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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 devel opment of the hydrogen and fuel cell technologies needed to
move the United States toward a future hydrogen economy. While many scientific, technical, and
ingtitutional challenges must be overcome to realize the vision of a hydrogen energy economy,
moving from today’ s |aboratory-scal e fabrication technologies to high-volume commercial
manufacturing has been identified as one potentia 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
technologies, manufacturing infrastructure, and measurements and standards. Participantsin this
working group include the Department of Energy (DOE: |ead organization), Department of
Agriculture, Department of Commerce/National Institute 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
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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 systems that produce and distribute hydrogen 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 proton exchange membrane fuel cells.

This materia 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 systems to produce and distribute hydrogen.

Hydrogen Production and Delivery

In the near-term, distributed production of hydrogen—uviareforming of natural gas or bio-
derived liquid fuels and via small-scale water electrolysis—appears to be the most viable
approach for introducing hydrogen and beginning to build a hydrogen infrastructure. In the
longer term, large centralized hydrogen production facilities, based on hydrogen production via
coal gasification with sequestration and possibly via biomass gasification, that can take
advantage of economies of scale, will be needed to meet increased hydrogen demand. Because
the workshop is focusing on manufacturing R&D for the near-term, centralized hydrogen
production facilities will not be considered in the workshop.

Today, production of hydrogen is capital intensive, and the contribution of capital to the cost of
hydrogen is larger for smaller hydrogen production facilities designed for distributed
applications. The capital contribution to the cost of hydrogen is 21% for alarge 330,000 kg/day
plant, and it rises to 52% for a 3,800 kg/day facility® (approximates a hydrogen gas station
serving 300 vehicles per day?).

The larger contribution of capital to the cost of hydrogen for the smaller hydrogen production
facility isthe result of site-specific fabrication of fuel processing systems, which include

! “Direct Hydrogen Fueled Proton Exchange Membrane Fuel Cell System for Transportation Applications,” Hydrogen Infrastructure
Report, Contract No DE-!C02-94CD50389
2 Basis: 15 gallons per fill up. 0.9 kg hydrogen is a gallon of gasoline energy equivalent.
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reformers, shift catalyst beds, and pressure swing adsorption clean up subsystems.
Standardization of design has not been established for hydrogen production facilities. In turn,
design for manufacture has not been applied to standardization of the subsystems. Producing
reformers and hydrogen purification systems based on site-specific requirements does not afford
manufacturing cost reductions associated with volume.

The cost of safe and efficient hydrogen production and delivery technologies must be lowered
enough to be competitive with gasoline, without adverse environmental impacts. Today the cost
of high-volume hydrogen production and delivery isthree to four times the DOE target of $1.50-
2.00/gge untaxed (gge is gasoline gallon equivalent on an energy basis). This reduction in cost
may come both from revolutionary advances in production technologies as well as in reductions
in the cost of manufacturing the new systems.

Distributed Reforming

While hydrogen production in large facilities is a highly devel oped industry that is continuing to
advance, distributed hydrogen generation is not so well developed. In the absence of large scale
delivery networks, distributed generation is akey pathway to a hydrogen infrastructure. The goal
of advanced manufacturing is to reduce the capital cost of the fuel processor while boosting
efficiency. Both can be realized through a fundamental effort to simplify and thermally integrate
the hydrogen production process (Figure 1). The DOE technical targets for hydrogen production
from gaseous and liquid fuels are listed in Attachment A.
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Figure 1. Schematic Representation of the Stages in Simple Steam or Autothermal
Reformer. The pre-reforming step is where inorganic sulfur is converted to H,S, via
hydrogenation and then removed from the gas stream. The reforming step can be steam,
autothermal, or partial oxidation where the hydrocarbon fuel is converted to a synthetic fuel (H,
and CO). In the high and low temperature shift stages, CO is oxidized to CO, by a catalytic
process with steam. The final CO removal or polishing step is typically accomplished using a
catalytic oxidation of the remaining CO to CO..

The key components of the reforming system are the reformer, shift reactors, carbon monoxide
(CO) polisher, and desulfurization stage. All of the reforming, shift, and desulfurization
processes depend on a catalyst to promote the reaction in question. Cost drivers for the catalyst
layer are materials (precious metal) costs, process cost to apply the catalyst to the support, and
process cost to produce the support itself. In the case of a supported catalyst, the catalyst is
typically applied to a carbon by wet chemistry method, often using salts of the catalytic metal.
Needs include:

e Alternative, high through-put methods to prepare supported catal yst would decrease the
cost of supported catalyst manufacture.

e Deposition methods, such as vapor deposition, physical deposition, and semiconductor
processing technology, offer alternative manufacturing approaches that could drive down
cost.

e High-throughput processes for producing uniform, high-strength supports such as
extrusion need to be eval uated.

e Concepts such as “just in time production and lean manufacturing” processes, and
approaches such as Six Sigma/ Total Quality Management should be applied to the
manufacture, fabrication, and assembly of hydrogen production facilities to drive down
the capital cost.

Integrated Systems

The conventional approach requires reformer effluent cooling and H,S scrubbing, followed by
shift, and CO removal (Figure 1). These processes, along with steam generation and tail gas
combustion, can be readily integrated into asingle, all brazed/welded construction. Next
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generation concepts may include an integrated membrane separation device. Approaches to
system integration may include:

e Design and manufacturing concepts for integrating hydrogen membrane separators within
asmall shift converter in reformer itself.

e System designs for manufacturability and assembly could simplify the manufacturing
process and drive down manufacturing costs.

e Integration of multiple componentsinto a single reactor or system with fewer
components will reduce overall costs.

e Rapid prototyping methods coupled with computer aided design (CAD) processes may
provide ways to accel erate the development of low-cost manufacturing methods.

Thermal Management

Major components in the manufacture of the thermal management subsystem include the heat
exchanger and associated pumps and coolant follow controllers. The thermal management
system could be simplified by:

e |Integrating these components into a subsystem and developing material joining methods
and optimizing sealing systems could greatly enhance the manufacturability of the
therma management subsystem.

e Rapid prototyping methods coupled with CAD processes may provide a meansto
accelerate the development of low-cost manufacturing methods.

e Advancing the manufacturing of porous metal materialsis a potential area of interest.

Water Management

Steam and autothermal reforming require water boilers, makeup water, and condensate recovery.
A steam generator can be integrated into the fuel processor. Water recovery is aways
problematic, especialy in the case of low-pressure systems, and is alleviated by using high
pressure. High-temperature water recovery is an interesting area that can dramatically affect
capital cost. Such systems use process heat to essentially raise the water recovery temperature.
There are needs for

e |ntegrating these components into a subsystem and developing material joining methods
and optimizing sealing systems could greatly enhance the manufacturability of the water
management subsystem.

e Rapid prototyping methods coupled with CAD processes may provide a meansto
accelerate the development of low-cost manufacturing methods.

Joining

Joining of materials or components is one of the single largest contributors to the overall system
cost. Conventional methods of joining (welding) materials are convective processes in which the
microstructure of the weld is different from the microstructure of the bulk components. This may
be due to thefiller used to facilitate the weld or due to the convective mixing imparted by the
high process temperatures used to promote the weld. Whatever the case, welding is aslow, costly
process, requiring nondestructive analysis to ensure that the joins meet quality standards. Welds
can become the critical flaw in systems where they come directly in contact with hydrogen
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because in such cases they can become sites for enhanced hydrogen diffusion and embrittlement.
Thereisagreat need for:

e Advanced, rapid, low-cost methods for joining materials that minimize microstructural
changes.
0 A solid-state joining process like friction stir welding is an example of an
innovative emerging process that may impact future systems.
o Electrochemical welding, “tube fuse,” processes used for pipes are rapid and
inexpensive and may increase throughput.

Heat Treatment/Annealing of Materials

Annealing materials at high temperature during production or fabrication is atimely process that
greatly impacts the final cost of the product. Thereis vast interest in devel oping and
implementing processes to reduce production time and costs in order to rapidly anneal and heat
treat materials.

e Oneareaof interest is rapid infrared processing®. The fundamental significance of this
unique capability allows for never before achievable control of diffusion on the
nanoscale over broad areas that cannot be accomplished with existing technologies. The
broad area processing capability allows for homogeneous microstructural distribution
and minimal residual stresses leading to potentially exceptionally uniform properties.

e Other unique processing capabilities of interest are high frequency microwave heating
and fiber optic laser techniques. These technologies need to be critically assessed for
targeted materials systems and needs in order to ascertain their relevance.

Hydrogen Separation

The current technology for large-scale industrial hydrogen production typically employs atwo-
step system for purifying hydrogen from the feed gas:

1. Oneor two water-gas-shift (WGS) reactors generate additional hydrogen from the CO in
the gas mixture;

2. A pressure-swing adsorption (PSA) unit removes impurities such as CO, CO,, CH4, H20,
and H,S.

Depending on the hydrogen purity required, polishing filters may also be employed to remove
specific trace impurities. Each of these steps adds capital and operating costs to the system and
affects overal system efficiency. Integrating or replacing the WGS reactor(s) and/or PSA unit
with advanced hydrogen integrated reaction and separation membrane modules may significantly
reduce hydrogen production costs by reducing capital costs, lowering operating and maintenance
(O&M) costs, and improving system efficiency.

Pressure-Swing Adsor ption

PSA is an adiabatic process used to remove impurities from a hydrogen-rich feed gas at high
pressure. Relative to membrane purification, PSA is thought to be the lower power, lower cost
(at thistime) option. The PSA produces the purified product with only a small drop in pressure
relative to the feed, and regenerates by dropping the pressure to near atmospheric where it passes

3 High density infrared plasma arc processing equipment utilizes a unique technology to produce extremely high-power densities up
to 20 kW/cm?, which allows heating rates approaching 600,000°C/s over large areas (currently ~1,000 sz)_
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through a near-atmospheric pressure burner to recover the waste energy. Some of the typical
adsorbents used are zeolitic molecular sieves, activated carbon, silica gel, and activated alumina.
While relatively mature, PSA could benefit from:

e Large-scale production of uniform adsorbents,
e Low-cost manufacturing routes for the valving and pressure vessels,
e Advanced joining technology.

The manufacture of small modular systems with asingle striated bed is of great interest for
distributed production.

Membrane Technology for Hydrogen Separation

Both molecular and atomic transport membranes are at a stage where they can be considered as
technologies to separate and purify hydrogen. The technical targets for membranes are listed in
Attachment A. Membranes rely on dropping the hydrogen pressure to generate the purified
product. While simpler in operation, they do not yet exhibit the reliability of PSA and have
added compression costs.

Atomic transport membranes (also referred to as dense metallic membranes) transport hydrogen
atoms that have dissolved into a dense metal matrix. These membranes are comprised of athin,
dense metallic layer (usually palladium or palladium alloys) supported on a porous layer. Upon
coming into contact with the metal film, molecular hydrogen dissociates into atoms that then
pass through the film and recombines into hydrogen molecules. The metal layer istypically
formed from metal composites, thin palladium, or a palladium-alloy metal that is supported on an
inexpensive, mechanically strong support. The most mature membrane option for hydrogen
separation is palladium-silver alloy membranes. These membranes are prepared by vapor or gas
phase deposition of Pd onto a porous metallic or ceramic support. Failures occur dueto
debonding with the support, chemical interaction between the support and membrane during
operation, and non uniformities in the coating due to surface roughness of the support layer. The
manufacturing needs include:

e Development of cost-effective membrane fabrication methods for economically

producing defect free, thin film Pd membranesin alarge-scale production model
0 Processes such as“RABITS™, for example, or other novel fabrication processes
developed for other applications may lead to breakthroughs.

e Development of fabrication methods for reproducible production of thin walled (light
weight) supports with the proper pore size distribution and/or flatness.

e Advancesin joining technology may be required for the pressure vessel s encapsul ating
these membrane systems.

Molecular transport (microporous) membranes are essentially micro-filters. The pores of the
membrane are sized to enable the very small hydrogen molecule (at 2.89A) to move through the
membrane while larger gas molecules are | eft behind. Selectivity is based not only on molecular
size but also on how the molecule moves through the medium (mean free path) and on the
viscosity of the gas stream. Permeation rate is affected by the pore size, thickness, tortuosity, and
total porosity (pore volume) of the membrane and the system temperature and pressure.
Molecular transport membranes have been made using sol-gel deposition of metallorganic

4U. S. Patent 5,739,086 (1998).
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precursors onto a porous metal or ceramic support or by a classified fabrication process
developed by Oak Ridge National Laboratory. The main failure of this class of membraneis
through non uniformities in the pore size distribution (i.e. large pores lead to cross over of
unwanted gas species). The manufacturing needs for molecular membranes include:

e Fabrication methods for reproducible production of thin walled (light weight) supports
with the uniform flatness,

e The development of cost-effective thin film processes that will yield sub-nanometer
porous films for molecular transport,

e Advancesin joining technology may be required for the pressure vessels encapsulating
these membrane systems.

Hydrogen Compression

Current membrane separation devices use off-the-shelf compressors that are heavy, costly,
inefficient, and not designed to work in conjunction with small modular membrane separation
processes being devel oped.

e Designs for manufacturability, assembly, mass, volume, and cost reduction is ageneric
need.
e Explore novel compression technology (i.e., reversible metal hydride cycles).

Electrolyzer Systems

Two types of electrolyzer systems are available commercialy: alkaline and protein exchange
membrane (PEM). Both are composed of the following subsystems: (1) the cell stack, (2) the
bal ance-of-plant, and (3) system controls. Technical targets are listed in Attachment A.
Manufacturing issues with PEM electrolyzers are synergistic with the manufacturing issuesin
PEM fuel cells, and the background document on PEM fuel cell manufacturing should be
reviewed to understand the existing needs.

Cell Stack

Alkaline systems are similar to PEM electrolyzers in that they have a membrane el ectrode
assembly. The one differenceis that they have aliquid, hydroxide-based electrolyte.

The membrane-electrode-assembly is a three-layer structure attached to a nickel current collector
sandwiched around either aflowing or an immobilized electrolyte. The catalyst layers adjacent to
each side of the electrolyte are transition or noble metal supported on carbon. The thickness of
the catalyst layer can approach 25-50 um but would, on average, be thinner. The gas diffusion
layers, making up the outer two layers adjacent to a catalyst layer, are porous PTFE (Teflon)
about 200400 um thick. These layers are typically manufactured using calendering technology.

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 apply the carbon supported catalyst to the
current collector. For the processing of supported catalyst, the catalyst istypically applied to
carbon by wet chemistry or physical methods such as co-precipitation or ball milling.

e Deposition methods, such as vapor deposition, physical deposition, and semiconductor
processing technology, offer aternative manufacturing approaches that could drive down
cost.
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Bipolar Plates

Most alkaline systems are monopolar—that is, they do not require a bipolar plate. However,
Gibbs Energy has recently been developing e ectrolyzers that will require a bipolar plate.
Graphite would be the most suitable near-term choice for abipolar plate.

The ability to manufacture plates without post-machining or grinding to assure flatness and
paralelismisacritical need. A 25-um increase in thickness for a bipolar plate, when repeated in
acell stack, could result in a 10-cm tilt in an 80-kW stack (approximately 400 cells). Building a
cell stack with such a repeatable variation would obviously not be feasible; however, this
hypothetical example illustrates the critical importance of tolerance control. Lack of tolerance
control in the manufacture of the flowfields can result in uneven distributions of the reactants.
Performance, durability, and the life of the fuel cell will all 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.

¢ Injection molding of carbon and graphite materials has been proposed as a high-rate
method of forming graphitic bipolar plates.

e Research and development on alternative plate fabrication is critical for establishing
methods that can maintain the exacting dimensions and physical properties of bipolar
plates.

Frames and Manifolds

External manifolds are made from commercial-grade plastics using injection molding. In some
cases the MEA isintegrated into the injection molding process, producing a monolithic piece
containing the MEA and manifoldsin a single piece that can be easily stacked. Once the MEAS
are produced, they are attached to the stack frame, in some cases by injection molding. This
produces a gas-tight connection. However, injection molding is a fast, capital-intensive process.

e New processesto integrate the MEA into a polymer frame are needed. Integration of the
sealing process with the manufacturing of reactant manifolds is an obvious, but possibly
difficult manufacturing method to devel op.

Cell Stack Assembly and Sealing

With the integration of the MEA into the frame assembly, one possible route for stacking and
sealing stacks is through the use of friction welding. Leak-tight seals require good stack design
and wide seal areas to accommodate the sliding of the frame during welding. Stacks are built
one-half cell at time; only 100 elements (stacked) are possible due to equipment limitations. In
stacks requiring a bipolar plate, sealing will require the use of a high-speed sealing process. For
example, Hydrogenics injects the sealant under pressure during the assembly process. The stack
itself serves as the injection mold.

e Designs for manufacturing and assembly may provide pathways to high-rate construction
of rugged fuel cell stack systems

Gaseous Delivery of Hydrogen

Hydrogen delivery by pipelinesis currently the lowest cost option at high volumes. The DOE
technical targets arelisted in Attachment A. To enable delivery of pressurized gaseous hydrogen
in pipelines will require advancementsin joining, materials heat treatments, compressor

Page 9 of 19



development, and potentially coatings technologies. All of these except coatings have been
discussed, previously. Other needs include:

e Production of long lengths of seamless pipes
e In-situ deposition and annealing of coatings using robotic processes
e Development of non evasive inspection PIGs that do not induce surface flaws during use.

Cross-Cutting Synergies between Hydrogen Production and Fuel
Cells

The main area where significant cross over existsis between fuel cells and electrolyzers based on
PEM technology. In addition, alkaline electrolyzers would benefit greatly from the balance of
plant developments discussed in the PEM fuel cell document. The following list indicates the
areas where there are synergistic needs for advancements in manufacturing for both fuel cells
and hydrogen production and delivery.

e therma management

e joining

e heat treatment of materials
e compressor technology

Cross Cutting Issues
(prepared by NIST)

As outlined in the previous section, manufacturing for the hydrogen economy covers alarge
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 technol ogies benefit from advances in continuous processes (e.g. gas purity, water
management). Thus, the working group is able to identify a small set of challenges that are
applicable to most of the manufacturing technologies. This section provides a preliminary
summary of these cross cutting issues.

Metrology and Standards

Metrology provides quantitative information about a manufacturing process and its output. Thus
it 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.
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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 a need for information and knowledge about new materials
and sealants, including their processibility, formability, machinability, and compatibility with
other materials and gases. There is also a need for new process technol ogies, 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 redlistic 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

Centralized hydrogen production facilities have been produced for many years and are designed
and constructed based on the quantity of hydrogen to be delivered. As such there is no mass
customization or commercialization of most of the system components except for heat
exchangers, catalysts, and gas clean up technology (i.e. PSA) which have widespread application
in other industries. Distributed generation systems and their respective components arein the
early stages of manufacturing and for the most part are constructed as needed for a specific
design level of hydrogen production.
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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 Technol ogies Program, February 2005.

Table 3.1.2. Technical Targets: Distributed Production of Hydrogen from

Natural Gas
Calendar Year
Characteristics Units

2003 2005
Status Target
Total Energy Efficiencye %(LHV) 65.0 65.0
Production Energy Efficiency %(LHV) 69.0 69.0
Storage, Compression, and Dispensing Energy Efficiency: %(LHV) 94.0 94.0
Total Hydrogen Cost $/gge He 5.00 3.00

Detailed Cost Breakdown - These calculations are for guidance only and not necessarily the research targets to achieve
the total energy efficiency and cost goals.

Capital Cost Contribution $/gge H 2.70 1.40
Production $/gge He 1.90 0.60
Storage, Compression, Dispensingr $/age H: 0.80 0.80

Fixed O&M Cost Contribution 1.20 0.60

$/gge H2

Feedstock Cost Contribution 0.90 0.80

$/gge H2

Other Variable O&M Cost Contribution 0.20 0.20

$/gge H2
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Table 3.1.3. Teohnloal Targets: Distributed Produotion of Hydrogen from Blo-Derived

Renswable Liquids **

Galendar Year

Characteristics Units

2003« 2005¢ 200 20154
Siatns Target Target Target
Total Ensngy Efficiancy* e 45.0 45.0 &6.0 00
Production Enangy Effcisncy £ 44.00 49.0 T0.0
Storags, Comprassion, Dispansing Energy Efficiancy’ kL 840 Ba.D B0
Total Hydrogen Cost +gge &.70 580 360 280

Detailed Cost Breakdown — Theea calculations are for guidancs oniy and not necaseariy the ressarch tangats to achisve
the totsl enangy aefficiency and cost goals.

Capital Cost Contrioution $gge 180 1.30 080
Production +oge 110 0uED .50
Storags, Compesssion, Dispensing! #gge 080 08D 0.40

Fixed Qs Cost Contribution #ogs 070 sl .40

Fesadetock Cost Contribution? #gge 380 3.ED 1.80

Crher Variabls O8N Cost Contribution %gge 0230 030 0.60

* Erooomic peremetan: wed weee 2 yr. asabyids pared, 107 IBR afier taxee, 100% eqaty fnanczg, 1.5% infaticn, 38 9% total tax ste, MACRS
Mdmim‘ﬂmm’mm:ﬂnﬂmmm&ﬂbyﬁ%mnﬂiaﬂﬂﬂ

¥ 'I'hn-nhm‘l.m:.-]:l.'l.mm: get at 50T EWEr i 20008 based oo the kvslized prics botaman 2005-102 5 tacsd on the FIA AFD 2004 for coommeerial

" 'ﬂn"‘l]{ljmu 2005, and 2000 mergee are based on 2n inital azabysi of distdbeeted reformi=g of athanol 273 design capacicy of 1300 kg'day of
hﬁugﬂn'bawdunnﬂ.hhhl'_‘i:rmm

Tha 2015 target is based oo wiat might be achiavable with brasktmoughs in fechoclogy and altamacg bio-dervsd renswable Bouds.

» Enerzy afficiency is dafied a the anargy of e bydoogen ot of the process (LEV) divided by Se s of the anargy into the procsss fom the

fesdsinck (LHV) and al other snargy needed The slectical energy wilined doss not inchida the efficency losms fom the producoon of the

wlRcimicioy.

'imml-:pl.r.iwfnr'.l:l:lhgnf';'d:mg;u:ﬂIh.nfm'n:u'u:tui:dniwd.l:ualrmdihﬂ:ﬂm:mmdh‘d:nmmmhwfm]hni:5:':l:p:i.5u.'

2003 amd 2005 T s aceemned dhat in 2015, the pressure for lydrogen refiekng w1500 pa.

v For 2003 and 2005 the price of ettazmal wwad i 51 13gallon n 20038, Thic & a typical prics for sthamel i= e fired medket ovar S past 5 yeam. For
2010, the price of ethamel ..snd::ESithzl_ﬂﬂﬂi-i. It is apramed Sat thic cost mdiucton & poccibles based oo uwsing le: punified and wes sthancl
:|.-:cr_'h..:mr.s_aindh—.ﬂ]mmpr_w_an1nduh_mmp:mdmhn.h:ﬂnmhthnﬂdmmﬂmuﬁwm&m

clrr_nq E.:v:l_i;:rmgrmmmn in erhana] pendnction. fom com adior fw introducsioe of ofbar lowse coct ethemol peoduction wcknnlogy wack ac Som
immacs
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Table 3.1.5. Teohnloal Targets: Dense Metalllo Membranes for Hydrogen Separation and

Purifioation
Calendar Year
Performance Criteria® Unit=
2003 Statuse | 2005 Target | 2010 Target 2015 Target

Fiux Rats® scinit G0 100 200 200
ooy Materisl and ATMESUS | g/ of membrans | 2000 1,500 1,000 <500
Durability= hr <8, 760 8,760 26,280 =43,800
AP Operating Capabiling? p= 100 00 00 A00-1,000
Hydrogen Recoweny % of total gas 60 =70 =80 =0
Hyorogen Guaity® ot :jf {ary) ~00.0 ~00.0 ~00.05 00,00

* Ths membaanes zmct be rolara 1o ingrities. This will be applcaton specific. Commoen immpunties inchade walfir and carbon momonida
" Baced on mamthrass shift reachor with symeas.

+ Flux 2t 20 pei brysrogen partiz! presrurs. difSsrantial with 2 e permeats cida total pracemns of 15 pad, peedecably =30 pri and 400 °C,
The memhrns suppert sirocium i l;pmam]ymwm:m]m:a mammnal cosis.

+ [rareds batwesn meozhrans replacsmect

Hydoean membranes heve mot bean damome=2sed 1o dae. coly [beoatory tacted.

:hln?mcapa:dm it application depandant, Thers are many applications Shat pay eoby raquins 400 pei o Jecs. For coal geaficanion 1000 pei is
=4 Rreat.

Based om curvsnt availzble PEM fusl cell fenasion, the ks contemizset targees ars: =1 0pph sxifir, <1 ppm cachon meonxida, <100 pom carton
donide, = ] ppo azmeoniz, <= 100 ppm noe-mathese bydrocarbons oo a C-1 asis, oxyges, nitogen and argon can not axceed 2% in iotel, particalaie
kvsls peost meat [50 soamdard 147E7.

Koo Rmumdmuf&nmmdmmwrﬂrhhpmm 2004 H, Sapasations Works2op. Thess targets ane mdaergoins detailed

snginsesing analysic. Mambrane systams should be demonseased within 2 tamparatorg range betwsan T30-1,000 degreas Calsiue. Also, permadtic powse

Tegarement (that uced to reconmmes: the Sydroges downsiream of Se membraze due o potecial preceas drops aooe e menthrns)) should e
iz
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Table 3.1.6 Teohnloal Targets: Mioroporous Membranes for Hydrogen Separation and

Purifioation
Performance Griteria® Units 2003 Statws | 2005 Target | 2010 Target | 2013 Target

Fiuz Rate® scfn/fid 100 10001 200 300
e LR e Al §/fttof Memorane | 450-600 400 200 100
Diurability? nr =8, 760" 8,760 26,280 =43, 800
AP Opsrating Capability® psi 100 200 400 A00-1000
Hydrogen Recowvary % of total gas &0 =70 =80 =80
Hydrogen Cuakty? % of total (dry) gas =80 fs 8.5 BoEs

* Tks mambrasac mmst ba folesnt to ipunsiss. Th will bo application specifc. Commom imperitis: mehds sulfr and carbon meon

¥ _.I.::.a' 20 et Epdrogee pestial presaurs diffecential wit a mininne pameate @de otz pessure of 15 po, prefecably =30 pei a=d 400 °C

+ Tha mapchrans fuppert stnactor oot is 2pproximansly thrae teas moms than membrang o6l

‘ :uma]l'hat“i:mmrn%::

« By meInbene: e & demoenptrated b dess, oy Iaboranony testad.

! Dol P oparating capabality is 2pplication dependent. Thare ars mesy applications that meny ocly mequine 400 psi or Jess. For coal gacficaon 1000 pei i

=4 f2rgat.

Bazed on currsat mailakle PEA fusl call imfoematsion, the mnfathve contamsizast

o, = 1
levals muct mesgt IS0 candard L147ET.

targees aos: < 1 Opph walfin, <] ppm cacbon moooxida, <100 pom carton
PR ammoniz, = 100 ppm noz-matha=g hvdrecarbons ona C-1 bais, oxyges, nitrogan and argpoo can mot axceed 2% in totd,

tofal, perticalate

Tooe: Ranived rargate i fmo considarnion impur recsived o e Sepeambar, 100+ H, Separanen: Werkzep. Thow opat 2w wndecpoeng decailed
ang=esring analysis. Maochrame systens shonld o damoms=eted wit= a feopecias mngs botamen 2500- 1,000 Dugmac Jalsms. Ale, parsific powsr
meeuiraments (that used to recoagprass the Rydrogen dowmstreesn of the meenboane Sus to pokechl pracrew Sops amoss: e membrne) sould b

omimaged.
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Table 3.1.4. Teohnlaal Targets: Water Eleotrolysls®

. ) Gentral
1500 kg/day refueling station Renewahlet
- ; 2005 2010
Characteristios Units | 2003 Status Target Target 2015 Target
Cost S'gge H, b5 0.80 0,38 0.24
Poraser Comeersion,
(el Stack, Balanca of Plans Tatal Ca g GE ] 76 77
Efficiency
Cost %'ggs H, B3 077 019 0.08
Comprassion, Storagas, Dispensing
Efficiency - g4 By oo oos
Eleciricity® Cost &'ggeH, 257 247 1.89 1.32
Ol Cost &fgge H, 0ED 071 033 0.11
Cast %gge H 5.16 475 285 276
Total ik
Eficiency % B2 G 75 78

+ Eronomic pamemwtan: msed weree 20 yr azabywic parsod, 107 R, after toms, 100%% egesty finsnomg, 1.9% inflaton, 38 5%% total o resa, MACES
T-year deprecizbon, 7% capacity facios. The H2A reral in 20008 ware infladed ty &% 1o yield 20035

* Baoewable Cption: Caloalaton bass oo delvarizg 50,000 gge bydrogse pec day (10004 gee modlad) with option of electricity co-producton
Elacmicny back up provided by goid

* Includes power cozveesion, cell stack and balance of sfficisncy based oo AC alectnc i o bwdpogem o on.a LEEW basis

il Cmpmmmqrmm muﬂ&mmﬂp.dth%ﬂcruﬂn nmrc@rulmw:m n]mn.ﬁl.llnl :h.a:l.c,l_c\ml:_;mnim
Lo proseds storags assmmed = 20135,

» Electricity at F14 projectsd inductrial alscwicity ras for 2003-3005, .04 par KWh asemed iz 2010 tassd on megiczal indectrial aleciricity mim amd
Dew recewainle techeologies oo the grid $.03 per KWh assumed in 215 with cavral wisd a=d grid back up. §.03 per KWh alen cormesponds 1o the
Gﬁmﬂ“ﬂﬂﬁﬁp@mﬂ? Produczon cost goal for class 4 wind meeourcss.

" Besed oo system capital coct per KW of 5700, $600 and 5250 for the méaling statvon in 2003, 2005 and 3010, ecpactvaly, a=d £200 for e central
station in 3015, Asemeo: Mgh vohms ammmad peodscsion (1,000 uits for 21 perposas and il sokwec) of slectrobvzar wmits n M0010-2015 and
cemmlized faclity beneSting from ccale on installrion.

¢ Includse ilﬂﬂ?nggn&hu}dmy[mmw:amhwhng:ddmmg}
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Table 3.2.2 Hydrogen Dellvery Targets®

2003
Category Status 2005 2010 2015
Pipelines: Transmission
Total Capitsl Cos: [$Wmilsl [ #1200 | w20 | g0 | om0
Fipalines: Distribution
Total Capital Cos: (SWmilsf [ so20 | soa0 | so2s | 30w
Pipalines: Transmission and Distribution
Rediabikty (retative to H, embrittiement concarns and T — Undafned | Undarstood WHB'?';DE
integrtyF R
TED)
H, Leakmgs® Unasfined Unosfned 2% <0.5%
Compression: Transmission
Fislignmy® 025 02 05% k]
Hydrogen Energy Eficiancy () a9 Bo% B0%; ga%:
Capital Cost (Sh/compressorp 818 518 $16 12
Comprassion: At Refusling Sites
Rslignmy* Linkonowsn Unknown a0% ga%:
Hywarogen Energy Eficiancy (] B4% Ba4% A5% 6%
- Waries by ‘aries by
Contamination® Design Design Raducsd MNione
Cost Confribution ($gge of H_}* $0.60 %060 %0.40 025
Liquafaction
Small-Seale (30,000 kg H, fday)
Cost Contribution ($/age of KA $1.80 £1.80 81.80 $1.50
Large-Seale (300,000 kg He'day) - -
Cost Contribution (§'gge of HJ* $0.75 8075 $065 $0.55
Small-Scale (30,000 kg H fday)
Electrical Enangy Efficiency (%) 2at 5% a0 da%
Large-Seale (300,000 kg H day) _
Electrical Enangy Efficiency (2 =0% “0% +5% =0%
Camiars
H, Content (% by waight™ 3% T3 65 13 2%
H, Content (kg Hiter) Undefined Unaafinad 03 a7
H, Energy Efficiancy [From the point of H, production _ _ _
tr:'cugh digpensing at the refusling site)’ Undsfined Unasfned T0% B
Total Cost Contribution (From the point of H,Production
trrough dispsnsing at the reusing sits) Undefined Unaafinad %1.70 $1.00
(%pge of HJ
Storage
Rsfusling Site Storage Cost n
Cortribution (§/ags of H}° $0.70 80.70 §0.30 $0.20
Capital and
cparating
. ) Varify cost <1.6x
Geologic Storage Z’EI'_:;* Zﬁ;ﬁ:w Feasibifty for | that for
H2 nztural gas
on a per kg
bacis
Hydrogen Cuality” »BE% (dry basis)
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* All dallar values 2 in 2003 TS dollar

+ Tha 2003 status ic based oo data from Tras, W, Special Rsport: Pipsline Eccoomics,” Cil and Ges Jourzal, Sepe 16, 2000, pp 52-37. Thic articls
reports data on the oot of mtmal ges pipelines 2 a functon of pipe dianwtar. [t breale: & costs dows by mabarials, lebor, misc. and sight of way It
bamd ez a ULE svamgs oost. A 15 inch pips dizzetsr was nsed for temeismon and 1.5 inch for distrivegon. It was asmumed that Eydrogen pipelizes
will cost 30% mors thes narored Zac pipalines based om advics Som wengy and mdedrial g companis: and orgamizations. The erpsed oot reductioms
for 2010 and 2015 asmume the mght of vy cmts do oot chamgs

* Pipaling relibility need hers rafars to maintining imsgrity of the pipeline ralasve to potantial hvdroges embeitlament or ofher S5ues CAUSN g COCES or
failurse. The 2015 mopst & imended to be 2t Jeast equivalect wo Sat of today’s zavom] gas pipsline =fmctmoms

* Hydrogea leakizgn Sassd oo the bydropan that peemsenss or leaks from the popaling 2 a percest of the amoent of hvdrogen put through the pipekne. The
2017 marges is based on being squiralen to todry's mimal g pipelioe infasrocim based on the artcle Deod A Kirchgsszer, & al, “Estinass of
Mertame Femizricns from the 1.5, Nanmal Gac Iednctry”, Chemosaspbens, Vol 35, Mo 6, ppl363-1330, 1997

* Comprasgion relability is defned 2z the parcent of fime ot the compressor can be miahly coozbed o ac being fiully operatonal The 2003 ks

Sor ranemi ko compressecs it based on nformanon Som soscEy compamss that use these tpes and cimes of congpracsos on vdrogen i thair own

operations.

! Hyéropan snsrry afficiency i dafined s the bydnoges spargy (LEV) out dvided by the sam of the ydropen snerey = (LHV) plus 22 ofwer enengy
neadad for the operation of tw proces:

* Tha 20{3 valoe is based oo data fom “Special Report Pipsling Foomomics,” Ot and Ges fourzal, Sepe 4, 2000, p 78, The compressor capesal oot data
wak plotied wx. the poosr required for the comprecsor using the naterd gac trmericdon compressor Sxta provided. The camital cost wes Eowaced by
30%% = an mssumption for Righes costs for bydregsn. compressom. The power requied was caloslated ssemming 1,000,000 ky'dey of bvdroges Soor with
2= et prasnoe of 700 pel and an. oatdet prasree of 1000 pai

* Some s compressor decigms requite: oil uhrication that nessdss in come ofl comtemination of the ges compessed. Cos to the sxingsot oydmgan pomity
cpecifications for FER ﬁ.l.n]cn]]:.'_ba"".'l'imi:hmm_opu:n'h]itrnf};:dca:'cmrmhmmnfh Irycrngan from the congracsion soaded 2
refmaling shitons or sationary powsr wies snce this conpracsion i fost pricr fo e on a vehicks or sationry peoar fusl cail
i The 2003 < a}muhuﬂdmuhm'ﬂnh;lfmﬂf:ﬂfm;:g:m‘bhidrpﬂd:hﬂumfma]ﬂ kn.dl:.-d:nn:u.lmd_aru:'._'l s hrydropan
Fodu:mnmin(v‘wmmygmhﬁmﬂmmjThnn:h:d}Eiﬁ_mLmumnphmmmiI:wammdhm
oonprassoms woreld be nesded dns to e curmently unkmown rekishilicy of forscourt compressors. at 2 total installed capital cost of $600E The alectricity
required acomed an eesnmic eargy sficiancy of T0% md m electricty prics of $.07%Wer The compraccion oparation was acrmed 1o e 2
frachonal dharw of the fonecoot Sxed costs besed proportional to 1% capital and the Sotal capiial oot of the forecourt

! For 2003 and 200F, & ic assumed that the lnydrogen deliveny preceas to the vebicle is 3000 pai. For 2010 and 20073, it & asmumed that the vdroges
delivary precsme to the vehick is 1300 pet or less based oo e co-board wekicle donge program (Section 3.3) eing mooesful in mesting its ropsis.

* Tha 2003 cost conimbution and elecmical soecgy efickncy was detemined using the F22A Delvary Compocan: Kodel spreadstest using sandard H24
financial inpet acmumpSons and the Hgefaction rpreadchaet nb (a sers.energry. doa/ydropenandfieicells). The H2A cpreadcheet information ic haced
on daia from ctter refarances wted n the H2A Dalivery Componant Modal. Rﬂmﬂn:mﬂlp{ﬂn{ﬁqmﬁwapih]cmtmaFmﬁmo{ca;ﬂclr;a:ﬂa
plot of acteal snergy msed a2 fomction of Squefier capacity are peovided in the H2A Delvary Componant mndal

! Electrucal apargy sdBcisncy i defined as the theorstcal snargy nseded o liquafy r:ﬂh\.'drogn:d.nd.ndbrﬂmmg}'mhukrnmdadml
Equefaction plat. The theoretical snscey & tat ecargy meeded to cool e g2 to the Bgsmfction tespertas wd Ba snecry cesded for the crio’pes
mansition. The 214 Dalivery Component Modsl (s sere. anargy doerydrogenasdfmlcalls) provide: the rafamces and a plot of actl anargy needed
for carmant vdrogen quafiars a0 a fection of capaciy.

= Tha 2010 hydrogen content targets are based on tomspocting: 1500 kg of bydrogen in 2 tuck. Alfwogh regulations vary to soms degres by siis, 2
typical trock is limifed %o carrying 25.000 kg of Ioad andior 113,000 Eears of volene. The sxsiswm hydogan confeet (% by waight and kg H ar) o
achizwe [ ﬁlllllg-:flz'.'d:umnu::ﬂtrnxdnmodh e maminim |pads alloweble. Tneciosg costs with this bydogen pryload ace suck Sat this
mnsport opticn would seem atmcive ralasie o the delvery oo oectves. A cypical refieling sation of 1500 kx'dey of hvdnogen sarvicng Sydrogen
fal =l wehicles woeld carvics the came momber of vahicles ac typical mcoling ctations sarve todny: Thic dalivery opfon weedld requin oze tnack
delvary per day wiich i aluo typical of today's gaseling chbons. The 2015 bogsts ans calculated W the came way but asezmmng 3000 kg per tnack load
5o that the ooe trock could sarvics twn refiuskng soations. The totml cost azd attractvesass of this delvary option would depsod on the cost of e ol
carmier delivery Fystem inchnding the cost of discharging e ydogen at e mfiskng station and aoy cacriar mosemtion cosis.

* Tha 2003 valoe is based oo utiliving the F24 Foreomrt (refislizg strion) hiodal spreadshast tool for a 1300 kep'dey dirtnibomnd o] @6 case
(v g ere. cnergy. g vdrogeesmdel calls). The standand 52 A fnascial izput acmmption: were uwwed. s sonomed Sat the ydrogen siomge
nstalled capetal cost s §1. 1M based oo comnt fwct=ology and 1100 kg of lydrogen siorags. The stongs opertion was asemmed fo bave 2 fachonsd
share of the Soreconrt fwed cocts based propoctiomal to i capital and the total capesal cost of the forecmmt.

* Based oo cxxram avaihible FEM Saal cell information, the teoeafvs comaminent ogse an: <L ipek sulfie, <1 ppen carben menoeds, =100 ppm carbon
dicxids, = | ppm ammonia, = )0 ppe zoo-sosthane Eydrocarbons coa C-1 bam, oxygen, nitreges and argon <2z oot sxcsed 2% in total, particdas
Lovals mmet meet I50 candard 14787, Fuhme information on comsminent St for oe-beard somgs may add addisional conctmints.
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