs nat not 2000 E000
gvailabls' | avalable
Mass Activity Afmg,, S000mv, 0.28 011 0.0 0.44 0.44
ACtiviy wacm? & B00mv, 550 180 &00 720 720
Mon-Pt Gatalyst Activity per not
welurme of supportad catalyst Alerr & 800 g, B availatia e e =L

* Darnved from ackisnsizg performance at rated powar targets specified = Tabls 3.4.04. Loadimgs may ks to be lowsr

* Based oo platimem cost of 450 ey ommcs = §13g, 2nd Ioading = 0.2 gkTWe

* Besed oo 2004 TLAN Study and will te parcdically updried.

* Drumzhiliny & baing evaluzsad. Swadv-siets dorebaliny is 3,000 hous.

* Iechadac typécal driving cyclos.

! Highr-teenparatre mambrese: are shll = a development sags ad domidity data & not availabla.

* Toaz at 80°C; /Dy flly bemet@Sed with total cutle prosears of 150 KPa; anode stdchiomatry X cattods sooichiometry 5.5
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Table 3.4.14. Technloal Targets: MEAS

Characteristic Units 2005 2010 2015
Status
Operatng Tempsrature "G =80 Z13] =120 =120
Inlst water vapor partial pressurs kPa {absoiuts) 50 % 1.6 156
Cost* B 40F &0 15 10
Durability with cycling
At operating temp of <80°C howrs -1000F 2000 =000 5000°
At operating temp of =80°C hours niot avaiiabie® 2000 s000F
Survivabiity Tempsrature "G -20 -0 -4i] -4
Total Catalys: Loading
e ¥ g/HW (ratsd) 1.1 ar 033 0.30
. . P mascm? 200 280 400 400
Performance @ 1: power (0.8V] R <&0 200 200 550
Performance @ ratsd powar mcme &0 aoo 1280 1280
Extent of parformancs degradation ovar lifstime? £ 10 10 10 10
Thermal cyclabisty in presence of condensed watar Ri= fas Ri= fes
* Bazed oo 20028 and cost projectsd to highevohoms [SCO{!IIZI stacke per vaar)

+ Bazed oz 2004 TIAX Study and will be periodcaliy up

* Dumhility & bamg evaloied. Siady- rh.lndnbt.l.m ::S‘J:ﬂﬂhmn

# Inclndas typical drving cypcias.

ampsranTs mamhnnes aw il in 2 dnalopme sage and umbility dem ars oot avadlable.
'Eqmal.nﬂtmh]]n'n:mmlh]]uﬂmx{modn+cﬂhodn] 0.1 oo by 2000 2t resed

DOWRL
Pracicus metal gt baced on cost et of <535W prciows mefals i MEA [i3 $430 oy omcs (313 and loading of = 0.2 gkW].

+ Dogradation target includos fartor for tolarames of tha MEA to Srourific: i= Sa fuel and i coppiy.
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Table 3.4.15. Technical Targets: Bipolar

Flates

Cost S 10 & 3

Weight kg 036 <1 |

g || AT TR T 2% 104 2104 2% 104
<01 mAcms)

Comasion wAem: et <t =N

Electrical Conductivity Siem 600 >100 100

Resistivity. shrilem: 002 o.M 0.01

Flesural Sirength MP= =34 >4 (crush) =4 {crush)

Flesibiliyy % dafizction =t mid-span 151035 Im5 315

* Bassd o= coxted metl

“Blzy be 2 bow as 1 oA'oen'if 2l corrosion product lons reoain in ionomss.

“Inchodas confact meistancn.
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