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Appendices
Appendix 1 Japanese Global Leadership in Propane Fuel Cells
Hiroshima Research and Development Center of Mitsubishi Heavy Industries, Ltd.
(MHI) has developed 1kW output able to extract hydrogen from 6 different kinds of fuels.
Besides of city gas and LPG which are used the above mentioned unit, kerosene, naphtha,
methanol and DME are able to be applied. The efficiency of reformation is 83% at rated load
and 79% at the output level of 300W.
IHI with a 5kW natural reforming unit and Matsushita Electric Works, Ltd. with a 1 kW
propane gas reforming unit, both have joined in the verification tests on PEFC cogeneration
systems which have been carried out by the Association.
Osaka Gas has developed LPG reformer for home use FC. After endurance test, they aim
to equip it on a FC unit by March 2007 and will put 1kW unit or larger on practical use. By
the endurance test, they will also make the problem clear that LPG properties would be
changed due to remained heavy components at the bottom of a cylinder when LPG in the
cylinder is used under natural evaporation.
Air Water announced that they got the prospect for commercialization of home use fuel
cells to be able to start up within 10 minutes by developing reformers for LPG and would go
into the real experiments from April and aim to achieve the quick start up ability within 6
minutes as the final target.
Hiroshima Research and Development Center of Mitsubishi Heavy Industries, Ltd.
(MHI) has developed 1kW output home use PEFC system and shipped them as samples to
gas utility companies and public organization and then intends to make them commercial
product in 2006. The dimension of a new unit is 60cm in width, 30cm in depth, 1m in height
and 180 litter in volume and it is almost the same size as an outdoor machine of an air
conditioner. The Center said it was the smallest in the world. The center had once developed
home use PEFC systems in June 2002 which was 340 litter in volume and has remodeled
them this time with adopting plastic made one piece block including piping, plinth and side
wall, which can save the piping spaces outside FC surrounded by fuel, air and drain piping
and furthermore, they succeeded to reduce numbers of parts by 40%, resulting from the
improvement of performance of control equipment, thus the down sizing became realistic.
The efficiency of power generation at rated load is 36% (LHV) and 32% at 300W of the
minimum load and total efficiency is announced 87% at rated load. The fuel cell stack is
separated in 6 blocks and each block can be replaced like cartridge respectively.
Idemitsu Kosan Co., Ltd. announced that they developed desulfurization catalyst which
life is expected one year in case the catalyst is applied to home use PEFC fueled LPG. This
catalyst is powder state material of several mm in diameter and removes sulfur component
from LPG by adsorption. They confirmed that the catalyst of metal oxide developed by them
selves can remove sulfur from LPG on market down to less than 50 ppb of detection limit at
room temperature. They verified life time of 400 hours by their acceleration test which flow
10 times of LPG necessary for 1 kW PEFC. This catalyst is cartridge type having feature of
easy replacement.
Iwatani intends to arrange transportable hydrogen charger at their 14 domestic factories
owned by their subsidiary, Iwatani Industrial Gases Corporation for hydrogen production, in
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order to support diffusion of FCV. And they also arrange network of infrastructure for
hydrogen supply connecting 170 LPG supply station all over the nation, based on the 14
factories. Iwatani has participated JHFC under cooperation with Showa Shell Sekiyu K.K.
and Nippon Steel Corporation, which target is to supply hydrogen for FCV from liquefied
hydrogen produced from by product gas at iron and steel works.
Iwatani International will start the automatic operation tests on propane gas (LPG)
reformer for home use 1 kW PEFC system and continue the verification test on its
performance until July. As it consists of thin permeable membrane instead of selective
oxidation for carbon monoxide, its size becomes smaller than the existing one and moreover
hydrogen production efficiency is getting higher (hydrogen concentration is 75%) because of
low temperature reaction at 600 . It adopts the automatic control system for reforming
process, controlled by operation information of FC.
Tokyo Gas and NIPPON SANSO announced on May 13, 2003 that they completed
hydrogen supply station for FCV (Senju) constructed under the JHFC project at Arakawa-ku,
Tokyo. Opening ceremony and FCHV delivery ceremony are scheduled on May 29. Fueling
LPG, the station has the capacity to produce 99.99% pure hydrogen of 50 m3/h. Construction
cost is about 300 million yen, fully subsidized by the Government through ENGINEERING
ADVANCEMENT ASSOCIATION OF JAPAN. Both Tokyo Gas and NIPPON SANSO will
be in charge of the operation.
IHI with a 5kW natural reforming unit and Matsushita Electric Works, Ltd. with a 1 kW
propane gas reforming unit, both have joined in the verification tests on PEFC cogeneration
systems which have been carried out by the Association.
Osaka Gas has developed LPG reformer for home use FC. After endurance test, they aim
to equip it on a FC unit by March 2007 and will put 1kW unit or larger on practical use. By
the endurance test, they will also make the problem clear that LPG properties would be
changed due to remained heavy components at the bottom of a cylinder when LPG in the
cylinder is used under natural evaporation.
Ebara Ballard announced that they will put their home use 1 kW PEFC systems, fueled
city gas, to practical use in 2004. They will produce new prototype fuel cells for commercial
use in 2003 and will deliver three of them to New Energy Foundation in February. They will
produce more than ten units of fuel cells in 2004, and offer them for testing. Furthermore they
also plan to produce commercial units and put 500 units on the market. From 2007, they
prospect selling of 5,000 or 10,000 units and want to get the market share of 40%. The precommercial units which had already assembled have the dimensions of 90 cm in height, 90
cm in width, 28 cm in depth and have hot water storage tanks. Reformer have been
manufactured under the technical license from Tokyo Gas Co., Ltd. They also intend to
develop a fuel cell combined with a reformer for LPG and kerosene and these works will be
done under the cooperation with Tokyo Gas and Osaka Gas who have reformer technologies.
On-site demonstration test for home use PEFC system has been started by Nippon Oil
Corporation, a developer, fueled LPG, at housing exhibition center in Yokohama MinatoMirai 21 area (Inside model house of Mitsubishi Estate Co., Ltd. in Yokohama Home
Collection) on February 4, 2003. The unit is box type for outdoor use and the dimensions are
1m in height, 90cm in width, 50cm in depth. The output of electricity is 1kW. The efficiency
of electricity generation is 32% and the efficiency of heat recovery is 40%. The company has
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schedule to install 6 units by March including the mayor’s residence of Yokohama,
furthermore they will install more 100 units on public housing and company’s houses after
April this year and verify their practicability. They intend to collect data on reliability and
durability through these on-site demonstrations and feed the data back to their future units.
They are aiming to put them on sale by 2005. The price is estimated at 500,000 yen per unit.
Air Water announced that they got the prospect for commercialization of home use fuel
cells to be able to start up within 10 minutes by developing reformers for LPG and would go
into the real experiments from April and aim to achieve the quick start up ability within 6
minutes as the final target. Presently they have been testing on a test module of hydrogen
supply capability of 20 m3 per hour and confirmed the start up ability within 10 minutes at
pre-testing. Adopting the special catalyst, consisted of 4 components; nickel, ceria, platinum
and rhodium, the main parts of reformer could be down-sized to one hundredth of the existing
ones, thus made reformer heat up possible in short time up to 900 , temperature required for
the operation. They plan to commercialize home use FC with continuous operating capability
for LPG fuel in 2005 and then put improved type of unit on the market, which will be
applicable for on-off operation.
New Energy Foundation is opening verification system to public on February 28, about
home use PEFC cogeneration system at the test site, for which the test has been started from
year 2002. The system which will be open to public is 1kW system, installed it by Ebara
Ballard in a company house of Kajima Technical Research Institute at Tobitakyu. NEF will
open 3 more test sites for public relations one by one. NEF will install the 12 similar systems
at individual houses and condominiums over the country as the project in financial year 2002
and is going to investigate the effects on PEFC for one year under the various atmospheric
and operating conditions, such as usage of electricity and heat and parallel operation with
grid. The details of the units are eleven 1 kW units and one 5 kW unit, manufactured by
Toshiba, Ebara Ballard, Sanyo Electric, Toyota Motor Corporation, Nippon Oil Corp.,
Matsushita Electric, Industrial Co., Ltd. and fueled with natural gas, naphtha and LPG. They
will install 30 more units at 6 different environmental conditions such as mountain area and
high humid area and prepare for coming ages of the practical use from 2005.
JEVA and Engineering Advancement Association of Japan start Japan Hydrogen & Fuel
Cell Demonstration Project (JHFC) which operate FCV and multiple hydrogen supply
stations at the same time. Hydrogen supply station reforming desulfurized gasoline and
garage for 5 FCV will open at JHFC base site at COSMO OIL CO., LTD in Tsurumiku(ward), Yokohama City on March 12, 2003 and 5 more hydrogen supply stations will be
installed in Tokyo, Yokohama and Kawasaki during 2003, that are liquefied hydrogen type
(Koto-ku, Tokyo), LPG reforming type (Arakawa -ku), naphtha reforming type (Asahi-ku,
Yokohama) and Methanol reforming type (Kawasaki City) and they will demonstrate
operation and running tests combined these facilities with FCV. 14 companies or
organizations including car manufacturers, oil companies and gas companies will participate
in the project.
NKK will introduce 5kW SOFC from its partner company, Fuel Cell Technologies Ltd.
(FCT) in Canada at the end of February, and demonstrate grid-connected operation from
March, 2003.Shipment of the pre-commercial phase products will start in 2004. NKK will
purchase one of the first 5 prototype units FCT assembles, and will install it at their Research
Institute in Yokohama. The unit will be operated by town gas, without reformer. Expected net
power generation efficiency is higher than 40%. FCT will fabricate 20 pre-commercial
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products in 2003. NKK is to purchase one of the units, and to demonstrate the operation by
LPG and biogas fuel in 2004.
On the other hand, NKK is planning to purchase 250kW prototype SOFC fabricated by
Siemens- Westinghouse Power Corporation (SWPC) in 2005, and to launch out sales in 2006.
SWPC has now 2000kW test facilities in their Research Institute in Pittsburgh, where a new
factory will be established here by 2003, and mass-production of 1.5 m length tubular SOFC
cells will be on the rail from 2004. NKK commercialize SOFC products by designing all
auxiliary components including inverter and integrating them into the system based on its
own technologies, except fuel cell from SWPC. Target price is \600,000/kW for both 5kW
and 250kW products.
Nippon Oil Corporation will begin the monitor test on home use 1kW PEFC, fueled
LPG, from the end of January, 2003. The unit had been announced that the dimensions were
1m height, 0.9m width, 0.5m depth and the electrical efficiency was 32 %, total system
efficiency was 72 % including heat recovery. They will rent the units to Yokohama city,
Niigata prefecture, Shizuoka prefecture, Tokyu Construction Co., Ltd., Mitsubishi Estate Co.,
Ltd. and so on. These units will be installed on more than 100 places such as public rent
houses and company’s houses. They will monitor the operating conditions at the monitoring
center in Yokohama Refinery and deal with troubles 24 hours. They aim to sell out the units
at the price of less then 500,000 yen per unit in 2005 at the latest, improving the units through
these demonstration tests on actual conditions.
Toshiba IFC will start mass-production of 5kw PEFC at Toshiba Home Techno in
Kamo-city, Niigata-prefecture, which are utilized for commercial use in Japan and for
residential use in Europe and USA. The unit which installs CPOX partial oxidation reformer,
developed by Hydrogen Sources, the joint venture of UTCFC and Shell Hydrogen, uses city
gas and LPG as fuels and the start-up time is 9 min. The dimension is 1.1m, 0.75m, 1.7m in
height and the weight is 550kg and efficiency of generating power is higher than 32%. They
will set the price at 3 million yen and aim to put them in practical use.
Toshiba IFC (TIFC) will take action to mass-produce the 5kw output stationary PEFC in
2004 as the first commercial unit and has made a prototype model at Toshiba Home
Technology Corporation (in Kamo city, Niigata prefecture). They had developed a stationary
type FC of 1kw packaged type unit but they considered that they could get more merits by
making commercial units of 5kw at first in order to cut the cost not only in American market
but also in Japanese market. These FCs will be applied for commercial use or condominium.
The prototype unit for commercialization was assembled at TIFC with a FC stack supplied by
UTCFC and a reformer of internal combustion type which had been developed by Hydrogen
Sources, and TIFC is in charge of an inverter, auxiliary equipment and packaging. This
reformer is 5% lower in efficiency compared with steam reforming type but has features of
quick start ability, compactness in size and also low cost. They will make a few units in 2003,
and after increase their reliability and power generation efficiency up to 35%, then put it in
mass production. They expect that the production cost will become less than 1 million
yen/kw when the production is coming up to 40 to 50 units per year.
The company has been developing the reforming technologies which can be applied for
any of city gas, LPG and kerosene. Kerosene is cheap but is hard to reform. And LPG is
expensive. Therefore city gas may become main target to apply for FC. The result of trial
calculation shows that the electricity fee paying for utility company is cheaper than that
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generated by FC under the present gas fee, accordingly the reduction of gas fee is the key
item for popularization of FC.
Toshiba Home Technology Corporation (in Kamo city) has begum the trial operation on
a home use 700w PEFC system applicable both for city gas and LPG at the factory in Kamo
city, which had been developed under cooperation between Toshiba IFC and Toshiba
Household Appliance Company (Subsidiary of Toshiba Corporation). It can supply 300 l/day
of hot water at 60 and has about the same size as outdoor machine of air conditioner. They
will produce 7 units of 3rd generation and accelerate developments and aim to really put
them on sale in 2005. Further, they will produce 5kw commercial use units and develop
pumps and air blowers for FCs by themselves at the same time and is going to sell them to
other manufacturers
Mitsubishi Heavy Industries, Ltd. announced the result of simulation based on the
domestic users with a family of 4 persons that they could save light and heat expense of
50,000 yen per year by using PEFC to meet with electricity consuming pattern. The
simulation had been done under the assumption of FC being used on DSS operation, which
stop FC at night and start in the morning, and high turn down ratio operation, which operate
FC about 20% load in low electricity demand, in addition the following figures were taken
into account in the simulation; present electricity fee of 13.4 yen/kwh and fuel gas fee (for
FC) of 123 yen/m3, to be newly adopt when PEFC will be in service.
Mitsubishi Heavy Industries, Ltd. has planned to arrange a series of 1kw, 10kw, 30kw
and 50kw output stationary PEFC. As for the 1kw unit for city gas, 2 units as samples will be
shipped in December, 2002 and 10 units will be shipped in 2003 and used to verify the
performance in the field test for domestic use FC, which is sponsored by Japan New Energy
Foundation. The test will begin in 2002. FC units will be put on sale from 2005. A 10kw unit
will be available by autumn of 2003 and the development of reformer fueled kerosene for
50kw unit has been started. The unit efficiency will be improved to 35 % by the first sale.
Moreover, they have plans that 1m square PEFC with output of 100kw will be put in practical
use with good capability for load changes, which will be applied on ships and waste treatment
facilities. Applicable fuels are considered all natural gas, methanol, LPG, naphtha and DME
and kerosene is also targeted, which is considered the most difficult to reform. They aim to
make a practical reformer whichever fuels can be applied.
Mitsubishi Heavy Industries, Ltd. (MHI), jointly with Tokyo Gas Co., Ltd. builds a
demonstration plant of 40 Nm3/h hydrogen production plant fueled town gas (natural gas)
which reforming technology is used hydrogen permeable membrane. The plant will be built
at Tokyo Gas site in Minami Senju and completed by June 2003, and they plan to
commercialize by 2004. The feature of the plant is its compactness and the size is 1/5 to 1/8
of conventional hydrogen production plant (PSA), and the same reliability level as PSA is
their target. The construction of this reforming system is that, 96 pieces hydrogen separation
module which is made of perforated stainless steel supporter laminated with 20 μm palladium
alloy membrane are inserted in nickel catalyst. The catalyst is formed in honeycomb, and the
reaction proceeds with efficiently.
With subsidy of NEDO and The Japan Gas Association, they have confirmed 99.999 %
purity and 70 % efficiency of hydrogen production by 20 Nm3/h scale hydrogen production
plant. Also they have carried out 30 times start up and shut down tests and 1,300 hours
continuous run test, and confirmed 30 % hydrogen production increase by combining with
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hydrogen booster which utilizes hydrogen storing alloy. Though this project is natural gas
reforming, multiple fuel reforming system are expected to be realized, such as for LPG fuel
which can be reformed by replacing catalyst of pre-reforming process.
JEA ( Japan Electric Association ) has established technical committee ( Chairman:
Professor Shoda, Tokyo University of Science) to study safety for domestic fuel cell,
entrusted from Nuclear and Industrial Safety Agency, METI and held the first meeting on
August 9, 2002. The subject to study is how to keep safety in small power generation facility
in case it is recognized as ordinary electric facility. Home use fuel cell is considered to be
operated by person without any specialty and to be installed outside. Therefore, safety must
be evaluated, from points of view such as how to be used or degradation with operation
hours. Arrangement of subjects will be carried out in 2002, on safety from structural and
functional side and also concrete technical requests to satisfy safety. The fuel is mainly based
on natural gas, however, LPG and kerosene is also studied to evaluate the difference coming
from various fuel.
Hibino, Senior reseacher,Ceramics Department, AIST and Professor Sano and his group,
Environment Research, Nagoya University obtained high current density of 0.8 W/c under
operating temparature of 600 by SOFC using thin Ceria membrane electrolyte. This Ceria is
what a part of cerium is replaced by gadolinium and has a superior conductivity. However,
this material is reduced by fuel gas and it is generally considered as impossible to use this for
SOFC. However, they found out that reducing power is not strange at 600 and they can
reduce electric resistance down to 0.4 Ω/c by reducing the thickness of oxide down to 30 μm.
On the other hand, they used nickel ceria oxide for anode, added 3 % Ruthenium in weight as
catalyst and increased reaction speed by highly dispersing and controlling the structure.
Carbon formation did not happen in anode when hydrocarbon fuels have been used, such as
methane, ethane and propane and confirmed stability for long time.
Air Water Inc. (Osaka City), the major gas industry company, developed LPG reformer
which can start up within 10 minutes. Utilizing newly developed catalyst which is active at
lower temperature of 300 , and start up time is extremely reduced from 1 hour by existing
catalyst. As the less than 1 minute start up is fore-seen, they will disclose the detail after the
NEDO intermediate technical examination which is scheduled in autumn of 2003. The newly
developed catalyst consists of platinum and rhodium for oxidizing and nickel and cerium for
endothermic reaction. Though the existing ruthenium catalyst is required to heat up to 700 ~
800 for starting reaction, new catalyst which reacts at lower temperature of 300 ~ 400 and
so the starting time of reformer can be reduced. They stated that lower price and compact
sample unit which can generate hydrogen within 10 minutes stably will be completed within
this year and the unit which can start within 1 minute will be developed in spring of 2003.
METI has an intension to conduct concentrated demonstration projects for
commercialization model of hydrogen station and home use fuel cell for duration from 2002
to 2004. 2.5 billion yen is assigned in total as budget in fiscal year 2002 and 1.6 billion yen is
for hydrogen station and Engineering Advancement Association of Japan and Japan Electric
Vehicle Association is to be entrusted. Oil and gas companies will construct 4 hydrogen
stands to reform oil, LPG and methanol in Tokyo, Yokohama and Kawasaki. Liquefied
hydrogen station in Tokyo and hydrogen station using by product gas in Kawasaki are to be
constructed in 2002 in addition to the above projects. New Energy Foundation is in charge of
home use fuel cell and 12 units in 2002 and 50 units by 2004 will be installed, mainly 1 kW
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including up to 5 kW in various areas such as cold area, mountain area, sea side area and
residential area all over the nation.
Nippon Oil Corporation announced that they have developed 1kw PEFC system fueled
LPG for home use and aimed to put them on the market in year 2004. The size is 90cm width,
42cm depth and 97cm height, almost the same size as a small refrigerator. They achieved the
down sizing by increasing the performance of main components of FC and high utilization of
catalyst technologies on reformer. The same type of FC will be put in service at "Kanagawa
Dome Theater", multi-purpose hall in Kanagawa prefecture, from July, 2002 in order to
collect the operating data under commercial use. FC is furnished an heat recovery system
with a hot water tank and will be confirmed the system efficiency as co-generation system.
They want to sell FC system of 1kw output in year 2002 and aim to spread them as home use.
JARI found that voltage drop of the PEFC would not occur due to the catalyst poisoning,
even if small amount of odorant was added in the hydrogen for detecting the leakage. The
leak detector of hydrogen on the FCV is to require for safety. JARI intends to detect the leak
by smell and have studied on PEFC about the effects of odorants which have been applied for
town gas or LPG. As the results, JARI found the possibilities of practical use on some
odorants which would not make any malfunctions on the catalyst. Some odorants of
mercaptan(thiol) and sulfide had been evaluated and diethylsulfide (DES) was found less
effective for catalyst and no voltage drop in case 2~20 ppm of odorant was added.
Tokyo Gas announced on January 10, 2002 that they concluded non exclusive license
agreement with Ebara-Ballard which is joint venture company established by Ebara
Corporation and BGS(Ballard Generation Systems), on fuel treatment system for PEFC
cogeneration system. And the 4 companies, Tokyo Gas, Ebara-Ballard, Ebara, BGS have
agreed to enter new phase that they develop 1 kW PEFC cogeneration system for domestic
use using the licensed technology and put it into market. Applicable fuels for the licensed
technology are methane rich gas like town gas or LPG. Tokyo Gas has developed compact
and efficient reforming technology and high performance catalyst for de-sulfurization to be
able to use at atmospheric temperature and will give the patents and know- how on the
technologies to Ebara-Ballard and BGS independently. Therefore, Ebara-Ballard and BGS
will pay royalty to Tokyo Gas prescribed in the agreement when they use the technology.
Liquefied Petroleum Gas Center is to develop LPG fueled PEFC, entrusted from NEDO.
The targets are to develop reformer for LPG and 1 kW PEFC cogeneration system technology
for domestic use to be practical level which results in 80% in total efficiency. The
participants are Nippon Mitsubishi Oil Corporation, Idemitsu Kosan Co., Ltd., Matsushita
Electric Industrial Co., Ltd., Air-Water Inc. and Iwatani International Corporation and the
duration is 5 years and the budget is 2.1 billion yen( subsidy is 2/3). Interim review will be
conducted in 2003 and will carry out demonstration test in 2004.
IDEMITSU announced that they developed desulfurization material which can reduce
sulfur contents in kerosene to 1/1,000. As the carbon amount in kerosene is 12 times of
natural gas and 2 times of naphtha, the carbon combines with sulfur and increases aromatic
compounds. So, desulfurization from kerosene is more difficult comparing with natural gas
and reforming technology for kerosene had not been established. Overcoming this issue by
mixing desurfurization material with metal such as nickel, they confirmed that the
desurfurizer could withstand for continuous operation of 4,000 hours. Kerosene is available at
any gas station in whole country and its infrastructure for supply is more established
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comparing with these for LPG and naphtha. Therefore, it is expected that many electric
equipment manufacturer will boost the development of kerosene fueled FC seriously as these
technologies have great influence on realization of home use FC when desufurizing and
reforming technology of kerosene had been developed. Based on this technology,
IDEMITSU will start development for realization of kerosene fueled FC from the spring of
2002 and aim at commercialization in 2004.
The developed desulfurization material "IADS-147" is made of mixture of nickel and 2 ~
3 kinds of metals and sintered after mixed with acid and alkali water solution. The size is 2
mm in diameter and it constitutes stack of thin metal layer of 1/1,000 cm of which nucleus is
ceramics, silica. The composition and shape are optimized to adsorb only sulfur element on
the metals in surface of the desulfurizer. The sulfur elements are removed by charging heated
kerosene at 200 into the reactor which contains desulfurization material. In case of kerosene
in market which contains 30 to 50 ppm sulfur, the desulfurizing process can reduce the sulfur
composition down to 0.05 ppm.
Mitsubishi Kakoki Kaisha, Ltd (MKK) developed medium size hydrogen production
unit of which cost is 20 % less than their conventional unit. The feedstock is town gas or LPG
and hydrogen production capacity is 200 m3 per hour. The new unit is scaled up from the
conventional small size on-site hydrogen production unit and designed to be able to prefabricate most parts at the factory. So, the installation and piping works at site is minimized
and the cost reduction is realized. Fabricating and assembling almost all parts at Kawasaki
factory and the unit can be delivered by a trailer. MKK had fabricated at the site before in
case of plant exceeding 100 m3, under the license agreement with a Denmark company. This
time, increasing pre-fabrication portion in the factory and eliminating license fee, the new
unit contributes to cost reduction. The price of 200 ~ 300 m3 hydrogen production unit will
be less than 200 million yen. For the FCV hydrogen supply station, the hydrogen supply unit
of 200 ~300 m3 will be required and MKK started trial design for application of new unit to
the station.
Nippon Petroleum Gas, a company of the Nisseki Mitsubishi group, received orders of
the PAFC system of LPG using type from Nishijima hospital, Medical Corporation, in
Shizuoka Prefecture and installed it in a new hospital. The PAFC has the output power of
200kW, made by TIFC, and provides 26% of the total electric demands of the hospital. The
thermal efficiency is 39%, and the total efficiency with the hot water supply of 60 to 70 is
80%; thus the energy-saving rate is 31.5%. Even under the disaster such as a severe
earthquake, the system can be continuously supplying electricity for 100 hours with LPG tank
of 2.9 ton capacity. The cost of the FC system is just below 450,000 yens/kW, and that for the
total system is 150 millions yens; however, by covering half of it by the subsidy, it is
calculated that the investing cost can be collected in 11 years.
Fuji Electric Co., Ltd., developed the stationary PEFC co-generation system with the
output power of 1kW using town gas as its fuel and succeeded in the proof test of continuous
1,000 hours. The reformer, the CO converter, and the CO remover are unified as one compact
system. The CO concentration at the out let is less than 10ppm and the reforming efficiency
was recorded as 73%. By adapting the direct contact heat exchanger, it makes possible to
operate independently without the water supply from the outside even in summer. The PEFC
stack and the reformer are put in the container of 1,100mm wide and high and 400mm deep.
Also, 60 hot water is stored in the hot water storage. They will start producing the PEFC
system with the output of from several kW to 10 kW by fiscal 2002; they will add propane as
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the fuel for investigation. For the commercialization, they will also target for business use
and expect to materialize it in 2005.
Making the FC division of New Energy Headquarter started in July 2001 as the core,
Nisseki Mitsubishi decided to accelerate the development of PEFC using petroleum and LPG
as its fuel. They placed PEFC as their most important development issue. For the
development of LPG, they will unify the development group of household PEFC of Nippon
Ptroeleum Gas Co., and then they try to bring it into the field test. For the other petroleum
fuels, other than the presently tested stationary type using naphtha as its fuel, they have
started the development of the technology related to kerosene that is said to be difficult to
develop. Also, this division is planning to work on the general technologies related to PEFC
including the development of clean hydrocarbon fuel (CHF) and hydrogen storage aiming for
the diffusion of the FCV. Nisseki Mitsubishi opened the PEFC system with the output power
of 5kW using light naphtha as its fuel to the public on July 12, 2001. This system is installed
at the Negishi service station operated by Nippon Mitsubishi Trading Corporation. They
started the field test of it. The proof operation will be continued until fiscal 2002, and the
operation state is remotely controlled from Yokohama Oil Refinery. The PEFC stack is made
in U.S.A.; 36% of the thermal efficiency and 75% of the total energy efficiency are aimed.
The size of the FC unit is 1.9m wide, 0.9m deep, and 1.85m high. On the other hand, the
reformer is very compact in which desulfurizer, reformer, and CO remover are unified into
one. The CO concentration achieved at the out let is less than 10ppm and the hydrogen
concentration is 74%. This system is the final proof protomodel aiming for the practical use.
The purpose of this system is to supply oil to cars at emergency. This system is expected to
operate independently for two or three days at the serious disaster with the fuel stored in the
tank located underground. It is assumed that the system can be operated for 1,000 hours with
2,000 litters of stored naphtha. Also, a 300 litter tank is equipped for hot water storage.
Mitsubishi Electric Corporation has successfully developed a PEMFC cogeneration system
using a Lossnay humidifier. A high level (by domestic Japanese measures) electrical
efficiency of 34% was achieved, while overall energy efficiency was 83%, with heat
recovery. The system was developed and reliability tested with DSS (Daily Start & Stop), and
cold-weather operations needed for home and business use over the longterm, in mind.
Development of the Lossnay humidifier and the molded separator which are the key
components of the system was carried out with NEDO (New Energy and Industrial
Technology Development Organization) funding. The Lossnay humidifier is an indispensable
component of the PEFC co-generation system, enabling the system to be simplified and to
achieve a high performance. Main Features
High-level electric efficiency (34%) and overall energy efficiency (83%)
The PEFC system construction was simplified and its performance was improved using a
Lossnay humidifier as a key component. A high level (by domestic Japanese measurements)
of electric efficiency (34%) and overall energy efficiency (83%) with heat recovery were
achieved.
Development of specific key components aimed at the production of a low-cost PEFC
Molded separators made from heat-stiffened resin and carbon were used to control fuel
and air flow in the fuel cell stack. A huge cost reduction of 1/100 compared to the previous
separators was achieved, which translates to a unit cost of 200 yen for an order of one million
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units. In addition, the use of the Lossnay humidifier enabled the miniaturization of the heat
exchanger and an expensive de-ionized water filter unit.
Original long-life reformer
In a reformer, the thermal fatigue of its reactor tubes as a result of repeated stopping and
starting, and operation at high temperatures of 700°C to 900°C is a common problem. An
expensive heat-resisting alloy can be used to combat this problem. However, this time a
tougher and cheaper reformer made of general-purpose stainless steel was developed. Its
strength was confirmed by carrying out 1500 heat cycle tests. As a result, the PEFC system is
able to conform to the requirements of DSS operation.Future Developments
Further cost reduction measures, developments to make the fuel cell stack last longer and
more durability and reliability tests of the system will be carried out in the future. Moreover,
a 10kW class system will be developed for business usage, using the 1kW class system as a
prototype. About Mitsubishi Electric
With over 80 years of experience in providing reliable, high-quality products to both
corporate clients and general consumers all over the world, Mitsubishi Electric Corporation
(TSE: 6503) is a recognized world leader in the manufacture, marketing and sales of
electrical and electronic equipment used in information processing and communications,
space development and satellite communications, consumer electronics, industrial
technology, energy, transportation and building equipment. The company has operations in
35 countries and recorded consolidated group sales of 3,639 billion yen (US$30.3 billion) in
the year ended March 31, 2003.
Nuvera Fuel Cells announced it has supplied its Avanti(TM) fuel cell power module to
the Japan Gas Association (JGA) under the Japanese government's prestigious Millennium
Program -- a five-year effort to examine proton exchange membrane (PEM) fuel cells for the
purpose of establishing technical codes and standards for the Japanese market. Working with
Nuvera is Takagi Industrial Co., Ltd., a leading Japanese manufacturer of water heating
systems. Together, the companies deployed to JGA an integrated combined heat and power
(CHP) fuel cell system containing Nuvera's Avanti power module and Takagi's heating
equipment. Mitsui & Co. Ltd. organized the Nuvera-Takagi collaboration and facilitated
participation in the program.
With members comprising all of Japan's gas utilities, the Tokyo-based JGA is
responsible for overseeing the Millennium Program, which is in its fourth year and is funded
by Japan's New Energy and Industrial Technology Development Organization, a semigovernmental organization under the auspices of the Ministry of International Trade and
Industry.
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Appendix 2 Status of current fuel processing technology
1.1.1

Fuel Processing Overview

Fuel processing (also referred to as fuel reforming), in the most general terms, is the
process of generating a fuel suitable for use in a fuel cell from a more readily available
hydrocarbon fuel. This fuel cell fuel can either be pure hydrogen (H2) or an H2-rich gas
mixture (often referred to as reformate). Certain fuel cell types are sensitive to non-H2
constituents in the reformate gas, requiring additional steps of purification and/or
contaminant removal. The integrated processing of fuel to provide a fuel that can be
directly utilized in a fuel cell stack or system is typically what is referred to as fuel
processing.
1.1.2

Fuel Processing Approaches

The processes involved in fuel processing can be broken down into a few major
steps. The number of steps and approach to each step in any given system will depend on
fuel cell type, fuel type and on the specific application.
1.1.2.1

Synthesis Gas Generation

The various available strategies to fuel processing are usually differentiated by
the initial reforming step. In this initial step, the hydrocarbon fuel is converted into a
H2- and CO-rich synthesis gas, or syngas. The following processes can generate
Syngas:
1. Partial Oxidation (POX) & Catalytic Partial Oxidation (CPO)
2. Steam Reforming (SR)
3. Autothermal Reforming (ATR)
Each of these processes is described below.
Partial Oxidation (POX)

A partial oxidation reformer is essentially a combustion process where the
combustion air is purposely and carefully limited to produce carbon monoxide and
hydrogen instead of carbon dioxide and water. The POX process is typically utilized
in smaller hydrogen production operations. A typical POX reactor is shown in Figure
1.
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Figure 1. Generic Representation of a Partial Oxidation (POX) Reformation Reactor
(Reformate Generator)
The POX reactor operates by dissociating methane (or other hydrocarbon feed)
molecules at high temperatures and allowing the preferential, partial oxidation of
carbon with preheated air. The net process is exothermic, giving off energy in the
process of (partial) combustion. Some of this energy is used to preheat the
combustion air or oxygen and fuel, providing only enough oxygen to oxidize the
carbon atoms to carbon monoxide molecules, but most of the energy is absorbed by
the vaporization of quench water sprayed into the hot gases exiting the primary
reaction chamber.
Unlike most reforming processes, a boiler is not required. Instead, the quench
water added to cool the hot reformate gases also provides the steam necessary for the
downstream high-temperature shift reaction.
The basic partial oxidation reaction does not require a catalyst, although some
variants use a nickel reforming catalyst to convert excess methane and steam to
additional hydrogen in the hot exiting POX reformate gas. Because POX reactors do
not generally utilize catalysts, they are inherently forgiving in the type of feedstock
used and do not require desulfurization.
Catalytic Partial Oxidation

Catalytic partial oxidation (CPO) units are a specific subset of partial oxidation
reformers that utilize aspects of both steam methane and partial oxidation reformers.
The units first disassociate the fuel, but at a lower temperature, which allows some of
the methane to remain in the product gas stream. Steam is theoretically added after
the partial oxidation step, but in practice steam is required to eliminate carbon
particulate formation that can deactivate downstream catalyst in this variant. The hot
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steam and methane gases are next passed over a reforming catalyst to convert excess
methane and steam to additional H2.
Steam Reforming (SR)

The SR process is typically utilized in large-scale hydrogen production, where
natural gas is the feedstock and the process is known as SMR. Natural gas is typically
preheated in the furnace exhaust and then passed through a sulfur removal bed of zinc
oxide pellets. Superheated steam is added to the pre-heated natural gas before being
distributed into many single-pass, catalyst-filled tubes passing through the actual
furnace box. Flames from the combustion of fuel are played against the refractory
sidewalls of the furnace to reflect radiant heat and convective heating exhaust against
the tube outer walls. Hot exhaust gases are then used to generate and superheat the
steam that is added to the preheated natural gas before passing into the furnace. A
typical arrangement of a steam methane reformer is shown in Figure 2.

Figure 2. Generic representation of a Steam Reformation (SR) system for producing
reformate.
The reaction usually proceeds under pressure (approximately 300 psig) and is
sensitive to the steam to carbon ratio for the formation of carbon particles that can
contaminate the catalyst beds. The nickel catalyst also has a fixed life, is susceptible
to deactivation from a number of elements and can itself form toxic carbonyls.
Steam reforming is a syngas generating process that is also applicable to
reformation of methanol. Steam reformation of methanol takes place at much lower
temperatures than steam reformation of natural gas.
Autothermal Reforming (ATR)

The autothermal reforming process is a combination of catalytic partial oxidation
and steam reforming. The partial oxidation and reforming reactions both take place
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on the surface of a special catalyst. This process requires reacting the fuel with both
oxygen (air) and steam over the catalyst. Heat released from the exothermic CPO
reaction is consumed in the endothermic reforming reaction. Figure 3 shows a typical
autothermal reformer.

Figure 3. Generic representation of an Autothermal Reformation (ATR) reactor for
producing reformate.
Typical Operation

Chemical reactions and typical operating temperatures for the three processes
described above are given in Table 1 below. The temperatures given are only
examples of typical operating temperatures. Actual operating temperatures cover a
range and depend on fuel type, design, thermal energy availability, system integration
and other considerations.
Table 1. Chemical reactions and typical operating temperatures of syn-gas generation
processes using methane (CH4).
Process

Reaction

Temperature

POX/CPO

CH4 + 0.5O2 → 2H2 + CO + Heat

1400/900C

SMR

CH4 + H2O + Heat → 3H2 + CO

1000C

ATR

Combination of SMR/CPO

900C
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Water Gas Shift

The syngas from the initial reformer can be used to fuel SOFCs and MCFCs, as
these fuel cells can utilize carbon monoxide (CO) as well as H2 to generate power. For
lower temperature fuel cells or for the production of pure H2, the CO must be
eliminated and can be used to generate additional H2. Most CO from the syngas is
converted to CO2 in the water gas shift (WGS) reaction. The reaction is:
CO + H2O → CO2 + H2 + Heat
Traditionally, a reformer system may include a high temperature shift (HTS), a
low temperature shift (LTS), or both. Recently, catalyst manufacturers have also been
working on medium temperature shift (MTS) catalysts. HTS reactors typically use an
iron/chrome catalyst and LTS reactors typically use a copper/zinc catalyst. The
conversion rate in the HTS is faster due to higher temperature (350C), but lower CO
concentrations can be achieved in the LTS (200C) based on the equilibrium of the
WGS reaction. The gas exiting a WGS reactor should contain anywhere from 0.1% to
2% CO. This gas is suitable for use in a PAFC.
1.1.2.3

CO Cleanup

The need for a CO cleanup stage in a fuel processor is unique to PEMFCs
operating on reformate gas. The gas exiting a WGS reactor will still have more CO
than a PEMFC can tolerate. A PEMFC can only tolerate approximately 10 ppm CO
continuously, and maybe up to 100 ppm CO intermittently. PEMFC developers have
been working on increasing these thresholds, but there’s still a gap between what the
WGS can provide and what the most robust PEMFC can tolerate.
The most common approach to the final CO cleanup is preferential oxidation
(PROX). Other ways to cleanup CO include methanation, membrane separation and
CO adsorption beds. However, PROX technology has emerged as the preferred CO
cleanup method.
In a PROX reactor oxygen (O2) from a small amount of air that has been
introduced into the reformate gas stream “preferentially” oxidizes CO on a catalyst at
temperatures near 100C:
CO + 0.5O2 → CO2 + Heat
The selectivity of the catalyst for CO over H2 is crucial to minimize the loss of
H2. Theoretically CO could be preferentially oxidized without any loss of H2, but in
practice the best expected performance is a loss of one H2 per one CO consumed.
Actual H2 losses in a PROX reactor can be much higher.
Selectivity of PROX catalysts decreases with temperature. Since the PROX
reaction is exothermic, selectivity deteriorates as the reaction progresses. For this
reason PROX reactor temperatures need to be tightly controlled. A common approach
to controlling PROX reactor temperatures is to divide the reactor into stages and cool
the reformate gas in between stages.
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Purification

There are several ways in which H2 can be separated out from the reformate gas
to make pure H2. These include 1) cryogenic separation; 2) pressure swing adsorption
(PSA) or temperature swing adsorption (TSA), where the reformed gas passes through
a series of adsorption vessels where the H2 is separated out; 3) membrane separation.

1.1.3

Complete Fuel Processing Systems

The processes described above are the major pieces of a fuel processing system.
Figure 4 below illustrates how these various fuel processor components may be
integrated and used together to meet the needs of various fuel cell types.

SOFC
MCFC
Fuel
Steam (SMR, ATR)
Air (CPO, POX, ATR)

INITIAL REFORMING
SMR, CPO, POX, ATR

CO CLEANUP
PROX, Methanation, Sorption

Syngas

Syngas
H2, CO2, H2O, (N2)

H2, CO, CO2, H2O, (N2)

PEMFC

WATER GAS SHIFT
HTS and/or LTS

Syngas
H2, CO, CO2, H2O, (N2)

Any Fuel Cell
(PEMFC,PAFC,MCFC,SOFC,AFC)

Storage
Auto Refilling

Pure Hydrogen

H2 Purification
Cryogenic, PSA, TSA, Membrane
PAFC

Figure 4. Relationship amongst processes and reactors in a full fuel processor system
and the dependence upon fuel cell type.
Not shown in the figure are the other, auxiliary processes that are required to
condition the reformate gas or to make the process more efficient. These include heat
exchangers, water quenches and condensate drains. SR and some ATR systems
require burners/furnaces to provide heat for the process. The fuel source for these
burners is usually excess H2 from the fuel cell.
Also, most reformer systems include a sulfur cleanup step as sulfur can damage
both reformer and fuel cell components. Sulfur can be removed from the fuel
feedstock upstream of the reformer, or H2S may be removed downstream of the initial
reformer in a zinc-oxide adsorbent bed.
All of these processes must be highly integrated to make an efficient, costeffective fuel processor.
Spencer Management Associates

Propane Education & Research Council
1.1.4

-89-

Generic Fuel Processing Technology Comparison

As discussed in the previous section, fuel processing strategies are usually
differentiated by the initial reforming step. The best approach for a given application
will depend on a number of factors, including size and weight requirements, startup
time and load following requirements, fuel type and fuel cell type. Comparisons are
given in Table 2 below. Note that ATR and CPO approaches appear to have the most
advantages and fewest disadvantages. It is not surprising that these approaches are
most common in the fuel processing community today.
Table 2. Common wisdom/perceptions regarding the typical performance
characteristics of the various primary fuel processing approaches.
Feature

POX

SR

ATR (and/or CPO)

Hydrogen
concentration in dry
reformate

> 35% H2

> 75% H2

> 50% H2

Thermal efficiency

> 55% LHV Efficiencies

> 80% LHV Efficiencies

> 80% LHV Efficiencies

Temporal response

Flow Control Limited
Rapid Response

Heat Transfer Limited
Response

Flow Control Limited
Rapid Response

Advantage #1

Low Cost Hardware

No Air Supply Required

Low Cost Hardware

Advantage #2

High Fuel Flexibility

Relative Fuel Flexibility
o

Advantage #3

650 C Product Gas
Temperature

Disadvantage #1

High Temp Ceramics

High Temp Metals

Disadvantage #2

Low Water Content in
Anode Gas

Fuel Sensitivity

Disadvantage #3

1000oC Product Gas
Temperature

Steam required

1.1.5

600oC Product Gas
Temperature

Steam and air required

Limitations of Current Fuel Processor Technology

The format of this section follows the unit operations of a generic fuel processing
train: Reforming, Water-Gas Shift, Sulfur Removal, and CO Removal. Alternative
approaches to this generic configuration are presented at the end of this section.
1.1.5.1

Reforming

The most popular and widely used approach for reformation of hydrocarbon fuels
for transportation applications is the catalytic reforming of hydrocarbons, specifically the
autothermal approach (partial oxidation plus steam reforming). Issues with autothermal
reformers include the possible formation of carbon that could be a serious issue in the
lifetime of the catalyst. There are reactant (e.g., gasoline, water, and oxygen)
composition and temperature regimes for which thermodynamic calculations indicate it
is possible to form carbon. These conditions should be avoided during the operation of a
catalytic autothermal reformer. Another issue is the degree of mixedness of the
reactants, which must be within a certain tolerance to avoid these conditions and other
poor performance or degradation regimes. Designers, researchers and operators should
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be aware that there are conditions that favor the formation of carbon and that the
mixedness of the reactants must be controlled in order to avoid these conditions.
A fundamental understanding of reaction mechanisms for the reformer is lacking.
Research is ongoing regarding the reaction mechanism and kinetics of both catalytic
partial oxidation and steam reforming reactions for a variety of fuels. It is hoped that this
research will aid in the development of more active catalysts. This research, of course, is
dependant upon specific catalyst type. However, a basic study of the reforming reaction
on a noble metal catalyst on different substrates, for example, could provide insight into
developing less expensive alternatives. Another need, related to this study of the
chemistry, is the garnering of clarification regarding the effects of catalyst geometry
(e.g., pellets versus monoliths or micro-channel) on reaction rates.
There is also a need for studying the pre-ignition of fuel-air-steam mixtures under
the relatively fuel-rich reactant composition of the reformer. This is an important
knowledge base that needs to be developed for safety considerations and to have a welldefined reactant composition entering the catalytic zone of the reactor.
1.1.5.2

Water-Gas Shift Reaction

The shift reactor is currently the largest component of the fuel processing train. The
current low temperature water-gas shift catalyst, copper-zinc oxide-alumina, is prone to
deactivation during temperature and oxidation/reduction cycling. There is a strong need
for lighter, more rugged and active low temperature water-gas shift catalysts. A class of
materials which have been identified as being active for water-gas shift catalysis are
transition metals supported on mixed metal oxides that have been termed "bi-functional
catalysts." The most active of these catalysts rely on noble metals as the transition metal
component. A study of the mechanism of the water-gas shift reaction on this class of
catalysts under the conditions the catalysts encounter in the automotive fuel processing
train is needed to improve their activity and to find replacements for the noble metal
component. This study should involve computational as well as experimental aspects in
order to predict the behavior of potential catalysts. The research should also take into
account the catalysts’ selectivity as well as catalyst poisoning by species such as sulfur
compounds.
Finding a much more durable and/or much more active shift catalyst is one of the
most needed advances for on-board fuel processors.
1.1.5.3

Sulfur Removal

A very critical aspect of fuel processing that has received relatively little attention is
removal of sulfur from the fuel stream. All of the components of the fuel processor, with
the possible exception of the reforming catalyst, are susceptible to poisoning by ppm
levels of sulfur present in the fuel. There is a need for studying the sulfur tolerance of the
various components and, more importantly, for exploring new sulfur sorption chemistry
for automotive use, either on-board or off-board. Adsorption beds were mentioned as
possible means for sulfur removal, however, there is the issue of selectivity for sulfur.
For on-board sorption, a ZnO bed would be the state-of-the-art, however there were
reservations as to the size of the bed needed to remove the sulfur down to acceptable
levels and the cycle life of such a bed. Optimizing the ZnO beds for automotive use is an
issue that needs to be investigated, but finding alternatives may be more important.
Spencer Management Associates

Propane Education & Research Council

-91-

Removing the sulfur-bearing species from the liquid fuel was considered attractive but
not very likely to succeed due to the many different types of compounds, such as ethers,
thioketones, mercaptanes, etc. The sulfur removal was viewed as a high risk area of
research with an extremely high reward.
A significant challenge for all fuel cell fuel processing technology is the removal of
sulfur, which poisons many reformer and fuel cell catalysts. Most groups are removing
sulfur through an absorption or adsorption bed of either an activated carbon or zincoxide. These beds have proven effective, but, the capturing all of the sulfur compounds
that can be present in propane is a challenge, and the logistics of bed replacement or regeneration are challenging.
Some of the current research has been focusing on a zinc-oxide absorption bed. This
type of bed has been fabricated and has demonstrated the capability to decrease H2S
concentration in a reformate stream from between 10 ppm and 30 ppm, down to less than
1 ppm. The importance of sulfur removal to fuel cells cannot be overstated, especially
when using liquid fuels and propane. The removal of sulfur is essential if the
performance of the fuel stack is to be maintained when operating the fuel cell system
with sulfur-containing fuels. Start-up, transient operation, and efficiency challenges are
also very significant especially when considering operation on complex of higher
hydrocarbon fuels.
Sulfur is a poison to all fuel cell types if it is present in the fuel that enters the fuel
cell anode compartment. Even small amounts of sulfur in the fuel (e.g., 1 ppm) are
preferentially adsorbed at the active triple phase boundary sites of almost any type of fuel
cell. Once adsorbed, sulfur does not electrochemically react but rather serves to block
the adsorption of the desired reactants (e.g., H2, CO, or hydrocarbon) effectively
removing active sites. There is evidence that sulfur (as H2S) concentrations even as low
as 1ppm cannot be tolerated on a continuous basis in any type of fuel cell, but, that levels
of 0.1ppm and lower are acceptable. [Siemens Westinghouse Power Corporation, 1998]
1.1.5.4

CO Removal

There were several methods discussed for reducing the carbon monoxide
concentration in the fuel stream from levels typical of the output from the low
temperature water-gas shift reactor (1 %) to levels that can be tolerated by the current
fuel cell anode electrocatalyst (<100 ppm).
The most mature technology is preferential oxidation (PrOx) of the carbon
monoxide on a noble metal/alumina catalyst. Several areas of research were identified
for the PrOx reactor with the highest priority being finding an alternative to the noble
metal. It was pointed out that there is a need for modeling of the PrOx process in terms
of chemistry and mass transport. It is believed that computational fluid dynamics could
aid in optimizing the design of the PrOx reactor. The risk of this type of research was
classified as medium, since it is an existing technology, and the payoff was also
classified as medium since quite a bit of work has already been done in this area.
An alternative method for CO removal is membrane separation of the hydrogen
from the fuel stream with a non-palladium based membrane such as a ceramic or a nanoporous material. There is a wealth of literature in the area of nano-porous materials and it
was suggested that a thorough survey of this literature could result in materials
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applicable to the fuel processor. Another alternative is the adsorption of CO on a sorbent
bed. A detailed study of CO adsorption chemistry may result in materials with sufficient
adsorption capacity to be utilized in this application. It was suggested that a possible
method for CO removal would be plasma-induced preferential oxidation of carbon
monoxide. The risk of these alternative approaches is high, with the exception of CO
sorption since a scientific database for CO adsorption chemistry already exists. The
potential payoff for all these alternative approaches is high since they could potentially
eliminate the need for the noble metal-based PrOx catalyst.
1.1.5.5

Alternative Approaches — Reforming and CO Removal

Alternative fuel processing approaches were discussed in terms of eliminating the
formation of carbon monoxide as a product of the reforming reaction. An example of this
is the reforming of methane over nickel catalysts. Ammonia fuel was suggested and then
discounted due to its poisoning of the polymer electrolyte membrane as well as its
toxicity to humans.
A new reactor design involving the use of membranes for oxygen injection would be
beneficial from a control standpoint and for reduction of the reactor size. An example of
this concept is the ceramic membrane oxygen pump developed by Air Products. The risk
of applying this technology to fuel processing was classified as high with an equal payoff
if it were to succeed.
An alternative to the PrOx reactor for CO removal would be selective adsorption and
electro-oxidation of CO from the fuel stream prior to the fuel cell stack. An
electrocatalyst would have to be developed for this application. The risk in this area is
high, since an electrocatalyst does not currently exist, and the payoff was classified as
medium.
1.1.6

Other Fuel Cell Contaminants Removal

The presence of ammonia in a high temperature fuel cell acts as a fuel and quite
readily breaks down into hydrogen which can electrochemically react. [Siemens
Westinghouse Power Corporation, 1998] In the fuel-rich relatively low temperature
environment of the anode compartment, ammonia is not likely to produce nitrogen
oxides, but may lead to the presence of some hydrogen cyanide (HCN) in the anode offgas. In low temperature fuel cells (e.g., proton exchange membrane) ammonia acts as a
diluent in the fuel if concentrations are low. Currently less than 10ppm ammonia is
recommended for PEM fuel cells. [Gottesfeld, Fuller, and Halpert, 1998] In a separate
reference, Uribe, Gottesfeld, and Zawodzinski (2002) suggest that ammonia introduced
at levels of 30 and 130 ppm leads to significant increases in PEM fuel cell polarization
with a portion of the polarization that is irreversible.
1.1.7

Status in Relation to Target Markets

In general, both the performance and cost of fuel processing technology have not
met targets consistent with market viability. Major performance issues include system
lifetime, startup time, transient performance, sulfur contaminant tolerance and efficiency.
And of course cost, mass and volume are still too high. However, the relative
importance of these various characteristics vary depending on the market.
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For automotive drive train applications, key areas include cost, mass and volume,
startup time and transient response. Mass and volume can be seen as fundamental
factors since the current bulky designs contribute to long startup times and sluggish
transient response, and system mass and complexity are indications of what a system will
cost to mass produce. To be competitive, fuel processor based FCVs will have to
perform like ICE based automobiles. Thus, fuel processing technologies that will be
successful in this market must be small, light and inexpensive to fabricate.
Cost, mass and volume are also of concern for automotive APU and portable power
applications. Startup time and transient performance are not as likely to play as large a
role for this application as they do for the drive train application since the load profile of
an APU tends to follow a more steady-state, base load profile. Another difference lies in
the fact tolerance to sulfur contamination will play a dominant role in the success of fuel
cell APUs. There is little or no expectation that a zero-sulfur fuel infrastructure will
evolve simply to facilitate the adaptation of fuel cell APUs. Introducing fuel cell APUs
with the current fuel infrastructure will require sulfur tolerance. In contrast, it may be
more likely for low-sulfur fuels to emerge if FCVs that would otherwise be competitive
begin to emerge.
Key areas for improvement with respect to stationary applications can be quite
different. Ever-present cost is still a concern, but the target is closer: Compare an
ultimate target of $50-$100/kW for an automotive power plant to $1000/kW for a
stationary power generator. In terms of performance, lifetime and efficiency are much
more important for stationary applications. A stationary system will have to have a
lifetime of 10,000-20,000 hours, much longer than the 2,000 hour lifetime target for
automotive fuel processors. Cost of service is a major driver in the power generation
market, so consumers will be looking for the most efficient equipment.
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Appendix 3 Recent Publication Announcements
1.1.7.1

Progress of DOE Fuel Processor Contractors

Nuvera Fuel Cells has developed and tested a 90 kWe natural gas autothermal fuel
processor (STAR – Substrate-based Transportation Application Autothermal Reformer)
under a program with the DOE. Power density is >625 W/L and efficiency is >80%.
Integration of this fuel processor with a fuel cell was to occur in September 2001.
Nuvera is developing a multi-fuel processor that will have an external desulfurizer that
they claim will achieve >95% removal. Their conceptual design is approximately 70L in
volume (750 W/kg and 850 W/l – must be 50 kWe) and their model predicts >80%
efficiency on California Phase II Gasoline. Reference is also made to adsorbents but no
details are given.
McDermott’s 50 kWe max fuel processor consists of a liquid-phase desulfurizer, a
catalytic reformer, a two-stage WGS and a PROX. They evaluated a packed bed design
and a plate based design and opted for a bi-functional ATR catalyst (developed by
PERC). The two stages of the WGS contain a medium temperature platinum/ceria
catalyst that NexTech helped to develop. This WGS catalyst is a key development as it
remains active in both the oxidized and reduced states, and it’s less sensitive to
condensed moisture. They predict >80% efficiency for this design. Power density and
specific power are 283 W/L and 165 W/kg, respectively.
Other McDermott developments include the development of a pelletization process
for platinum/ceria MTS (what’s MTS) catalyst. They have also pursued using PROX
technology from LANL and microchannel heat exchanger technology from
Battelle/PNNL.
Argonne National Laboratory (ANL) has demonstrated an integrated fuel processor
with microchannel monoliths that achieved 78% efficiency. However, they’re still
working on a small scale (< 5 kWe).
ANL has continued to develop ATR catalyst technology. Successful testing has been
performed on platinum catalysts on both gadolinium-doped and zirconium-doped ceria
substrates. Nickel and Cobalt catalysts yield high H2 concentrations but allow significant
quantities of CH4 to slip through. This work has led ANL in the direction of bimetallic
(combination of noble, base metals) catalysts, which they believe can come close of
meeting the DOE target of < $5/kWe.
Scientists at ANL have also worked on WGS catalysts. Developments include: Airstable copper catalysts; an air-stable cobalt catalyst that exhibits higher activity than
commercial iron-chrome catalysts at similar operating temperatures; increased activity of
platinum catalyst was achieved while loading was reduced to 0.14 wt%; and increased
activity of nonprecious metal catalyst. The copper/oxide catalyst in particular has the
potential to help meet DOE’s WGS reactor cost goal of < $1/kW.
Pacific Northwest National Laboratory (PNNL) continues its development of
microchannel reactors, which they make out of 316L stainless steel. They have
demonstrated steam reformation of isooctane at > 10 kWe and > 90% theoretical
efficiency in a 2,000 We/L, 350 We/kg package. Note that addition of WGS and PROX
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processes will bring the efficiency and power densities down to levels consistent with
other technologies. Incidentally, PNNL is developing prototype WGS and PROX
microchannel reactors with catalysts provided from other developers.
Los Alamos National Lab continues to make developments with PROX
technologies. Technology transfer has occurred with McDermott, ANL, H2fuel and
International Fuel Cells. PROX catalysts on ceramic monoliths and foams, and on metal
foams, have been tested. Interesting developments include the demonstration of a “rapid”
startup by allowing maximum temperatures at the outlet of each stage of a four-stage
PROX and that ethylene and acetylene (found in gasoline reformate) are partially
hydrogenated to ethane in the PROX. This could prove to be a benefit if ethylene and
acetylene are found to be poisonous to fuel cells.
GE Energy (formerly Honeywell) has made developments with two different
approaches to CO removal: adsorption/catalytic oxidation (ACO) and adsorption/
electrocatalytic oxidation (ECO). During one experiment the ECO device was
regenerated for 1 second every 30 seconds, but it is unclear if that is a representative
example. ECO was selected from the two approaches for scale-up. Perceived potential
advantages to these approaches are tolerance to CO transients, low parasitic hydrogen
consumption, operational simplicity and cold-start capabilities.
1.1.7.2

Automotive OEM Efforts with Oil Company Collaboration

Although the automotive OEMs are generally not considering or advancing onboard reformation for fuel cell engines, they have significantly advanced fuel processing
technology that may be applicable to propane and should be of interest to PERC. In this
brief section, snippets regarding automotive OEM efforts, usually accomplished with oil
company collaboration, are listed.
General Motors has developed a Chevrolet S-10 prototype FCV with a gasoline fuel
processor. The gasoline fuel processor was developed by GM and ExxonMobil. The fuel
processor, integrated with a 25 kW fuel cell stack, is an autothermal reformer (ATR) that
operates at 800C. Startup time is reported to be 3 minutes. It produces approximately 70
kW worth of H2 at >80% efficiency. It requires sulfur-free gasoline, so it must not
contain a sulfur cleanup apparatus.
Ford has worked over the years with ExxonMobil on fuel processors. Some of the
latest strategies were to first develop methanol reforming technology, then move on to
reforming fossil fuels. Catalytic partial oxidation seemed to be the approach to fossil
fuel reforming.
DaimlerChrysler seemed to be taking an approach that was similar to Ford. Shell
has been a collaborator of DaimlerChrysler and has contributed its CPO technology. A
50 kWe prototype fuel processor has been the platform for this development.
Hyundai Motors has been developing an on-board fuel processor with SK
Corporation in Korea. Focus has been placed on CO cleanup technologies. Both
composite metal membranes (CMM) and PROX are mentioned in press reports. Plans
call for a 25 kW fuel processor but apparently development has occurred with 10 kW
models operating on natural gas, LPG and methanol. It is not clear if these power ratings
are thermal outputs of the reformers or projected electrical outputs of the fuel cells these
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reformers should be able to support. The type of initial reforming step in the SK/Hyundai
fuel processors is also unclear.
In general, methanol and gasoline are the two fuels automotive OEMs are pursuing
for liquid fueled FCVs. The following companies appear to be pursuing methanol
reforming: DaimlerChrysler, Ford, Honda, Mazda, Renault and Volkswagen. GM and
Toyota are pursuing gasoline reforming most aggressively. Ford, DaimlerChrysler and
Volkswagen are pursuing gasoline reforming in parallel to their methanol work. Nissan
and Fiat may be minor players. ATR seems to be the preferred approach to on-board
gasoline reforming, although little detail concerning the various companies’ technology
is available. An exception to the ATR approach is Shell’s CPO process. (However,
there’s a fuzzy line between ATR and CPO). The preferred approach to methanol
reforming is steam reforming, although Honda apparently has a methanol ATR reformer.
1.1.7.3

Fuel Cell Companies

Plug Power purchased H-Power and has maintained pursuit of catalytic steam
reforming (or autothermal) technology for stationary fuel cell applications. Plug Power
did this initially through its acquisition of Gastec, and H Power through its acquisition of
Harvest Energy Technology’s (HET) technology and collaboration with Osaka Gas.
Systems from both fuel cell companies follow the SMR → WGS → PROX process
model. Claims for the HET steam reformer include >70% H2 and <1ppm CO in the
reformate.
Idatech is another fuel cell company pursuing small-scale stationary power
generation applications. Their fuel processor steam reforms methanol and then extracts a
99.95% pure H2 stream via a membrane separator. Claims have been made on operating
with ethanol, methane, propane, kerosene, diesel fuel and biodiesel, but experience in the
field is dominated by methanol. The reformer delivers 40 standard liters per minute
(slpm) of H2 from a package 46cm long and 28cm in diameter, with a 15 minute startup
time. 40 slpm 99.95% H2 should allow a PEM fuel cell stack to deliver approximately 3
kWe.
In general, the systems that have been developed by these entities are in the
relatively small (e.g., 5 kW) size range. For example, Osaka Gas has concentrated on
fuel processors for <1kWe fuel cells. Gastec does plan to develop larger systems (i.e.
100kWe), but the focus remains in small scale stationary applications. Also, these
companies have had limited success with fuels other than natural gas.
In January 2000, Fuel Cell Energy announced plans to develop a reformer for
operation on NATO F-76 diesel fuel for marine applications. The fuel is first
desulfurized in a high-pressure hydrodesulfurizing process. Then an adiabatic prereformer reacts the fuel with steam to produce methane. The methane is then reformed
internally in a MCFC. This effort has been relatively successful in the meantime,
leading to a current contract in which a prototype system is being built for testing in
2005 with a full-scale (650 kW) MCFC system.
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Other Fuel Processor Developers

Tokyo Gas has developed a compact SMR fuel processor. The 600mm long by
200mm wide cylinder integrates the entire SMR → WGS → PROX process. It is said to
achieve 75% H2 (dry), <7ppm CO at a thermal efficiency of 90% (HHV).
Nuvera and McDermott have been developing ATR technology for automotive
applications. Please see the DOE Contractors section above for details.
Johnson Matthey (JM) has also used the ATR process in its “HotSpotTM” fuel
processor systems. JM has trademarked its PROX system as the “DemonoxTM .” Most
references to the HotSpotTM system indicate they operate on methanol, but they have also
recently developed a “dual fuel” fuel processor that can operate on natural gas or LPG.
General Electric (GE) is developing a cyclic ATR fuel processing system. The final
goal of their project is a H2 generation system designed for “fast filling” vehicles with
compressed >98% H2. Advantages GE cites for their cyclic process include the fact coke
is burned off during regeneration.
ISTC is either planning to develop, or is developing, an SMR fuel processor that will
utilize waste anode gas to provide heat for the endothermic steam reforming reaction.
The prototype is to achieve a specific power of 12 kWe/L! This most probably includes
the SMR process only. The catalyst in this reformer will be placed on metal porous
supports sintered on a metal surface.
An interesting, more novel approach is plasma reforming. Wangtec and Syngen are
two companies pursuing this approach. Both companies claim superior efficiencies and
power densities to more conventional fuel reforming approaches. Wangtec’s 2ft long by
1ft wide cylindrical reformer will produce 60 kW worth of H2 (25 kWe from PEMFC?).
They claim near 100% efficiency, but that certainly doesn’t include the power required
for the plasma torch. There is little to suggest that plasma reformers have been integrated
into complete fuel processing packages as of today.
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Appendix 4 Detail on Progress of Fuel Processor Developers
1.1.1
1.1.1.1

Developments, Demonstrations and Collaboration in the Automotive Sector
GM fuel-cell-vehicle advances

General Motors has revealed a fuel-cell strategy aimed at putting a million fuel-cell
vehicles (FCV) on the road by the end of the decade, rather than targeting limited
production at an earlier time as other manufacturers have announced. The company said
it will conduct pilot programs and will field FCVs in fleet applications to develop the
technology, but will not subsidize costly fuel-cell technology to make it competitive with
internal-combustion technology.
"We are not too concerned with being first to market," said Byron McCormick, Codirector of GM's Global Alternative Propulsion Center. "We plan on being the first
company to sell a million fuel-cell vehicles." Toward that end, the company showed its
fuel-cell technology at two recent events.
Earlier this year, at its Desert Proving Grounds near Phoenix, AZ, the company
showed the HydroGen1 FCV, which was undergoing hot-weather testing. The company
had already learned that its scroll-type compressor could not take the heat. After multiple
compressor failures, engineers/technicians cobbled together a unit from the parts of the
failed ones. A slight mismatch in the gears and the elimination of sound shielding for
ease of continued service imparted a high-pitched whine reminiscent of an old Boeing
707 taxiing for takeoff. "It normally sounds like a quiet vacuum cleaner," said a
spokesman. This compares to DaimlerChrysler's NECAR family of FCVs, which has
used a reciprocating compressor that chugs like a lawn mower.
Driving the HydroGen1 is much like driving many other EVs; good off-the-line
acceleration but limited passing acceleration at speeds of around 80 km/h (50 mph).
Though the HydroGen1 uses a liquid-hydrogen fuel, and the company plans to initially
introduce gasoline-fueled FCVs, the prototype has helped the company gain expertise
with fuel-cell performance over a variety of conditions.
The next-generation fuel cell, dubbed Stack 2000, will boast several key advances
over the HydroGen1's. Perhaps most importantly, GM has been able to eliminate the
humidifier that was previously needed to provide the proper humidity to the compressed
air forced through the cell. The company is guarding the technology that lets the cell run
without a humidifier, but eliminating that component removes 10 water-management
devices from the system and improves the cell's freeze performance at extremely low
temperatures. The humidifier was also bulky, taking up as much space as the currentgeneration fuel-cell stack itself, according to Martin Woehr, Manager of stack design.
Another key goal in the drive toward mass production is the reduction of the
precious metals needed in both the fuel cell and the reformer to break gasoline down into
hydrogen. Stack 2000 uses about 70 g (2.5 oz) of precious metals in the reformer and
fuel cell, about twice the amount used in a typical catalytic converter for an IC engine,
said Woehr. However, some catalysts use as little as 5 g (0.2 oz); employing the same
techniques, the total amount needed for the cell and reformer should fall to about 35 g
(1.2 oz), he predicted.
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Stack 2000 would give the HydroGen1 better performance than does its older fuel
cell, but the new unit is to arrive in a different package in early 2002. It will be installed
in a Chevrolet S-10 midsize pickup truck and provide 35% more efficiency than the unit
in the HydroGen1. Stack2000 produces 94 kW (126 hp) continuously, with 129 kW (173
hp) peak power, compared to 80 kW (109 hp) and 120 kW (163 hp) for the HydroGen1
stack.
GM plans to use gasoline as a primary fuel, instead of methanol as proposed by
other manufacturers, the use of gasoline adding about 30% to the cost and complexity of
the reformer, according to Daniel O'Connell, a staff engineer for fuel processing at GM.
The gasoline reformer adds a CO-removal step to the methanol reformer's two-step
process, and it runs at a higher temperature. But the increase in cost and complexity is
incremental, not substantial, so they are not significant deterrents to the idea, he said.
GM also addressed performance enthusiasts, who fear that fuel-cell cars will be slow
and little fun for enthusiastic driving. The company pointed out that adding power to a
fuel cell is a simple matter of making the stack larger. This is much less expensive than
tooling up for a V8 powerplant, for example.
Further, the efficiency characteristics of a fuel cell are opposite that of an IC engine.
That is, the fuel cell runs most efficiently at a lower percentage of its maximum power,
while IC engines are less efficient when running at low power levels. So performanceoriented vehicles with powerful fuel cells will actually be more efficient than economy
models when they are driven moderately.
FCVs will also look different than today's cars because of "the ability to, in radical
ways, change the packaging of the car," said Woehr. The company's stylists are already
noodling possible designs for FCVs that exploit that flexibility, he said.
In early August at the Management Briefing Seminars in Traverse City, MI, GM
gave the media its first glimpse of the S-10 with the world's first gasoline fuel processor
for fuel-cell propulsion. In addition, the company unveiled a stationary generator based
on its latest fuel-processing and stack technology for automotive applications, and
announced that the power density of Stack 2000 is 25% greater than the stack used for
the HydroGen1. "To our knowledge, this stack is the new benchmark for fuel-cell-stack
power density," said Larry Burns, GM's Vice President of Research and Development,
and Planning.
The new Gen III gasoline fuel processor in the S-10 reforms "clean" gasoline
onboard, extracting a stream of hydrogen to send to the fuel-cell stack. "When combined
with our fuel-cell stack, the (processor) technology has the potential to obtain 40%
overall energy efficiency, which is about 50% better than a conventional internalcombustion engine," said Burns. "Today, we're proud to show you that processor on a
Chevrolet S-10 pickup, the world's first gasoline-fed fuel-cell electric vehicle. This is
possible because we've been able to reduce our processor size by a factor of three
without sacrificing efficiency."
Onboard gasoline reforming is significant because all other fuel cells run on either
pure hydrogen or hydrogen extracted from methanol, said Burns. "But, right now, you
can't get hydrogen or methanol at your corner gas station and it would cost hundreds of
billions of dollars to create such an infrastructure," he explained. "Developing gasolineSpencer Management Associates
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fed fuel cells makes the technology much more attainable—even within this decade."
GM intends to make gasoline-fed fuel cells an interim strategy until a hydrogen
infrastructure is established.
The Gen III gasoline processor also has the capability of starting in less than three
minutes, compared to the previous 15-min start time. It has a peak efficiency of 80%.
The processor takes gasoline and "cracks" it into its hydrogen components. Said Burns,
"To our knowledge, no one else has cracked gasoline in an onboard system."
Driving demonstrations of the S-10 are scheduled for early next year.
1.1.1.2

Toyota and GM Reach Agreement Including Collaboration with ExxonMobil

Toyota Motor Corporation and General Motors Corporation (GM) announced at the
2001 North American International Auto Show in Detroit specific progress on their
multi-year technology agreement. This progress, which includes identification of specific
fuels for fuel cell vehicles, was achieved through separate research agreements and
significant technological collaboration with Exxon Mobil Corporation. Specifically, GM
and Toyota said:
•

that they have reached agreement regarding fuels for fuel cell vehicles, with
hydrogen in the long term, and a clean hydrocarbon fuel in the short- to mediumterm, as the primary candidates for study; and for Japan, they also will consider
natural gas in conjunction with a clean hydrocarbon fuel;

•

that GM and Toyota are actively testing fuel cell technologies developed by both
companies individually and through the collaboration, and furthermore that they
plan to share test results, ultimately selecting "best-of-the-best" ideas;

•

that the two companies are supporting global and regional efforts toward the
development of sustainable transportation initiatives and investigating
technological capabilities of companies and institutions around the world in order
to foster introduction of fuel cell technology.

Toyota Motor Corporation Executive Vice President Kato commented, "Through
our collaboration on advanced technology for electric, hybrid and fuel cell vehicles,
which has been going on now for nearly two years, both companies believe that our joint
activities are contributing to the development and accelerated introduction of advanced
technology vehicles into the market. We believe in the importance of moving forward
while taking into consideration environmental, cost and infrastructure issues, as well as
consumer demands, and while cooperating with other car manufacturers, other industries
and government organizations."
Larry Burns, GM vice president, GM Research & Development and Planning said,
"In many ways, ideas are more valuable in the early stages of R&D than racing into
production. To date, we have spent the majority of our time exchanging knowledge of
technologies, sharing components and parts, and jointly evaluating fuel cell propulsion
system design approaches. For an advanced technology collaboration, this pace is very
aggressive."
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The two companies announced the signing of a technical agreement on April 19,
1999, and outlined their efforts to speed the development of "next generation" vehicles
and vehicle technology for electric, hybrid and fuel cell vehicles.
Vision on Fuels

GM and Toyota agree that hydrogen is the only fuel that has the potential to
significantly increase vehicle efficiency and reduce vehicle emissions. The companies
also recognize that any transition from conventional to advanced propulsion vehicles
must take into account the millions of gasoline engines in existence throughout the world
today. GM and Toyota are working to develop strategies and fuel technologies that will
allow for the coexistence of both conventional and advanced propulsion vehicles. With a
new clean hydrocarbon fuel, highly efficient, environmentally-friendly fuel cell vehicles
will be able to make use of fuel delivered through the existing infrastructure. The two
companies are attempting to create a fuel that can be used in vehicles with either internal
combustion engines or fuel cells.
Joint Research by ExxonMobil, GM and Toyota

Toyota and GM have each had separate technology agreements with ExxonMobil
since 1998 and 1995, respectively, and the three companies have now decided to
combine their research activities related to fuels for fuel cells and fuel infrastructure.
With a clean hydrocarbon fuel, an on-board processor creates a high quality stream of
hydrogen to power the fuel cell. GM, Toyota and ExxonMobil will be testing fuel
processing technologies, sharing computer simulation models, and will be sharing results
developed by each of the companies through the collaboration. The research
collaboration will build on previous accomplishments in the areas of transient reactor
testing and models that predict fluid dynamics, fuel chemistry, and system performance.
Testing "Next Generation" Technology

Toyota and GM continue to work closely on fuel cell technology. The five fuel cell
teams met over 90 times last year alone, focusing on fuel cell vehicle propulsion system
development, fuels and infrastructure development for fuel cell vehicles, fuel reformer
(processor) technology development, fuel cell R&D and hydrogen storage materials
R&D.
This approach, in effect, multiplies creativity, surfacing innovative ideas and new
technologies while greatly reducing technical risk. Overall, this allows both companies to
develop and evaluate fuel cell vehicles faster together. Future plans call for sharing the
test results from these projects, with the idea that each company can select "best-of-thebest" technologies that meet specific vehicle and market requirements.
Leadership in the Search for Global Solutions

Toyota and GM, along with several other vehicle manufacturers and energy
companies, have initiated a private sector project on sustainable mobility, under the
auspices of the World Business Council for Sustainable Development. This project will,
in part, provide a forum for discussion of a broad range of mobility-related issues,
including automotive propulsion and fuels for the 21st century.
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Toyota and GM joined the California Fuel Cell Partnership (CaFCP) in October
2000. The CaFCP is a public-private venture to demonstrate fuel cell vehicles in
California and explore the path to commercialization. The companies believe that
activities such as the Partnership aid in the development of an industry-level consensus
on issues required to ensure that consumers and the environment benefit from advanced
technologies.
1.1.1.3

Renault and Nuvera

A joint agreement to research and develop fuel processing technologies for various
fuels was announced between Nuvera Fuel Cells and Renault. This announcement was
made on July 4 th, 2002.
1.1.2
1.1.2.1

Fuel Processor Developers, Categorized by Fuel Processing Approaches
Steam Reforming Approach
Plug Power

Plug Power acquired steam reforming technology from GasTec in 2000. The natural
gas and LPG reformer for fuel cells up to 100 kW was developed by Gastec on the basis
of catalytic technology. This unique design was first fully developed into a prototype
reformer and then an initial series was built in-house. Thus, Gastec is the first company
in the world that has built a standard reformer fit for series production.
In addition to the further development of reformers for natural gas and LPG Gastec
now moves its attention to oil reforming and installations of over 100 kW. Gastec will
also keep up its R&D efforts on micro CHP combined with fuel cells, integration of fuel
cell systems with heating systems and the use of fuel cell technology in such areas as the
automotive industry.
Global Thermoelectric

Global Thermoelectric and PERC to Develop Propane Fuel Processor: Global
Thermoelectric Inc. has been awarded a grant of up to US$500,000 by the U.S. Propane
Education & Research Council (PERC) for the development of a propane fuel processor.
Global's solid oxide fuel technology can operate cleanly and efficiently using
hydrocarbon fuels, such as propane.
IdaTech

IdaTech (formerly Northwest Power Systems) 2001. Steam reformer is directly
coupled to a patented, two-stage hydrogen purifier. The result is a very compact fuel
processor that delivers high-purity hydrogen. This approach to producing hydrogen has
been adapted to many different fuels including methanol, ethanol, natural gas, propane,
kerosene, and many other liquid hydrocarbon fuels. In all cases, the product hydrogen as
delivered from the fuel processor typically analyzes at >99.95% hydrogen with <1 ppm
CO and <5 ppm CO2. Moreover, third-party analysis of hydrogen produced from
commercial natural gas (without pretreating the natural gas to remove odorants) showed
<1 ppb total sulfur and <5 ppm total hydrocarbons other than methane. Removal of
reactive trace contaminants from the product hydrogen (such as sulfur compounds,
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unsaturated hydrocarbons, and amines) might well be considered a requirement for the
successful use of any fuel processor in a commercial PEMFC or AFC system.
IdaTech has developed scaled-down steam reforming coupled directly to multi-stage
hydrogen purifier. Produces hydrogen with 99.95% purity. For use in low-temp fuel cell
systems. Suitable for use with methanol, ethanol, methane, propane, K1 kerosene,
Diesel and Biodiesel. Purity unaffected by use of different fuels, and process upsets such
as throttling. Fuel needs to be sulfur-free in order to protect catalysts in steam reformer.
Experimental efficiencies very close to theoretical maximum efficiencies. Delivers
40sLM from packaging 46cm long and 28cm in diameter. Cold start up time is 15min.
Suitable for stationary and portable applications with <10kW electrical output. Fuel cells
suffer no derating when using this processor.
Idatech is also working on smaller processors with short start-up times: Produced
13sLm system, with cold start-up time of 3min, in packaging 15cm long and 15cm in
diameter, and consuming less than 20W power. Looking at integrating with 1kW
PEMFC.
FuelCell Energy

Fuel Cell Energy is the world’s leading manufacturer of molten carbonate fuel cell
systems. FuelCell Energy utilizes several steam reforming catalysts in their internal
reforming Direct FuelCellTM design. The steam reforming is done both in a pre-reformer
module, which is placed inside the fuel cell stack between every tenth cell, as well as a
special steam reforming catalyst that is used inside the anode compartment for direct
reformation of methane.
Interestingly, FuelCell Energy developed a fuel reformer for converting NATO F-76
diesel fuel into methane, which is then internally reformed in the fuel cell. This was
done for a marine application. High-pressure hydrodesulfurizing first stage gives
desulfurized liquid fuel. Followed by adiabatic prereformer, which reacts the fuel with
steam to produce methane. Methane then expaned through turbine before being
internally reformed in the fuel cell. Self sufficient in water needs. Fuel cell using this
processing has been in operation for over 1000 hrs.
Harvest Energy Technology

Harvest Energy Technology has developed a residential fuel processor based on
steam reforming (SR) technology that delivers a gas stream containing 70% hydrogen
and less than 1 ppm CO to a PEM fuel cell. The SR fuel processor has a high thermal
efficiency and low parasitic power requirement.
The second generation HET SR fuel processor delivers hydrogen needed to supply
the electric requirements of the residential customer (2-10 kW). The HET SR fuel
processor is a fully-automated, load following system that responds from zero to full
load in seconds. The processor includes a proprietary steam reformer and a compact CO
selective oxidation reactor that maintains a high product gas quality even during
transients.
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H-Power

H Power will develop a new 500 watt residential cogeneration fuel cell system for
the Japanese residential market, using Osaka Gas’ compact fuel processor. The new unit
will incorporate H Power’s proprietary fuel cell technology and Osaka Gas’ proprietary
steam reforming technology, which Osaka Gas will transfer to H Power nonexclusively
through H Power’s marketing partner in Japan, Mitsui & Co., Ltd.
The fuel cell system we develop for Japan will also provide a technology base for
new products in the United States and Europe, where we see a significant demand for
500 to 1000 watt systems. Osaka Gas’ compact fuel processor will add to the system’s
appeal by reducing overall size. We anticipate production of the 500 watt systems for
Japan as early as 2003.
Battelle

Battelle: Developing sub-watt FC power systems as alternatives to batteries.
Produced microscale fuel processor (integrated vaporizer/steam reformer/combustor) to
convert methanol and butane to hydrogen with <1% CO in product gas. Steam Reactor
volume of less than 5mm3. Near maximum theoretical conversion for methanol, high
conversion rate only achieved for butane via higher operating temperatures (750 0C).
SK Corporation:

SK Corporation developed a 25kW on-board reformer for fuel cell vehicles together
with Hyundai Motors. SK has developed several different types of CO clean-up
technologies. They are PSA (Pressure Swing Adsorption), CMM (Composite Metal
Membrane), and PROX (Preferential Oxidation of CO). CO clean-up systems can be
compatibly applied to hydrogenate the generator, which allows the fuel cell systems to
generate reliable power. The features of each of the CO clean-up system technologies are
as follows: (1) PSA: adsorption method, appropriate for stationary and bulk scale
process, (2) CMM: membrane method, appropriate for stationary and transportation
process, guaranteed sub-ppm of carbon monoxide, and (3) PROX: catalytic reaction
method, appropriate for stationary and transportation process, compact design.
SK has successfully developed stationary 10kW fuel processors and each processor
has been designed to be compatible with LNG, LPG and methanol fuels. UHP (Ultra
High Pure) hydrogen generator for the 10kW fuel cell, is a methanol fuel processor with
a CMM (Composite Metal Membrane) and the generated hydrogen is ultra high pure,
99.999%. Currently, 3kW fuel processors are being developed for backup power of
homes, small offices, etc.
SK has also successfully developed a 10kW fuel processor for fuel cell vehicles,
which Hyundai Motors is presently testing for reliability. SK's scientists and engineers
are now developing fuel processors for fuel cell vehicles with a larger capacity.
ISTC

ISTC has developed and demonstrated a compact natural gas steam reformer with
the hydrogen yield corresponding to electric power of 12kW per 1 liter of the reformer
volume for 5kW power plant based on solid polymer fuel cells. The approach is based
on conjugation by heat of the endothermic reaction of methane steam conversion and the
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exothermal reaction of waste anode gas oxidation. The approach possesses the
advantages both of existing steam reformers (with a high hydrogen yield) and of
autothermal systems (a small weight and dimensions, a low hydraulic resistance, and an
insignificant response time). Such a method of heat conjugation of the reactions of
steam reforming and methane oxidation was implemented at the BG Compact Reformer.
In laboratory conditions this reformer showed the hydrogen yield that corresponds to
the power of 12 kW per one liter of the reformer volume compared to that of 0.03 kW/l
provided by conventional reformers.
In contrast to the BG Compact Reformer, where thin-film catalysts with thickness of
10-50mkm were used, in the suggested reformer there will be used metal porous supports
with thickness of several mm, which will be sintered with the metal surface. This
provides a possibility for further increase of the specific output and enables to develop a
compact unit of natural gas steam conversion with the hydrogen yield providing not less
than 12 kW electric power per 1 liter of the reformer volume.
Tokyo Gas

Tokyo Gas, 2000: Tokyo Gas has devoted its extensive efforts to develop a highly
efficient and compact fuel processor which is one of the most important components in a
PEFC system. By optimizing the structural design and thermal management of a reactor
based on the steam reforming, extremely high thermal efficiency of 90% (HHV) and
significant size reduction down to approximately 200mmƒ³~600 mmH (similarly to the
size of a conventional extinguisher) have been achieved, both of which are on the worldhighest level for 1kW-Class PEFC systems.
The developed fuel reformer has integrated the following four functions into one
cylindrical reactor body: (1) steam generator to produce steam required for fuel
processing, (2) reforming section to produce hydrogen from natural gas and steam, (3)
shift converter to reduce CO and increase hydrogen, and (4) CO removal section to
reduce the remaining CO to less than 10 ppm. The total size of the unit is 200mm dia x
600mm. 75% hydrogen content (dry basis) can be produced. Residual CO concentration
(dry basis) is <7ppm.
MTCI

MTCI: Worked on small-scale biomass power systems, that use thermochemical
reaction and fuel cell subsystems instead of direct firing methods. Called TECS
(ThermoElectroChemical System). Has developed two steam reformers, one capable of
processing solid biomass, and the other, slurry-type biomass. Both married to gas-cleanup technology to feed to SOFC. Managed to produce power (161W) from waste pulping
liquor retrieved from paper production.
1.1.2.2

AutoThermal Approach
Nuvera

Nuvera: The "Substrate based Transportation application Autothermal Reformer" or
"STAR Fuel Processor" is expected to have a 70-L vol., which will contain all reaction
zones except the liquid desulfurizer. The system features a "low thermal mass catalytic
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fuel processor." Success will mean a specific power of 750-W/kg, with a power density
of 850 W/L. It is expected to have an H2 output of 161-kW, with an efficiency of 80%.
Using Nuvera's latest innovation, fuel cell systems in the 50-kW range-enough to
power a mid-sized vehicle-could surpass 50% operating efficiency and start up in less
than 10 sec., far exceeding industry standards.
Using a "novel system configuration" approach, Nuvera's high- efficiency quick start
(Hi-Q) fuel processor features a lightweight system design, compact catalysts, and a
small-scale turbo compressor-expander. The system architecture enables Nuvera to run
its PEM fuel cells at higher temperatures, resulting in a net increase of operating
efficiency and power density.
General Electric

General Electric: The autothermal cyclic reformer is compact and its internal heat
generation reduces capital costs and increases efficiency. The H2 stream is not diluted
with N2. It is fuel flexible, sulfur tolerant, and able to use diesel fuel. Coke is burned off
during regeneration. GE has built and successfully tested a 50-kWe breadboard reformer.
It will develop a pre-commercial prototype for integration with a PEM fuel cell.
The final goal is to produce a station that can fast fill vehicles with H2 at pressures
specified by the Partnership for Next Generation of Vehicles (PNGV). The system will
produce 60 kg/day of H2. It will dispense a H2 stream that complies with ISO standard
14687 "H2 Fuel-Product Specification, which calls for CO contamination of less than 5
ppm. The concentration of the H2 stream will be greater than 98% and system
availability will exceed 90%. It must also produce H2 within an affordable cost range.
The system is protected by 3 patents and has 2 more pending. The GE project is led by
Ravi Kumar, Randy Seeker, and Vladimir Zamansky. Praxair's group is led by Minish
Shah and Ray Drnevich
General Motors/Exxon-Mobil

GM/Exxon Mobil: 2000. GM and ExxonMobil said that the results of a three-year
collaborative research program has allowed GM and ExxonMobil engineers to design,
develop, build and run a gasoline processor that exceeds 80 percent efficiency. By the
end of this year, GM will demonstrate in a laboratory an integrated system with an
advanced version of this processor and a GM fuel cell stack producing 25 kW.
Burns said that the gasoline processor running today is GM's second-generation
design, with a third planned shortly. With each generation, GM has reduced system size
and weight while improving efficiency. The next generation fuel cell system fueled by
gasoline will be half the size and half the weight of the current generation.
GM: 2001. General Motors last month unveiled here what it said was the world's
first fuel cell vehicle powered by hydrogen extracted from gasoline via a fuel cell
processor.
In technical terms, the processor is an autothermal reformer that extracts hydrogen
from gasoline in a series of chemical conversion steps that also produce small amounts
of carbon-based emissions. The processor operates at 800 deg. C and so far takes about
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three minutes to reach operating temperatures. But that is a great step forward compared
to the previous bench test version that took about 15 minutes to warm up, GM said.
The gasoline reformer was first announced at this conference a year ago, GM's vice
president of research and development Larry Burns said. "When combined with our fuel
cell stack, the technology has the potential to obtain 40% overall efficiency, which is
about 50% better than a conventional internal combustion engine." The gasoline needed
for the processor has to be what the GM release called "clean" gasoline - a euphemism
for sulfur-free. Sulfur-free gasoline isn't on the market either so far (although low-sulfur
gasoline is apparently worming its way into European markets for direct-injection i.c.
engines which require that), but oil companies are working to develop and market sulfurfree gasoline.
The processor puts out about 70 kW worth of hydrogen, or about 2.2 kW/liter of
volume, Fronk added, almost triple that of the original lab version rated at about .87
kW/liter.
The processor in the S-10 would support about 50% efficiency of a 30-35 kW
system, Fronk added, but as configured now, the GM stack 2000 produces 25 kW,
equaling roughly 33 hp. By comparison, the original S-10 electric motor was rated at
about 80 kW maximum and 40 kW continuous
Given the long warmup time for the reformer, the car would have to be driven on
batteries for the first three minutes but that isn't really the point. "This is meant to be a
'mule' (industry slang for demonstrator), not a production car," he said. The goal now is
to reduce the start-up time to maybe 20 seconds, something that could take one or two
generations, or maybe three years, Fronk guessed. The fuel cell system occupies
approximately half of the pickup bed of the demonstrator truck
Johnson Matthey

Johnson Matthey is a world leader in the design and fabrication of catalytic
components and systems to convert natural gas, LPG, gasoline or other hydrocarbon
fuels to a hydrogen gas stream for fuel cells and other applications.
The Fuel Processing Sector of GPT is dedicated to providing the market with fuel
processor systems for stationary and mobile fuel cells and catalyzed components for
automotive applications. Through advanced engineering and catalyst science, GPT is
enhancing fuel cell technology – referred to as the power source for the new millennium
– with the development of the key components, including the fuel processor. GPT fuel
processors are designed to convert fuels such as natural gas, LPG, gasoline, and other
hydrocarbons into a hydrogen-rich reformate gas. This reformate gas is fed into a fuel
cell stack for the production of electricity. One recent development made by Johnson
Matthey is its "Dual Fuel" processor which is capable of operating on both natural gas
and LPG. At the heart of the processor is the Johnson Matthey's patented HotSpot™
reformer catalyst technology. HotSpot™ catalysts can be operated under varying
"autothermal" conditions, optimizing the fuel cell system efficiency and performance.
With many of Johnson Matthey's fuel processors currently undergoing testing at several
fuel cell and automotive companies, Johnson Matthey remains at the cutting edge of
technology delivering innovation to the world.
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Partial Oxidation:
Shell Hydrogen

“We're trying to make hydrogen as cheaply and in as compact a form as possible in a
joint venture with UTC Fuel Cells called Hydrogen Source. We're doing that using
natural gas and gasoline now, because we think we have to find a practical, affordable
solution first, and then in the longer term, we can make hydrogen from renewable fuels.
We're working on metal hydride storage tanks in a joint venture called Hera with
Hydro-Quebec of Canada and GFE of Germany. We're also working on projects
demonstrating how hydrogen can be supplied. We're building a hydrogen station in
Iceland and one in Amsterdam. We've built a liquid hydrogen station for the California
Fuel-Cell Partnership, and we'll be building more.”
During an 18 month research co-operation, dbb Fuel Cell Engines GmbH, a
subsidiary of DaimlerChrysler AG, and Shell Hydrogen, have successfully developed
and tested a prototype gasoline reformer to produce hydrogen for fuel cell applications in
cars.
The result of the research co-operation was a 50 kW multi-fuel system with compact
design for mobile and stationary use of fuel cells.
The development of this power plant in just over a year was due to a combination of
DaimlerChrysler and dbb’s expertise in designing fuel processors and complete fuel cell
systems along with Shell's proprietary Catalytic Partial Oxidation (CPO) technology. The
main aim of the project was the development of a completely new compact and
integrated gasoline reformer as the central part of the fuel processor.
Ford/Mobil

Ford and Mobil have program working on processor for hydrocarbon fuels. Has
performance goals set-out. Focusing on methanol initially to realize these goals, but
ultimate goal is use of hydrocarbon fuels.
Argonne Transportation (Catalytic Partial Oxidation)

ANL has developed a compact, lightweight fuel processor, or "reformer," that
combines a liquid fuel with oxygen from air to produce a hydrogen-rich gas mixture. The
mixture is then ready for use in a fuel cell. The Argonne reformer is fuel-flexible,
energy-efficient, capable of rapid start-up and shut-down, and is dynamically responsive
to load changes. The device is very compact and operates at much lower temperatures
(advantageous for efficiency, start-up/shutdown, and hardware cost) than any other fuel
processor capable of converting gasoline.
The reformer uses a simple design, similar to the catalytic converters in cars today,
and would be easy and inexpensive to manufacture. It consists of a cylinder packed with
a catalyst. Fuel and water are sprayed onto the top of the catalyst. An ignition source
starts the reaction with air. This reaction rapidly heats the fuel/water solution to
appropriate temperatures. Variations in power demands can be met easily by changing
the feed rates into the reformer, in a manner very similar to that used in today's fuelinjected internal combustion engines.
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The reformer converts the hydrocarbon fuels into hydrogen and carbon dioxide. The
catalyst maximizes hydrogen production, with carbon dioxide as a byproduct. The small
amounts of undesirable byproducts, such as carbon monoxide, are converted to carbon
dioxide and more hydrogen.
An engineering-scale reformer has been tested with methanol, using an inexpensive
and commercially available catalyst. A new catalyst has recently been developed that has
demonstrated the capability of converting different kinds of hydrocarbon fuels, including
gasoline, ethanol, and natural gas. Engineering-scale tests with this catalyst are in
progress.
The reformer produces high hydrogen concentrations (38 percent dry basis) and low
levels of carbon monoxide (reduces post-processing of reformate). Compact and
lightweight – 1.7 liters (2.2 kilograms) of catalyst has demonstrated a capacity of 3 kWe.
Planned improvements are expected to increase capacity to 10 kWe.
The reformer operates at about 750 degrees Centigrade, compared to 1000 degrees
Centigrade or higher for non-catalytic processes. The lower operating temperature results
in higher system efficiency, more selective product distribution and lower cost materials
of construction.
The catalyst has been demonstrated to be fuel-flexible, able to convert a variety of
fuels such as methanol, ethanol and natural gas, in addition to gasoline. Rapid start-up
has been demonstrated, producing more than 30 percent hydrogen in less than 150
seconds. Faster starts will be possible with next generation reformer designs.
2001: The fuel processor produces high-quality hydrogen fuel within two minutes of
startup and at temperatures that are several hundreds of degrees centigrade below those
required for reformers based on a noncatalytic reaction. This fuel flexibility, shorter
startup time, and lower operating temperatures will help make fuel-cell-powered
automobiles practical.
With a recent improvement in the catalyst, the reformer can be 25 times smaller than
previous models, making it less expensive, less of a drain on fuel economy, and easier to
integrate into a car. Unlike most conventional catalysts, which are poisoned by sulfur,
the Argonne catalyst tolerates the sulfur present in petroleum-derived fuels.
AD Little (now Nuvera)

1996: Arthur D. Little in conjunction with the Department of Energy and the Illinois
Department of Commerce and Community Affairs have developed an ethanol fuel
processor for fuel cell vehicles. Fuel cell buses are now in operation and for the first time
ethanol can be considered as a fuel for these advanced vehicles.
Initial studies were carried out on a 25 kWe catalytic partial oxidation (POX)
reformer to determine the effect of equivalence ratio, steam to carbon ratio, and
residence time on ethanol conversion. Results of the POX experiments show little
performance degradation when operating on E-95 at high steam injection rates to
simulate hydrated ethanol use from 190 to 120 proof. Hydrated ethanol offers an
economically attractive source of hydrogen for fuel cell vehicles as it may be produced at
150 proof for as little as $0.83 per liquid gallon.
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MicroCatalysis Approach
Pacific Northwest National Laboratory (PNNL)

PNNL have demonstrated the technical feasibility of using micro thermal and
chemical systems for energy conversion and chemical processing applications. In
general, these units provide substantially higher process rates (per unit hardware volume)
than can be realized with conventional hardware, due to advantages associated with rapid
heat and mass transport in engineered microchannels.
Items demonstrated include: (1) Ultra-compact microchannel heat exchangers with
extremely high convective heat transport coefficients and low pressure drops, (2)
microchannel catalytic reactors with millisecond residence times and reduced, (3)
production of secondary (unwanted) reaction products, (4) microchannel separations
units that reduce carbon dioxide and carbon monoxide concentrations to ppm levels, and
(5) Low-cost, lamination methods for fabricating micro thermal and chemical systems.
Current results demonstrate the potential for extremely compact hydrogen
production systems (less than a cubic foot in size) for automotive fuel cells.
InnovaTek

InnovaTek: Micro channel reactor. Small scale reformer for 100W systems. Looking
to develop reformers for 1-5 kW, 10-20kW and 50kW fuel cell systems. Will reform
natural gas, gasoline and diesel for both stationary and portable applications. They take
a laminar approach to fuel processing, using multiple layers of micro reactors and heat
exchangers, has the potential to become a revolutionary breakthrough in terms of system
size, weight, and dynamic response when compared to more conventional processing
carried out in packed bed reactors.
The scale-up approach is a modular system of multiple units for use with fuel cells
for portable electronic equipment, remote residential power applications and
cogeneration for uninterrupted power supply (UPS) applications. We are also designing a
system for auxiliary and vehicle power.
1.1.2.5

Other Reforming and Related Approaches
Hydrogenics

Hydrogenics: 2002. Hydrogenics' HyPORT C(TM) power generator is capable of
delivering 500W of power and is fueled by hydrogen generated by Hydrogenics'
proprietary chemical hydride system. HyPORT C(TM) features include high energy
density with lightweight portability, easy fueling, clean and safe operation, and reliable
performance. The system demonstrates accurate load-following where, in a proprietary
process, hydrogen is generated from sodium borohydride tablets dissolved in water and
consumed as demanded by the fuel cell module.
Wangtec

Wangtec: Thermal-Plasma H2-Reformer has the following advantages: Higher
energy efficiency; compact design for higher power density; lower cost; rapid response
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to cold-start and transient load change - heat generation is independent of the chemical
reaction; no air and open-flame combustion; and no secondary pollutants.
The following are physical and performance characteristics of the Wangtec
reformer: Size is 1 ft (in diameter) x 2 ft (in length); fuel conversion: efficiency ~ 100%;
H2 concentration ~ 65%; H2 conversion efficiency ~ 96%; power consumption is < 3%
of the net electricity to be generated by the fuel-cell; output is 60 kW of H2.
Syngen

The SynGen reactor converts a number of hydrocarbon feedstocks into syngas
(hydrogen and carbon monoxide). We refer to the product gas as syngas because it is a
synthesis gas which makes petrochemicals such as methanol, higher alcohols, dimethyl
ether, or synfuel. The essence of the SynGen technology is passing the hydrocarbon feed,
in the presence of an oxidizing stream, through a cold-plasma discharge generated by
electricity called “GlidArc”. The “GlidArc” discharge is produced by high voltage
polyphase electricity. SynGen differs from other so called plasma torches in that the
power consumption is quite low as compared to conventional plasmas. The discharge
excites the fuel molecules, providing the energy for the chemical reactions to go forward
and the subsequent conversion to syngas. The most important aspect of the SynGen
technology is its economic benefit in the production of syngas compared to competing
technologies. SynGen will make any syngas process less costly to build and could be the
economic solution for many plants worldwide.
The SynGen process offers substantial savings (about 40%) in capital costs
(“CAPEX”) over conventional syngas formation. The process allows natural gases with
CO2 levels up to 35% to be converted into syngas economically. From a global warming
context and in view of proposed governmental carbon taxes, this is believed to be a
tremendous breakthrough.
Procyon

Procyon's system utilizes pyrolysis to extract the hydrogen. Pyrolysis is thermal
decomposition in the absence of air or oxygen. Thus, no air (nitrogen, oxygen) enters the
processor at this stage. A high- purity stream of hydrogen is extracted and enters the fuel
cell. Further, Procyon's technology is a combined heat and power system (CHP),
sometimes referred to as cogeneration. The pyrolysis leaves carbon residue which, in a
catalyst regeneration mode generates heat which can be utilized for process, space and
water heating. In a mobile application, a hybrid system utilizes the carbon in a heat
engine.
•
•
•
•

The chief advantages of this system are:
Product gas is 80-95% hydrogen; lower dilution than reformer gas yielding a higher
fuel cell efficiency.
Absence of air means no CO cleanup issues and more compact size (no adverse highvolume nitrogen content from air with which to deal).
Cost of manufacturing expected to be much cheaper than any reformer as there are no
expensive components.
Finally, carbon from the regeneration mode yields heat for process, space and water.
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Over the past few years, Procyon has been aggressively pursuing the development of
its pyrolysis processor through laboratory evaluation followed by design, fabrication and
testing of various engineering models. More recently, Procyon has been collaborating
with an R&D group in Germany, which, under contract with Procyon, satisfactorily
completed and delivered to Procyon an advanced engineering model of a pyrolysis
processor in the fall of 2000. Since that time, this processor has been successfully
demonstrating pyrolysis-generated hydrogen powering a fuel cell.
Teledyne

Teledyne, 2002: Teledyne Technologies Incorporated (NYSE:TDY - news) today
announced that Teledyne Energy Systems, Inc. unveiled its H2Oasis - Hydrogen Gas
Station, developed for on-site production and delivery of high purity, high pressure
hydrogen gas.
The H2Oasis - Hydrogen Gas Station is a self-contained hydrogen plant in a
prefabricated container that can be sited anywhere that hydrogen is required, needing
only a concrete pad and a source of electricity to begin operation. The H2Oasis platform
and modular packaging concept allow the flexibility to deliver hydrogen gas at
production rates up to 1,500 standard cubic feet per hour at pressures up to 5,000 psi
within the volume of a standard 40-foot shipping container. This range of production
rates and delivery pressures opens the door for this product to be used for other industrial
applications such as electric power plants, electronics manufacturing, metals processing,
glass production, and food processing.
Los Alamos National Labs

LANL has developed carbon monoxide cleanup technology that was recently
integrated with a gasoline fuel processor, developed under a DOE program with Arthur
D. Little, and stacks provided by Plug Power. This processor generated electrical power
from gasoline for the first time in a proton-exchange-membrane fuel cell
LANL previously developed a simple, continuous technique for cleansing small
amounts of carbon monoxide from the fuel cell catalyst by bleeding very low levels of
air into the fuel feed stream. Recently they developed a new electrode structure which,
in combination with low levels of air bleeding, enables the catalyst to tolerate exposure
to high levels or carbon monoxide. This technique completely restores fuel cell
performance and enables PEM fuel cells to use hydrogen reformed from liquid gasoline,
methanolor ethanol carried on-board the vehicle.
Epyx

Epyx Corp. developed and tested a compact, on-board 50-kilowatt fuel processor
that converts gasoline or alternative fuels into hydrogen-rich fuel. It is believed that this
test was the first fuel cell reformer to operate using hydrocarbon fuels, addressing fuel
infrastructure problems. It worked on a range of fuels, including gasoline, Jet A, ethanol,
methanol and natural gas. Since this event, which occurred in 1999, Epyx joined with
DeNora Fuel Cells of Milan, Italy to form Nuvera (See Above).
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Vairex

Vairex: VAIREX iCEM© air system is capable of 3+ bar pressure ratios, at
efficiencies better than 70%, with mass flow turndown ratios in excess of 10:1. The fuel
cell efficiencies and reduced volumes achieved by higher operating pressure ratios are
now possible at acceptable parasitic power consumption.
Princeton

In 1998, Princeton developed computer models for residential-scale PEMFC
cogeneration systems, which will allow comparison of various system designs (e.g.,
steam reforming vs. partial oxidation and compressed vs. atmospheric pressure).
1.1.3

Other relevant Announcements

Below are some of the latest public announcements. Note that FCVs are beginning
to evolve from one-off prototypes to deployments of small fleets. All of these
deployments will apparently utilize direct hydrogen PEM technology.
1.1.3.1

GM Electric Generators

(“GM: Generators Key To Fuel Cell Cars”, Mon Jul 29, 4:24 PM ET, By ED
GARSTEN, AP Auto Writer)
HONEOYE FALLS, N.Y. (AP) - General Motors Corp. plans to have fuel cell
powered electric generators commercially available by 2005, a move that could provide
it with the revenue and technology for meeting its goal of widely available fuel cell
vehicles by the end of the decade.
"If we're producing hydrogen for a fuel cell that's producing power ... we have the
power to produce a fueling station," Tim Vail, director of distributive generation
solutions, told reporters at the GM's new fuel cell research facility Monday.
Larry Burns, GM's vice president for research, development and planning said it's
possible that hundreds of thousands of hydrogen fuel cell-power vehicles could be on the
road by 2010.
GM wouldn't produce the generators, but would provide the fuel cell technology
through partnerships with other companies.
Vail said the arrangement would be similar to the personal computing industry
wherein a separate company builds the processors, but not the PCs.
"Let them bend the sheet metal and put our module inside their unit," he said.
GM plans to announce its partnerships later this year, produce prototype units by
late 2003 or 2004 and sell the technology in 2005 or 2006, Vail said.
The automaker wants to tap the lucrative "premium power" market, such as data
communications companies and hospitals that are willing to pay as much as $1,000 per
kilowatt hour for reliable power.
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Such power is interrupted an average of just more than three seconds a year,
compared with an average of 8.76 hours a year for electricity provided to most
residential and commercial customers who pay $1 a kilowatt hour.
1.1.3.2

GM Fuel Cell Research Center

(“GM opens new fuel cell research center”, 2004 Mon Jul 29, 2:55 PM ET, By ED
GARSTEN, AP Auto Writer)
HONEOYE FALLS, New York - A significant number of fuel cell vehicles will be
on the road by 2010, the head of General Motors Corp.'s fuel cell program said Monday
at the dedication of a new research facility.
"Given our current technological momentum and business realities, we expect to see
compelling and affordable fuel cell vehicles on the road by the end of the decade," said
Larry Burns, vice president research, development and planning.
Burns said GM also planned to market stationary fuel cell power units used to
generate electricity for homes or businesses even sooner.
Other GM fuel cell research facilities are located in Warren, Michigan, and in
Mainz-Kastel, Germany.
The new facility in Honeoye Falls will employ about 100 engineers, in addition to
the 200 that have been working in an existing lab next door since 1998.
1.1.3.3

Honda FCVs in the field

(“Honda to begin leasing hydrogen-powered cars”, Wed Jul 24,11:18 PM ET)
TORRANCE, California - Honda will begin leasing a four-passenger, hydrogenpowered car in California and Japan this fall, making it available to government and
institutional users.
The FCX will likely become the first zero-emissions car available in California that
is not powered by batteries that need recharging. There are no immediate plans to massmarket it to consumers.
The FCX — short for "fuel cell experimental" — is modeled on the EV Plus, a
battery-powered car that the American Honda Motor Co. ( news - web sites) Inc. began
leasing to consumers in 1997.
It carries 41 gallons (156 liters) of hydrogen, has a range of 220 miles (354
kilometers) and a top speed of 96 mph (154 kph).
Honda spokesman Art Garner said Wednesday the car needs federal safety
certification, which the company expects to obtain in time to begin leasing 30 of the cars
by the end of the year.
It has already been certified as zero emissions, meaning it meets strict anti-pollution
requirements that take effect next year in California.
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In California, the car will likely be leased only in the Southern California and
Sacramento areas, where a limited number of hydrogen refueling stations exist. Likewise
in Japan, the cars will be available only in Tokyo.
1.1.3.4

Honda FCV certification

(http://www.ch2bc.org/corporate/cpr20020708.htm, 7/24/2002)
Both the U.S. Environmental Protection Agency (EPA) and the California Air
Resources Board (CARB) have certified the hydrogen-powered Honda FCX as meeting
all applicable standards. The FCX has been certified by CARB as a Zero Emission
Vehicle (ZEV) and by the EPA as a Tier-2 Bin 1, National Low Emission Vehicle
(NLEV), the lowest national emission rating. The FCX will also meet applicable U.S.
safety and occupant protection standards. "This is an important milestone for the
automobile industry that holds the promise of cleaner air for all Americans," said Jeff
Holmstead, assistant administrator of the EPA's Office of Air and Radiation. "While
there still remains much work ahead to make fuel cell vehicles a mainstream
transportation option, this certification is an important first step."
1.1.3.5

Dynetek 12,500 psi hydrogen storage tanks

(http://www.ch2bc.org/corporate/cpr20020708.htm, 7/15/2002)
The design features a non-permeable aluminum liner wrapped with high strength
carbon fiber. The 12,500psi cylinder was developed for hydrogen storage for fueling
stations that are capable of fast filling the next generation of Fuel Cell Vehicles (FCV).
These vehicles will have onboard storage of compressed hydrogen at 10,000psi (700bar).
...The design validation test was performed by Powertech Labs of Surrey, B.C., an
independent third party testing agency for cylinder manufacturers, according to ISO,
NGV2 and EIHP (European Integrated Hydrogen Project) standards. In the test the
cylinder was pressurized to 30,920psi (2130bar), which greatly exceeded the requirement
of all the above listed standards for a cylinder with 12,500psi service pressure.
1.1.3.6

Quantum hydrogen storage tanks

(http://www.ch2bc.org/corporate/cpr20020708.htm, 7/11/2002)
QUANTUM Fuel Systems Technologies Worldwide, Inc., a wholly owned
subsidiary of IMPCO Technologies, Inc. (Nasdaq: IMCO, QTWW), announced today
that it demonstrated a hydrogen storage tank with a world record 13% hydrogen weight
efficiency. This breakthrough offers a dramatic weight reduction in hydrogen storage
technology and will significantly improve on-board energy storage in aircraft and
spacecraft applications where weight is critical. The technology will also be used in the
development of lighter, less costly hydrogen storage tanks for fuel cell vehicle
applications. The QUANTUM team successfully fatigue-cycled and hydroburst-tested
high performance prototype hydrogen storage cylinders and achieved the new
performance record of 13% hydrogen storage by weight at 5,000 psig (350 bar). This
tank will be optimized for an aerospace application currently under development by
NASA and AeroVironment, with the final product targeted to achieve even higher
storage efficiency and high cycle life.
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Toyota Fuel Cell Electric Hybrid SUV

(http://www.ch2bc.org/corporate/cpr20020708.htm, 7/1/2002)
Toyota Motor Sales (TMS), U.S.A., Inc., announced today that it, and parent
company Toyota Motor Corporation, will start limited marketing of a fuel cell hybrid
(FCHV) sport utility vehicle (SUV) in Japan and the U.S. around the end of this year,
much earlier than originally planned. The earlier launch reflects the successful results of
a year of testing in the two countries of the FCHV-4 prototype, and Toyota's response to
society's expectations for cleaner mobility solutions. The SUV, based on the Kluger-V in
Japan and the Highlander in the United States, will be a newly developed FCHV
featuring conventional vehicle-like performance based on improvements to the FCHV4's reliability, cruising distance, functionality and other aspects.
1.1.3.8

Ford Focus Fuel Cell Vehicle

(http://www.ch2bc.org/corporate/cpr20020506.htm, 6/12/2002)
The latest FCV is part of an experimental fleet, which will help prove out the
technology as part of the California Fuel Cell Partnership. In all, five Focus FCVs will be
produced this year for testing and demonstration - leading up to low-volume customer
production by 2004. The latest Focus FCV has been "hybridised" with the addition of a
300-volt Sanyo battery pack and a brake-by-wire electro-hydraulic series regenerative
braking system. Both of these advanced technologies also are found on the Hybrid
Escape, due out in 2003. In addition, the new FCV has a more advanced hydrogen
storage tank, which can handle 5,000 pounds per square inch (psi) of hydrogen compared with 3,600 psi in the previous version. Together, the new battery pack,
regenerative braking and storage tank help increase the driving range of the fourpassenger FCV to between 160 and 200 miles - significantly improved from the previous
version. The hybrid electric power system also gives the vehicle the "off-the-light"
zippiness of a more conventional sedan and a top speed governed to 80 miles per hour. In
addition, the latest FCV features a new Ballard Mark 902 fuel cell stack, an integrated
powertrain that combines the traction inverter module and electric motor transaxle, and
improved packaging for crash safety and occupant comfort.
1.1.3.9

Daimler Chrysler NECAR 5 drives cross-country

(http://www.ch2bc.org/corporate/cpr20020506.htm, 6/4/2002)
Ballard Power Systems (Nasdaq:BLDP; TSE:BLD) announced today that its Mark
900 series fuel cell has powered DaimlerChrysler's NECAR 5 fuel cell vehicle in its
historic drive from San Francisco, California to Washington, D.C. The successful
completion of this 13-day, 3,000 mile (4,800 kilometre) endurance test is the world's first
for a fuel cell vehicle and demonstrates a new level of reliability and endurance achieved
by Ballard® fuel cell engines. The NECAR 5 is a Mercedes-Benz A Class vehicle
powered by a Ballard® fuel cell engine generating 75 kilowatts of power. Hydrogen is
generated onboard the vehicle from methanol, utilizing a fuel processor developed by
Ballard.
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Plug Power, Honda MOU

(http://www.ch2bc.org/corporate/cpr20020506.htm, 5/14/2002)
The MOU documents the companies' mutual desire to collaborate on a research
project to explore concepts for a home-based hydrogen vehicle refueling system, and
Honda's intention to purchase two stationary fuel cell power generation systems from
Plug Power. The companies anticipate completing the supply arrangements for the two
stationary fuel cell power generation systems later this year. The companies also expect
to complete a definitive agreement for the home refueling system collaboration during
2002. A home refueling system is a fuel cell product that will provide heat, hot water,
and electricity to a home, while also providing hydrogen fuel for a fuel cell vehicle. The
device will be fueled by natural gas, and is expected to be environmentally friendly due
to its high efficiency and low emissions.
1.1.3.11

Plug Power, Interros and Norilsk Nickel,

Plug Power announced on April 11, 2006 that they expects to receive cash of $217
million in exchange for shares of Class B Capital Stock that are convertible into 39.5
million shares of common stock with a Russian investment partnership. The Russian
investors are Interros and Norilsk Nickel, and the investment in Plug Power reflects a
convergence of multiple needs and opportunities. As one of the world’s largest suppliers
of precious metals, including the largest producer of palladium for industrial use and the
fourth largest producer of platinum, Norilsk Nickel expects to see significant benefit as
the success of fuel cell technology results in the broader use of palladium and platinum.
In addition, Norilsk Nickel’s mining activities and other operations in remote sections of
Russia create significant need for reliable and affordable energy production, an end
market potentially served by the use of fuel cells.
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Appendix 5 Steam Reformation, ATR, and CPO Choice Discussion
A fuel processor converts natural gas, propane, gasoline or diesel fuel to a hydrogenrich product gas that is fed to a fuel cell. The fuel cell electrochemically combines
hydrogen and oxygen from air to produce electricity. Several companies have developed
a residential fuel processor based on steam reforming (SR) technology that delivers a gas
stream containing 70% hydrogen and less than 1 ppm CO to a PEM fuel cell. The SR
fuel processor has a high thermal efficiency and low parasitic power requirement.
These SR fuel processors are usually fully-automated, load following, and capable
of producing a pure hydrogen stream for PEMFCs or reformate for MCFC, SOFC, or
PAFCs in a range from part-load to full load. The autothermal reformer (ATR) or
catalytic partial oxidation (CPO) reformation strategies have features that combine the
benefits of SR and partial oxidation (POX) reactors by adding both steam and air in the
presence of a catalyst into the reformer reactor.
The direct addition of an appropriate amount of air to the steam reformation process
results in the addition of heat at the point where it is needed most and often simplifies the
thermal integration (e.g., through heat exchangers) required to make a fully functional
fuel processor. As a result, the ATR and CPO types of reactors are those that have
received the most recent investment and attention. The reactors that use the CPO and/or
ATR approach have been found to be the most compact and versatile reformer reactors.
On the other hand, while POX reactors are the most fuel flexible, ATR and CPO reactors
have some of the fuel flexibility of a POX reactor accomplished through the addition of
air to the reformer reactor. As a result, ATR and CPO reactors are the most common
type of reformer reactors considered and used in fuel cell systems today.
1.1.4

WHY STEAM REFORMING TECHNOLOGY?

Several different fuel processing technologies are being developed for PEM fuel
cells applications such as partial oxidation, catalytic partial oxidation and steam
reforming. Partial oxidation (POX) involves the partial combustion of fuel with air to
generate the heat needed to produce a hydrogen-containing reformate gas stream. Steam
reforming (SR) involves the use of an indirectly heated tubular catalytic reactor that
combines steam with fuel to produce a hydrogen-rich reformate gas stream.
1.1.4.1

Product Gas Quality and Thermal Efficiency

Steam reforming generates a reformate gas containing greater than 70% hydrogen
while partial oxidation generates a reformate gas typically containing less than 45%
hydrogen due to dilution by nitrogen and partial combustion products. Steam reforming
processes can achieve thermal efficiencies of greater than 70% (defined as LHV
hydrogen consumed in stack divided by LHV fuel) when integrated with currently
available PEM fuel cell stacks, while partial oxidation systems typically achieve
efficiencies of less than 60% when integrated with similar PEM stacks operating at
comparable power densities.
The parasitic power requirement for the SR fuel processor is typically less than 10%
of the gross fuel cell power output.
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System Size

POX fuel processors are generally perceived to be more compact and lighter weight
than comparable SR fuel processors. However, the downstream equipment for each of
these fuel processors is very similar and generally includes high and low temperature
shift (HTS & LTS) reactors that reduce the concentration of CO in the reformate to less
than 1%, a selective oxidizer that further reduces the CO concentration to less than 10
ppm, and waste heat exchangers, pumps, blowers, air coolers, and water recovery and
control systems that fill out the balance of plant. In fact, when the complete balance of
plant for a stationary fuel processor is considered, the steam reformer represents less than
15% of the total system volume. Thus, while a stand-alone POX reactor may be
somewhat smaller than a comparable stand-alone steam reforming reactor, the overall
fuel processor size is not fundamentally affected by the type of the fuel processing
system that is selected.
1.1.4.3

Start-up Time

POX fuel processors are also perceived to have the potential for more rapid "cold"
start-up than SR fuel processors. However, experience has shown that the main factor
that limits the "cold" start-up is the time required to reach design operating conditions in
the shift and selective oxidation reactors as necessary to achieve less than 10 ppm in the
effluent.
While the "cold" start-up time for transportation applications is of critical
importance, it may be substantially less significant for stationary PEM fuel cell
applications. It is likely that residential fuel processors will be coupled with battery
storage systems that will supply electricity to the household during periods of peak
electric demand. The fuel processor will be sized to adequately re-charge the battery
storage system during non-peak hours. With the proper balance between fuel processor
capacity and battery storage capacity, the fuel processor can be base-loaded during most
periods of operation. During days of modest electric usage, the fuel processor can be
operated at turndown for portions of the daily cycle or can even be parked in a "hot-idle"
state. For infrequent periods of abnormally low daily electric usage, the fuel processor
can be shutdown to a cold condition. In this case, there is sufficient battery storage such
that rapid re-start of the fuel processor is not critical.
1.1.4.4

Equipment, Catalyst, and Material Costs

The balance of plant (BOP) components for the POX and SR fuel processors are
essentially identical. However, POX fuel processors generate a nitrogen-diluted product
gas that has a 75% higher volumetric flow rate (dry basis) compared to SR fuel
processors of equivalent hydrogen generating capacity. For this reason, the equipment
size and catalyst requirements for the SR fuel processor are generally less than for a
comparable POX fuel processor. This results in the potential for lower manufactured
costs for SR fuel processors.
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Appendix 6 Fuel Choice Options by the Hydrogen Technical Advisory Panel
1.1.5

Efficiency and Technical Difficulty

Direct hydrogen vehicles are the most efficient, followed in order by vehicles with
onboard methanol and gasoline fuel processors, with gasoline fuel processor vehicles
being hardly more efficient than modern ICE vehicles. The added weight of the fuel
processors and lower hydrogen content to the fuel cells cause the lower efficiencies. Fuel
processor performance and its integration into the total vehicle system continue to
present developmental challenges that are the focus of ongoing R&D work. Even after
more immediate technical issues are solved, the greater complexity of fuel cell vehicles
with onboard fuel processors creates long-term concerns over reliability and
dependability. Technical difficulty is greater for gasoline than for methanol fuel
processors, but the gasoline fuel processor has the virtue of being able to handle other
fuels such as ethanol. This fuel flexibility is a key reason for DOE’s support of gasoline
fuel processors.
Onboard storage of hydrogen as a compressed gas or liquid in sufficient quantities
for acceptable vehicle range between refueling, and without loss of passenger or cargo
space, requires no breakthroughs in hydrogen storage technology. Rather, it requires
straightforward engineering development of onboard storage systems and of fueling
station storage and compression systems. Gaseous storage seems more practical for
passenger vehicles, with liquid hydrogen best suited for heavy duty fleet vehicles such as
buses. Most desirable for direct hydrogen vehicles would be storage of the hydrogen at
low pressures and ambient temperatures as an adsorbed phase on a solid storage medium.
Advanced carbon structures and, possibly, improved hydride materials offer such
promise, but are still many years away from commercialization.
1.1.6

Cost and Fuel Supply Infrastructure

Simply put, on a cost-per-vehicle basis — which includes the vehicle cost and a
portion of the fuel supply infrastructure allocated to each vehicle — the costs of direct
hydrogen and onboard fuel processor fuel cell vehicles can be comparable after the
vehicle population becomes large enough to amortize the cost of the refueling site.
Looking at fuel infrastructure costs on a per-vehicle basis, however, begs the much
larger issue of how a hydrogen fuel infrastructure could be created that initially serves
the first few hundreds of fuel cell vehicles, then thousands and hundreds of thousands,
and finally millions. This is direct hydrogen’s “Achilles’ heel.” Past experience with
other alternative fuel vehicles has demonstrated that it is very difficult to bring new
infrastructure and vehicles to the marketplace at the same time, thus the attractiveness of
the gasoline-fueled fuel cell vehicle with an onboard processor. (Although, as research
on the gasoline processor technology has progressed, it appears that a “special” gasoline
might be required in order to achieve acceptable results.) Onboard methanol presents
somewhat greater infrastructure difficulties, but its implementation seems much simpler
than direct hydrogen.
It is much easier to envision hydrogen supply infrastructures for heavy-duty fuel cell
fleet vehicles, based on a small number of central refueling stations with trained
operators. A broad consensus exists that direct hydrogen is the logical choice for
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centrally fueled fleet vehicles. But fleet vehicles are not seen as a logical pathway to
passenger vehicles.
Studies are beginning to paint the picture of how a hydrogen fuel infrastructure
might evolve for passenger vehicles. Initially, hydrogen could be produced and stored at
the refueling stations by means of small on-site hydrogen generators, utilizing steam
reforming or partial oxidation technology. While the preferred feedstock would be
natural gas taken from the nation’s existing natural gas distribution infrastructure,
feedstocks such as methanol, ethanol, propane, or even gasoline could be used. In
addition, water electrolysis units, connected to the nation’s existing electricity
infrastructure, could supply smaller hydrogen requirements. (Thus direct hydrogen, in
effect, represents the most flexible of fuel choices!) Hydrogen could be one of multiple
fuels available at stations. As fuel usage grows to many thousands of vehicles, the
picture might evolve to larger central plants, each delivering hydrogen to multiple
stations by pipeline and/or liquid hydrogen tankers. Alternately, on-site hydrogen
production may continue to prevail over the long term.
This picture, however, has many gaps. Small hydrogen generators (steam reformers,
partial oxidation units, or electrolyzers) are not yet cost-effective; further development
work is needed. Clear, viable bridging strategies for direct hydrogen that can take us
from the few initial vehicles to thousands of vehicles, while providing customers with
acceptable refueling convenience and cost, continue to elude us. Use of the existing
industrial hydrogen production and distribution infrastructure, coproduction of hydrogen
and electricity in future stationary fuel cell systems, and creation of regional fueling
clusters and corridors are possible bridging strategies under consideration. But we have a
long way to go to convince carmakers and energy suppliers that direct hydrogen
represents an early, viable pathway to eventual widespread usage of fuel cell vehicles.
One bridging strategy calls for onboard fuel processors and direct hydrogen vehicles
to be marketed in series. Fuel cell vehicles with onboard processors would provide initial
market penetration. Upon widespread customer acceptance, with many thousands of
vehicles on the road, sufficient volume would exist to economically justify a transition to
direct hydrogen vehicles. Optimistically, such a transition might take place within a
decade. This is an attractive scenario, but it may be flawed. Once the onboard processor
option achieves market dominance, it could lock out direct hydrogen vehicles for many
decades to come, thus denying society the superior long-term benefits of direct hydrogen
vehicles (these benefits are enumerated below). Witness the long-term market dominance
of other inferior technologies over their rivals: for example, VHS over Beta in the VCR
market, and Windows over Macintosh in the PC market.
1.1.7

Safety

Hydrogen advocates often characterize the issue of hydrogen safety as one of
perception only, stating that hydrogen is intrinsically safer than many other fuels,
including gasoline and natural gas, and pointing to the excellent safety record of the
merchant hydrogen industry. Safety is not just a perception; it is a real issue! However, it
is a manageable issue. With sufficient attention to R&D, engineering development and
design, and codes and standards development, acceptance by the insurance industry and
the public will follow.
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Societal Benefits of Direct Hydrogen

Societal benefits strongly favor direct hydrogen. Higher efficiency for direct
hydrogen directly translates to lower emissions of both pollutants and greenhouse gases
(although HTAP recognizes that the onboard fuel processor option, even with gasoline,
represents a major advance in reduction of pollutants over conventional ICE vehicles).
Direct hydrogen decouples energy sources from the vehicles themselves, and thus
provides for maximum fuel flexibility both near- and long-term. In the near term, it
allows for use of the nation’s abundant domestic natural gas supply, and possibly its
electrical grid, while still leaving the door open to methanol, ethanol, gasoline, and
diesel. In the longer term, it allows for entry of renewable energy — biomass, solar,
wind, and hydro — into the hydrogen supply infrastructure. (Methanol and ethanol also
provide pathways to renewable energy, but are less versatile.) Decoupling allows for use
of different energy and fuel sources in different regions of the country, depending on
economics and energy availability. It also allows developing countries to take unique,
advantageous pathways to the introduction of fuel cell vehicles, as a function of domestic
energy sources and pollution mitigation goals, thus avoiding the need to import more
expensive fuels.
In the case of gasoline-fueled fuel cell vehicles, direct hydrogen naturally reduces
the nation’s dependence on imported oil.
Finally, direct hydrogen leaves the door open to the possibility of eventual carbon
removal and sequestration from fossil fuels used to power fuel cell vehicles. Long-term
use of onboard fuel processors forever closes that door, since it is totally impractical to
separate and sequester carbon dioxide from the emissions of such vehicles.
1.1.9

Conclusion: An Appropriate Role for Government

The U.S. Department of Energy’s Comprehensive National Energy Strategy (April
1998) states: “The basic energy policy of the United States in recent years has been to
rely on markets to allocate most resources, with selective government intervention to
ensure that certain highly valued societal needs — including the need for energy security,
environmental quality, and energy research — are met.”
HTAP agrees with DOE’s R&D support for fuel cell vehicles with onboard fuel
processors. Widespread implementation of fuel cell vehicles, even with onboard fuel
processors, will provide important societal benefits, and onboard fuel processors may
turn out to be the most feasible means of making fuel cell passenger vehicles a reality.
HTAP is concerned, however, over DOE’s current approach of giving substantially more
support for the onboard fuel processor option — the option strongly supported by
industry and the option yielding substantially fewer societal benefits in the long run. This
approach seems inconsistent with the Comprehensive National Energy Strategy.
A more balanced allocation of DOE R&D resources between the two fuel cell
vehicle options would increase the chance of success for timely implementation of direct
hydrogen fuel cell vehicles. How might increased funding for direct hydrogen be used?
Here is a very preliminary list. A more definitive list would need input from both DOE
and industry.
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Expand system studies of refueling scenarios, a major goal of identifying viable
bridging strategies between initial introduction and widespread implementation. Industry
needs to be involved in a major way in such studies. (HTAP has decided to stress fuel
cell vehicle scenarios as part of the planned work of its new Scenario Planning
Committee.)
Expand R&D of advanced hydrogen storage technologies that hold the promise of
storing substantial quantities of onboard hydrogen at low pressure and ambient
temperature (for example, materials based on carbon nanotubes, aluminum silicate
polyhydrides, and advanced hydrides). Participation by the Office of Science would be a
major plus.
Expand the R&D work on onboard fuel processors to consider dual uses for both
onboard and, at a larger scale, for ground-based fuel processors that generate hydrogen at
fueling stations.
Expand ongoing work on hydrogen safety R&D and codes and standards
development. For example, more R&D is needed on hydrogen and flame sensors, flame
arrestors, and excess flow valves. Vehicle and fueling station demonstrations, while not a
pathway to widespread fuel cell vehicle implementation, serve as valuable precedents for
safety, codes and standards, and insurance availability.
In our Report to Congress, HTAP recommended that new alternatively fueled
vehicle legislation give extra consideration for direct hydrogen fuel cell vehicles, in
terms of incentives and mandates, commensurate with direct hydrogen’s greater societal
benefits. Included is a suggestion that new federal vehicle fleet vehicles at federal
facilities which already use hydrogen, such as NASA and Air Force aerospace launch
and test facilities, be hydrogen-fueled.
Finally, while it is not direct hydrogen, HTAP supports ongoing R&D work on
direct methanol fuel cells that electrochemically react methanol to carbon dioxide and
water without the need to first produce hydrogen. If direct methanol fuel cell technology
can eventually overcome problems such as low efficiency and scale-up to vehicle fuel
cell sizes, they can provide significant societal benefits, especially when the methanol is
produced from renewable sources.
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Appendix 7 Standards and Codes
North American Standards
ANSI / CSA FC 1 -- Design, safety, leakage, construction, and safety related performance
of stationary fuel cell power systems are covered by ANSI / CSA America FC 1, Stationary Fuel
Cell Power Systems. This standard was the result of an extensive revision to its predecessor,
ANSI Z21.83. The revision serves to broaden application to smaller units, include additional fuels,
and update design and construction methods and materials. Specifically, the new version includes
hydrogen fueled systems, and systems smaller than 50 kW. It also includes provisions for nonmetallic (polymeric) piping. Liquid Petroleum Gas (LPG / Propane) was covered by the initial
versions of this standard, and LPG / Propane continues to be covered as a fuel. Extensive
reformer design and safety related performance standards are included, but none of these
standards excludes or disadvantages propane. This standard is fully ANSI accredited and
published by CSA America, www.csa-america.org .
The latest edition of this standard has just been issued. Some lingering issues remain,
however, to be updated in the next revision. Some include pressure testing and hazardous location
usage. No interim or exigent changes are expected.
.NFPA 853 -- Installation of stationary fuel cell power systems is covered by NFPA 853 Standard for the Installation of Stationary Fuel Cell Power Plants. The 2003 revision to this
standard added specific requirements for smaller systems, under 50kW. The requirements for
smaller systems are less stringent, due to the smaller amounts of energy managed by the smaller
systems. NFPA 853 works in conjunction with ANSI / CSA FC 1 and requires compliance with the
previous design standard in order to require coherent compliance and parallel use. Propane is
covered as a fuel, and small systems using propane are allowed to be located indoors. NFPA 853
is fully ANSI accredited and published and available from the National Fire Protection Association,
www.nfpa.org .
The comment period for NFPA 853 just opened on June 1, 2004. Some proposed
changes include making the interim amendment permanent to allow small indoor methanol fueled
systems without sprinklers and fire walls. Additionally revisions are contemplated to clarify the
definition of flammability limits. Other issues may arise during the contemplation period now
started.
NEC Article 692 – Connection of fuel cell power systems to building power distribution
systems is covered by the National Electrical Code (NEC) which is designated NFPA 70. The
specific article covering fuel cell power systems is NFPA 70, Article 692, Fuel Cell Power Systems.
Although this standard for connection is an important requirement for areas that require compliance
with the National Electrical Code by law, it does not regulate the fuel used. The National Electrical
Code is fully ANSI accredited and published and available from the National Fire Protection
Association, www.nfpa.org .
Recent contemplation of changes to add the requirement to include a manual disconnect
switch were rebuked by industry involvement.
IEEE 1547 – Interconnection of fuel cell power systems with the local power grid is
covered by IEEE 1547, Standard for Interconnecting Distributed Resources with Electric Power
Systems. This standard is not accepted in all jurisdictions, but more and more state and local utility
commissions and utilities are adopting this standard to ensure safe interconnection. This standard
does not restrict or regulate the fuel used. IEEE 1547 is fully ANSI accredited and is published and
available from the Institute of Electrical and Electronics Engineers, www.ieee.org .
Current work continues to develop application guides and testing requirements. These will
be issued as IEEE 1547.XXX.

Spencer Management Associates

Propane Education & Research Council

-125-

ASME PTC 50 – Efficiency and fuel utilization effectiveness of fuel cell power systems are
covered by ASME PTC 50 - 2002 Fuel Cell Power Systems Performance. This rigorous
systematic testing protocol includes provisions for monitoring fuel and electrical inputs, as well as
electrical and heat outputs. An uncertainty analysis is required, and methods are given. Fuels are
not restricted and propane is covered. This standard is fully ANSI accredited, and is published and
available form the American Society of Mechanical Engineers, www.asme.org .
Recent work by the National Institute for Standards and Testing has utilized ASME PTC 50
methods to clarify correction factors and efficiency of fuel cell power systems in use.
NFPA 110 – Emergency and standby power systems are covered by NFPA 110, Standard
for Emergency and Standby Power Systems. This standard provides performance requirements
for power systems providing an alternate source of electrical power to loads in buildings and
facilities in the event that the primary power source fails. The 1999 edition includes a note in the
Appendix, A-3-1.4, that permits fuel cells to provide on-site power and allow the grid to provide the
back-up power in an emergency power system. This standard is fully ANSI accredited and
published and available from the National Fire Protection Association, www.nfpa.org .
Model Building Codes – Model building codes are developed and published by several
organizations. The two largest organizations publishing model building codes are the International
Code Council and the National Fire Protection Association. Both organizations include references
to fuel cells. These model building codes typically require that the other pertinent standards
discussed above are used to ensure coherent and parallel application. In addition, these model
building codes provide separation distances, and they specify allowable quantities of flammable,
combustible, hazardous, and toxic materials. Requirements for plumbing, piping, construction, and
electrical work are included. Since propane is a common fuel, permitted while being regulated by
the model building codes, as well as the codes adopted by the various jurisdictions, propane can
be utilized as a fuel for fuel cell power systems in a wide variety of applications.
Much work continues on model building codes to refine and develop separation distances
that will allow widespread deployment of hydrogen technologies. Much work is being done in both
research and model code writing. The two most active groups are the ICC Ad Hoc Hydrogen
Working Group and the NFPA Hydrogen Coordination Committee.

1. International Standards
IEC TC 105 -- Design, safety, leakage, construction, and safety related performance of
stationary fuel cell power systems are covered by the International Electrotechnical Commission
(IEC) Technical Committee (TC) 105 Working Group #3 on Safety of Fuel Cell Power Systems.
This standard is based in large part on ANSI / CSA America FC 1, Stationary Fuel Cell Power
Systems. IEC TC 105 also includes working groups on terminology (WG#1), fuel cell modules
(WG#2), fuel cell performance (WG#4), and fuel cell installation (WG#5).
The working group on safety works to develop a draft in 2004. More information can be
obtained at www.iec.ch .
The module standard developed by Working Group #2 is nearing publication. The
terminology standard developed by Working Group #1 has also been approved for publication.
The performance standard developed by Working Group #4 has received positive votes and
publication is expected in 2004. Working Group #5 on installation has failed to make progress, and
its future is uncertain.
CEN/CENELEC JWG Fuel Cell Gas Appliances – This standard, for European systems
only, provides installation requirements and may apply to propane fueled systems.

Portable Fuel Cell Standards

Spencer Management Associates

Propane Education & Research Council

-126-

1. North American Standards
ANSI / CSA FC 3 -- Design, safety, leakage, construction, and safety related performance
of portable fuel cell power systems are covered by ANSI / CSA America FC 3, Portable Fuel Cell
Power Systems. This standard was based in large part on ANSI / CSA FC 1. It also includes
provisions for non-metallic (polymeric) piping. Liquid Petroleum Gas (LPG / Propane) is covered by
the initial versions of this standard. This standard is nearing ANSI approval.

2. International Standards
IEC TC 105 -- Design, safety, leakage, construction, and safety related performance of
portable fuel cell power systems are covered by the International Electrotechnical Commission
(IEC) Technical Committee (TC) 105 Working Group #7 on Portable Fuel Cell Power Systems.
This standard is based in large part on ANSI / CSA America FC 3, Portable Fuel Cell Power
Systems. Propane is covered by this standard. In addition to Working Group #7, another working
group has been established on Micro Fuel Cells. Working Group #8 on Micro Fuel Cells is being
followed by Working Group #9 on Micro Fuel Cell Performance and a Working Group on Micro Fuel
Cell Interchangeability. The work on Micro Fuel Cells does not include propane fueled systems at
this time, but changes are possible during the development work now in progress.
The working group on Portable Fuel Cell Power Systems has neared an approved draft
status. The Micro Fuel Cell efforts will continue into 2005. More information can be obtained at
www.iec.ch .

Odorants
1. Current Events
While Propane fuel cell development programs continue, they are happening in an
environment where increasing emphasis is being placed on pure hydrogen systems. As pure
hydrogen systems make progress, manufacturers see the cost and complication of odorants
applied to both natural gas and propane fuels in a different light. One major fuel cell
developer estimates the costs of odorant removal at over 25% of their operating expenses -more than 2 cents per kWh. This kind of cost is hard to bear in a competitive environment.
Efforts of the US Fuel Cell Council have taken the issue of contaminants and prepared a
detailed report on contaminants for use in preparing a testing protocol for establishing
detrimental amounts of contaminants. The testing protocol includes both short and long term
testing.
The following contaminants are currently under investigation:
Water
Total hydrocarbons
Oxygen
Argon
Nitrogen
Helium
CO2
CO
Mercury
Sulfur
Permanent particulates
HCHO
HCOOH
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Acids: Formic, HCOOH; Acetic, H3CCOOH
Alcohols (mono): Methanol, CH3OH; Ethanol, C2H5OH; Alcohols
(mono); Iso(&n-) propanol, 3H7OH; Butanol, C4H9OH
Aldehydes: Formaldehyde, HCHO; Acetaldehyde, CH3CHO;
Propionaldehyde, C2H5CHO
Aliphatics (CnH2n+1): Methane, CH4; Ethane, C2H6; Propane,
C3H8
Alkanes (e.g. CH4, C2H6)
Alkenes (e.g. C2H4, C3H6)
Ammonia (NH3)
Aromatics (CnHn): Benzene, C6H6; Toluene, C6H5CH3; Xylene,
C6H4(CH3)2; Naphthalene,C10H8
Aromatics (e.g. C6H6, C6H5CH3)
Borate, BO3=
Carbonyl Sulfide, COS
Chlorine, Cl2
Chromium, Cr+++
Copper, Cu+ & ++
Cycloaliphatics (CnH2n): Cyclopentane, C5H10; Cyclohexane,
C6H12
Cycloolefinics (CnH2n-1): Cyclopentene, C5H8; Cyclohexene,
C6H10
Diols: Ethylene Glycol, C2H4(OH)2; Propylene Glycol,
C3H6(OH)2
Esters
Halide: Fluoride, F-, Chloride, Cl-, Bromide, Br-, Iodide, IHalogenated Organics
Hydrazine, N2H4
Hydrogen Chloride, HCl
Hydrogen Fluoride, HF
Hydrogen Sulfide, H2S
Iron, Fe++ & +++
Ketones: Dimethyl Ketone, CH3COCH3; Methyl Ethyl Ketone,
CH3COC2H5
Lithium, Li+
Mercury, Hg++
Nickel, Ni++
Olefinics (CnH2n): Ethylene, C2H4; Propylene, C3H6; Butylene,
C4H8
Potassium, K+
Sodium, Na+
Sulfate, SO4=
Sulfur Dioxide, SO2
2. Future Plans
The US Fuel Cell Council has considered work to develop new propane standards for fuel
cell systems, more stringent than standards currently in place. Specifically the Power
Generation Working Group has investigated propane standards that would restrict
constituents as follows:
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Suggested Specification

C3H8
C3H6
C4H10
C4+
Balance
CO2

>90%
<5%
<1%
<0.1%
C2H6 or C3H8
<0.1%

COS
H2S
C2H5SH

<100 ppbv
<100 ppbv
25 to 35 ppmv

This would most likely take the form of a revision to Liquefied Petroleum Gas,
Specifications and Test Methods1
In addition to investigating propane standards as discussed above, the Power Generation
Working Group is investigating non-sulfur odorants for natural gas such as Symrise GasOdor
S-Free. See http://194.231.35.67/en/presse/ for more information.
There is some building interest in moving towards a sulfur-free fuel environment for all fuels,
including propane
3. Options
Some options for non-ordorized gas exist. Hydrogen is used in an un-ordorized form now,
and un-odorized hydrogen is being accepted without odorant. Investigation of non-odroized
natural gas and non-odorized propane may be feasible with gas sensors deployed to take the
place of odorant.
The hydrogen working groups and coordinating committees have been willing to move
forward with non-odorized gas. This approach is being accepted, and something similar for
propane might be one possible approach.
In addition to investigation of more stringent standards, the use of non-odorized propane may
make the fuel cell propane standard a less expensive option. Some design standards might be
needed to cope with un-ordorized propane, but these are not necessarily too difficult to
contemplate.

Comments and responses

1
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From Larry Osgood: Are there any requirements for propane detectors? Inside or outside the unit casing?
Especially in systems with any significant volume of fuel resident in the system where the propane is
desulfurized and thereby also deodorized?
Page: 129
RESPONSE from Robert Wichert: There are no references to unodorized gas at this point. Hydrogen
detectors ARE REQUIRED, or a Failure Modes and Effects Analysis (or equal) must show that they are not
needed inside the casing. Hydrogen detectors ARE REQUIRED outside the casing unless the system does not
make hydrogen (e.g. Direct Methanol Fuel Cells). Hydrogen detectors are typically flammable gas detectors,
and capable of detecting all flammable gases. They are not usually hydrogen specific, so they would respond to
propane also. The simple answer to your question is “No, there are no requirements for propane detectors in
fuel cell standards at this time, but there are requirements for hydrogen detectors that would also detect any
flammable gas, including propane, both inside and outside the casing”.
From Larry Osgood: Are there any strict requirements we should be aware of or concerned about at this time?
Page: 129
RESP0NSE from Robert Wichert: The main message is that propane is allowed. It is not prohibited. There
are no strict requirements specific to propane. It is treated as a normal fuel, regulated by the fuel gas standards
in place now, and not specifically regulated by the fuel cell design standards or the fuel cell installation
standards. Large systems (above 50 kW) do require sprinklers and fire walls with propane, natural gas, or
kerosene or diesel or other fuels.
From Larry Osgood: Is this also 50kW and under??”
Page: 129
RESPONSE from Robert Wichert: Yes, that is for 50 kW and under “small systems”.
From Larry Osgood: Are propane systems required to have sprinklers and fire walls?
Page: 129
RESPONSE from Robert Wichert: No, small LPG / Propane systems under 50 kW are not required to have
sprinklers and fire walls. If sprinklers and fire walls are required for other reasons, those reasons would prevail,
of course.
From Larry Osgood: What energy content factor is used for propane and for nat gas? Is it lower heating value?
If so, LHV excludes the water content energy condensing value in the exhaust from combustion, which has
nothing to do with a fuel cell. In fact, the fuel cell does use the hydrogen energy, so I would think using LHV
would simply raise the relative efficiency, in a disingenuous way. I could also be wrong, so please enlighten
me.
Page: 129
RESPONSE from Robert Wichert: You are correct. Using LHV raises the indicated efficiency, in a
disingenuous way. This is typical for efficiency measurements for gas turbines, boilers, and other heat cycles.
The use of LHV for fuel cells was imposed by the industry to be consistent with the disingenuous use of LHV
for those other systems. They did not want to be “unfairly compared” with the other systems. Please note that
when purchasing natural gas, the HHV is typically the unit of measure for purchase, and should really be the
value used in all efficiency calculations. ASME PTC 50 makes this clear, but it does allow the use of either
LHV (nominal) or HHV (special case).
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From Larry Osgood: Good luck.
Page: 130
RESPONSE from Robert Wichert: It appears that problems with reformers, including removing odorants,
have prompted many manufacturers to fall back to pure hydrogen systems. For back-up or remote power, this
may be advantageous. It certainly makes for a simpler system.
From Larry Osgood: This is a key issue we want to track and work on as needed. But I can’t help but wonder
what kind of economics are being considered when the H2 fuel and storage costs are more than quadruple that
of ng and propane. It takes some strange equations to make that a “deal.”
Page: 130
RESPONSE from Robert Wichert: It appears that the fuel cell developers are more worried about their
catalysts and sulfur removal systems than fuel costs. This does make sense for back-up and remote systems,
depending upon the application of course. I agree that pure hydrogen systems must be difficult to justify on
economic grounds, but it makes the fuel cell system simpler and because of that, some fuel cell developers are
pursuing it seriously. Please note that the US DOE has stopped work on vehicle reformers on-board the vehicle
and moved to pure hydrogen systems as their preferred approach. The move on stationary systems to pure
hydrogen is just another step away from reforming.
From Larry Osgood: Certainly a comprehensive list. Will have to establish what components and at what
levels problems are caused.
Page: 130
RESPONSE from Robert Wichert: This is being worked by the US Fuel Cell Council Hydrogen Quality
Task Force, with research expected to start later this year.

From Larry Osgood: Most of the specifications listed are already met by most propane sold in the US. The
exceptions are C4s (incl iC4) which can be up to 2.5%. C5+ can meet the <0.1%. COS & H2S cannot reach
100 ppbv in commercial processing. This will take after treatment. The C2H5SH treatment rate is set by NFPA
at a minimum of 1lb/10,000 gal and exceeds the recommended level, thus requiring on-site treatment at this
time.
Page: 130
RESPONSE from Robert Wichert: This is what the fuel cell developers are working towards for propane. A
“Path to Success” would be an excellent document, developed collaboratively.
From Larry Osgood: If you want changes considered, I suggest you contact GPA early-on to get input. These
folks are very big and influential, but are somewhat practical too. As an example, the gas propellant industry
uses millions of gallons of tighter spec propane every year. They have found that treating the propane going
into propellant specifically is the best way to deal with the issues needing attention.
RESPONSE from Robert Wichert: This is exactly the type of input that the fuel cell industry needs. Some
collaborative communication would be helpful. The fuel cell industry is not well informed regarding these
issues in other industries. Perhaps the experience of the propellant industry could be a perfect example of the
“Path to Success”.
From Larry Osgood: Symrise is not usable in LPG as formulated. I have been told it smells like paint thinner,
but definitely not like gas. We all know what gas smells like, and that’s because of the sulfur group. When
someone comes home and smells gas, hopefully they know what to do. When they smell a stench or paint
thinner, they may plan to take out the trash or find out who’s painting later, after they have a smoke or turn on
the lights. You would also have to make sure that a detector was perfectly functional in these situations. Not
likely in a home or commercial environment.
Page: 130
RESPONSE from Robert Wichert: Symrise is NOT applicable to LPG / Propane. The information is
included to indicate the level of interest in non-sulfur odorants. It would appear from our information that nonsulfur odorants are seen as very valuable to the fuel cell industry. Likewise un-odorized LPG / Propane might
also be of interest, if the obvious safety problems can be overcome.
From Larry Osgood: The safety issues will still have to be overcome. I suggest you begin discussing with
NFPA right away.
Page: 130
RESPONSE from Robert Wichert: I agree
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From Larry Osgood: Be careful to jump here. How much H2 is being used commercially in these applications
you mention. What are the costs and other impacts. I suggest you draft a strategy here for NG and propane, and
then see what reaction you get from AGA and NFPA first. This is nice and easy to talk about, but the problems
are in the practicality. We can’t dream real safety issues away. We have to have real answers that work.
Page: 131
RESPONSE from Robert Wichert: I agree
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Appendix 8 State Incentives for Fuel Cells

1. Introduction
The United States is more energy-dependent than any other country. With only 4.6 percent of the
world’s population, the United States consumes 24.0 percent of the world’s energy. The United States ranks first
in annual petroleum consumption (25.4 percent) and natural gas consumption (25.0 percent), and ranks second
only to China in coal consumption. i
Critical problems associated with fossil fuel dependency and energy inefficiency are increasingly
evident to governments at all levels, both domestic and abroad. Many governments are taking aggressive actions
to address and counteract these problems, which include short-term and long-term environmental degradation,
air pollution and public health deterioration, global warming, and a variety of political and economic
consequences and risks associated with the procurement and combustion of fossil fuels. National security
concerns also have been a prime motivator for energy policy re-examination.
Furthermore, several countries unaccustomed to massive blackouts—notably Italy, Sweden, Denmark,
the United Kingdom, the Untied States and Canada—discovered in 2003 that old-fashioned, centralized electric
generation systems are extremely vulnerable to malfunction—or worse. The resulting power outages, which
collectively affected over 100 million people, contributed to a surge of new interest and investment in energy
surety and distributed generation technologies.
Fuel cells are a promising source of clean, reliable, locally-generated energy. The U.S. federal
government is providing substantial support to address the challenges confronting the fuel cell industry,
including high production costs, the paucity of fuel and repair infrastructures, lingering technological
impediments and a low level of public awareness.
At a broader level, international alliances that seek to accelerate the development and
commercialization of fuel cells are taking form. In November 2003, the International Partnership for the
Hydrogen Economy (IPHE) was created by the European Commission, the United States, Japan and 13 other
countries. In January 2004, the United States and Japan signed a joint statement of intent to pursue precompetitive research and the development of fuel cell and hydrogen technologies. The European Commission
also is expanding its efforts to facilitate Europe’s anticipated transition to a hydrogen-based economy.
Often underreported is the fact that state governments in the United States collectively offer scores of
financial incentives and favorable regulatory policies that promote fuel cell deployment. This paper will discuss
state-level incentives and policies encouraging the development and adoption of stationary fuel cells. The
primary source of information for this paper is the Database of State Incentives for Renewable Energy
(DSIRE),ii a public resource funded by the U.S. Department of Energy and managed by the N.C. Solar Center at
N.C. State University.

2. Background – The DSIRE Project
Established in 1995, DSIRE (www.dsireusa.org) is an ongoing project of the Interstate Renewable
Energy Council (IREC) and the N.C. Solar Center. DSIRE tracks (1) financial incentives; (2) outreach and
voluntary programs; and (3) rules, regulations and policies administered by state governments, local
governments, utilities, nonprofit organizations and private corporations to promote the use of renewable energy
technologies. DSIRE also includes selected federal incentives for renewable energy. As of March 2004, DSIRE
contained information on approximately 875 programs.
DSIRE provides the following information for each program:
•
•
•
•
•
•
•

Incentive type
Incentive administrator
Eligible sector or sectors
Eligible technology or technologies
Incentive summary
Link to authorizing statutes, orders, or regulations (when relevant)
Link to program web site

The DSIRE home page features a clickable map of the United States to maximize facility, and includes
a search function that allows users to explore the entire database of incentives by technology, eligible sector,
incentive type and various other criteria. In addition, DSIRE offers U.S. maps that are color-coded by state in
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order to provide users with a better sense of regional trends regarding specific incentive types. The DSIRE
project is a constantly evolving and increasingly comprehensive resource for policymakers, consumers,
businesses, investors and renewable energy advocates alike.

3. Overview of State Policies and Trends
Federal funding for fuel cells largely supports research and development efforts for both stationary and
automotive fuel cell applications, as well hydrogen infrastructure issues. State-level funding, on the other hand,
tends to support the adoption of stationary fuel cells by end-users. A thorough knowledge and understanding of
available state-level incentives may prove beneficial to those with an interest in the development and
deployment of stationary fuel cells. Furthermore, stakeholders should be aware that there is a “long-standing
tradition in American governance whereby states serve as laboratories for subsequent federal policy.”iii
U.S. states offer a creative array of financial incentives to encourage the deployment of stationary fuel
cells. These programs include industry recruitment incentives, corporate tax credits, net metering policies,
grants, loan programs, rebate programs, personal tax credits, sales tax exemptions, property tax exemptions, and
one production incentive.
It is important to recognize that most state-level financial incentive programs for which stationary fuel
cells are eligible were not designed exclusively to support fuel cells. Rather, these programs typically are
designed to promote the development and adoption of multiple renewable energy technologies. Many of these
incentive programs also support wind, photovoltaics (PV), biomass, small-scale hydro, and/or other renewable
energy systems.
Two state-level fuel cell incentive programs vanished in 2003—California’s Public Leadership
Solutions for Energy (PULSE), a loan program, and Massachusetts’ Green School Initiative, a grant program—
and a handful of programs were restructured, including grant programs in Illinois and Minnesota.
However, 10 new incentive programs were created during 2003 and early 2004:
1.
2.
3.
4.

Massachusetts - Fuel Cell Grants
New Jersey - Renewable Energy Advanced Power Program (a grant program)
New Jersey - Renewable Energy Economic Development (REED) Program (a grant program)
New Jersey - Reduced Energy Demand Options (REDO) for Local Governments and Schools (a loan
program)
5. New Mexico – Clean Energy Grants Program
6. Pennsylvania - Energy Harvest Grant Program
7. New York - Solar and Fuel Cell Electric Generating Equipment Tax Credit
8. Louisiana - Net Metering policy
9. Maine - Renewable Resources Matching Fund Program (a grant program)
10. Wyoming - Renewable Energy Tax Exemption

The net gain of state-level incentive programs is encouraging, especially considering the current dreary
condition of dozens of state budgets. Stakeholders should be aware that a February 2004 report issued by the
National Conference of State Legislatures warned that 31 states will have budget gaps totaling $35.6 billion for
fiscal year 2005.iv
Another significant development in 2003 was the creation and evolution of the Public Fuel Cell
Alliance (PFCA), a coalition of state, federal and international stationary fuel cell programs collaborating “to
accelerate the widespread adoption and commercialization of stationary fuel cell technologies, fuel cell
deployment and hydrogen infrastructure development in North America.”v The PFCA, which was still in the
development process at the time of this writing, is supported by agencies in 21 states.2 Among other intentions,
the PFCA proposes to facilitate joint projects among partners and serve as an information clearinghouse that
will collect, standardize and publicize information pertaining to state, federal, and other fuel cell incentives and
programs. The PFCA may be organized as a project of the Clean Energy States Alliance (CESA), a new
nonprofit organization comprised of 17 state energy funds from 12 states.3 The CESA, managed by the Clean
Energy Group, was established in January 2004.

2

The PFCA is supported by Alaska, California, Connecticut, Delaware, Florida, Hawaii, Illinois, Indiana,
Massachusetts, Michigan, Minnesota, Mississippi, New Jersey, New Mexico, New York, North Carolina, Ohio,
Oregon, Pennsylvania, Rhode Island and Texas.
3
The CESA is supported by California, Connecticut, Illinois, Massachusetts, Minnesota, New Jersey, New
York, Ohio, Oregon, Pennsylvania, Rhode Island and Wisconsin.
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3.1 Industry Recruitment Incentives and Corporate Tax Credits
Several states—Arkansas, California, Hawaii, Michigan, Montana and Ohio—offer generous corporate
tax credits and exemptions in an effort to recruit fuel cell manufacturers. Michigan and Ohio are the most
aggressive states in this category. Under the NextEnergy economic development plan, Michigan offers multiple
tax benefits to companies engaged in the research, development or production of fuel cells. Eligible companies
receive a full property tax exemption on alternative energy equipment, a full exemption from the state’s personal
and real property tax, an exemption from the state’s education tax, and a personal income tax credit equal to the
sum of the state income taxes paid by company employees.
Ohio’s three-year, $103 million fuel cell initiative, which took effect in May 2002, includes $75
million to fund a direct loan program specifically for fuel cell businesses locating or expanding in the state. The
California Consumer Power and Conservation Financing Authority offers low-interest loans ranging from $2
million to $10 million per applicant (with maximum awards of $40 million per company) to manufacturers of
renewable energy systems or components that establish or expand facilities in California.

Figure

1. States with industrial recruitment incentives or corporate
tax credits for stationary fuel cell deployment.

Hawaii offers a 100 percent tax credit on equity investments in businesses primarily engaged in
manufacturing high technologies, including fuel cells. Arkansas offers a tax credit equal to 50 percent of the
amount spent to construct a facility that designs, develops or produces fuel cells.
In Montana, commercial investments in alternative energy systems—including fuel cells—totaling or
exceeding $5,000 are eligible for a tax credit of up to 35 percent on income generated by these investments.
Associated facilities, including manufacturers of alternative energy equipment and industries using the energy
generated, are also eligible for this credit. In addition, Oregon offers a 35 percent credit on the incremental cost
of fuel cell installations in commercial or industrial facilities.
Maryland and New York offer corporate tax credits for the inclusion of fuel cells in the construction of
green buildings. In Maryland, qualifying green buildings that incorporate fuel cells receive a tax credit equal to
30 percent of a fuel cell’s installed cost. In addition, New York offers a credit equal to 30 percent of the
capitalized cost of a fuel cell used in green building construction.

3.2 Net Metering
Net metering, a crucial regulatory policy and financial incentive to encourage the adoption of
renewable, distributed energy technologies, exists at various levels in 38 states. Net metering allows generators
to receive full retail credit for excess electricity produced by eligible facilities.
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Thirteen states and the District of Columbia have statewide net metering policies that apply to all
utilities and include fuel cells as an eligible technology: Arkansas, Connecticut, Georgia, Idaho, Louisiana,4
Massachusetts, New Mexico, Ohio, Oregon, Rhode Island, Utah, Vermont and Washington. Net metering
policies and conditions vary widely, although all 14 of these statewide policies include residential fuel cell
applications. Most of these policies are also available to the commercial and industrial sectors. Moreover, Idaho,
Louisiana and Vermont include agricultural facilities.

3.3 Grant Programs
Of the 10 new incentives created by states in 2003 and early 2004, six of these were grant programs. A
new Massachusetts grant program covers up to 25 percent of the total capital costs for the purchase and
installation of fuel cells. A maximum award of $2,000,000 is available to businesses, nonprofits, and state and
local government agencies under this program, which is supported by the state’s public benefits fund. In
addition, Massachusetts’ Green Buildings Initiative provides awards of up to $500,000 to encourage the
incorporation of fuel cells and other renewable energy technologies into new building construction.

Figure 2.

States offering grants supporting stationary fuel cell
deployment.5

New Jersey’s Renewable Energy Advanced Power Program, created in 2003, encourages the
development of distributive renewable electricity generation projects, including fuel cells. Awards cover up to
20 percent of total construction and other qualifying costs in non-residential facilities. This program is funded
by the state’s societal benefits charge. Another new program created by New Jersey in 2003, the Renewable
Energy Economic Development (REED) Program, provides funding in the form of a recoverable grant for the
development of renewable energy businesses, renewable technologies and market infrastructure. Businesses and
nonprofit organizations are eligible for grants of up to $500,000 under the REED program.
New Mexico’s new Clean Energy Grants Program, created in March 2004, provides funding for
renewable energy projects, including fuel cells. Grants are available to state and local government agencies,
schools and tribal governments. (The legislation
that created New Mexico’s Clean Energy Grants Program also established a statewide hydrogen and fuel cell
technologies development program, which includes an outreach and education component.)
Pennsylvania’s Energy Harvest Grant Program, created in 2003, provides grants to encourage
businesses, nonprofits, schools, agricultural facilities and local government agencies to improve air quality,
4

Louisiana’s net metering vaguely-worded net metering legislation, enacted in June 2003, allows commercial,
industrial, residential and agricultural facilities to net meter electricity generated by fuel cells. At the time of this
writing, the Louisiana Public Service Commission was still developing guidelines for Louisiana’s net metering
policy and interconnection standards.
5
This map does not include several states that operate grant programs specifically supporting research and
development efforts for renewable energy technologies, including fuel cells.
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preserve land and protect local watersheds while providing economic opportunities for the state’s agricultural
community. There is no maximum award for this program, for which fuel cell projects are eligible. Total
funding for the Energy Harvest Grant Program is $5 million. Other grant opportunities exist in Pennsylvania
through the state’s four major distribution utilities; these programs were created in cooperation with the state
government following Pennsylvania’s restructuring process.
Illinois offers two grant programs for which fuel cells are eligible. Illinois’ Renewable Energy
Resources Program, which is supported by the state’s public benefits fund, was restructured in 2003 and now
involves an annual solicitation process. One of two solicitations issued by this program in 2003 offered grants of
up to $225,000 for fuel cell projects. In addition, the Illinois Clean Energy Community Foundation (ICECF)
offers grants for which fuel cells are sometimes eligible. ICECF solicitations are issued twice per year and vary.
Oregon’s New Renewable Energy Resources Grants fund a variety of projects in residential,
commercial, nonprofit, school and local government facilities. This program, which awards approximately $1.5
million annually, is supported by the state’s public benefits fund. Maine’s Renewable Resources Matching Fund
Program, created in 2003, offers matching grants to nonprofit organizations for community-oriented
demonstration projects using renewable energy technologies. This program, supported by Maine’s public
benefits fund, provides a maximum award is $50,000.
In January 2003, Connecticut issued a solicitation for the installation and demonstration of fuel cells at
businesses, schools, nonprofit organizations or local government agencies. A total of $4 million was made
available under this solicitation, which specifically targets fuel cells. In December 2003, Minnesota issued
solicitations for renewable energy projects totaling $25 million. Fuel cells projects are eligible under some
Minnesota solicitations, which are funded by the state’s public benefits fund.
In 2003, Rhode Island issued a solicitation intended to encourage large-scale energy consumers to
purchase electricity generated by renewable resources. This solicitation offered a total of $500,000 to support
proposals by large-scale consumers and utilities for the purchase or sale of green power to large-scale
consumers in Rhode Island. These awards are supported by the state’s public benefits fund.
Several additional state-level grant programs exist, but these are not incorporated into various maps and
state tallies present in this report due to their peripheral nature. Michigan offers grants for energy efficiency
projects, potentially including fuel cells with heat recovery applications, with funding from the state’s public
benefits fund. Michigan’s grant awards vary by solicitation. Furthermore, several states—including California,
Connecticut, Indiana, Massachusetts, Minnesota, New York, Ohio and Texas—operate grant programs that
support research and development efforts for renewable energy technologies, including fuel cells. Of these
states, Connecticut and Ohio have programs specific to fuel cells.

3.4 Rebate Programs
Although only two states offer rebate programs for fuel cells, these incentives are among the most
generous of all state-level incentives. California’s Self-Generation (SELFGEN) Program pays large-scale
generators the lesser of $4.50 per watt or 50 percent of the cost of grid-tied fuel cells using a renewable fuel, and
the lesser of $2.50 per watt or 40% of the cost of grid-tied fuel cells using non-renewable fuels and
incorporating heat recovery technologies. Fuel cells with a capacity of 30 kilowatts to one megawatt are eligible
for this rebate program. 6
California’s Emerging Renewables Program offers rebates for the purchase and installation of fuel cells
with a maximum capacity of 30 kilowatts. This program—available to the businesses, residents and agricultural
facilities—makes awards to eligible applicants based on system capacity. The Emerging Renewables Program,
which is funded by California’s public benefits fund, was restructured over the past year. Rebate amounts have
decreased recently due to California’s budget crisis, and it is possible the program could be scaled back further.
New Jersey’s Clean Energy Program, funded by the state’s societal benefits charge, provides enticing
rebates of up to $5 per watt for fuel cells, depending on capacity. This incentive is available to businesses and
residents.

3.5 Loan Programs
Five states operate loan programs for which fuel cells are eligible. The California Consumer Power and
Conservation Financing Authority offers low-interest loans ranging from $2 million to $10 million per applicant
(with maximum awards of $40 million per company) for the purchase and installation of renewable energy

6

Although the maximum system size eligible for California’s SELFGEN Program is 1.5 megawatts, incentive
payments do not extend beyond one megawatt.
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systems. Loans may also be used by manufacturers of renewable energy systems or components that establish or
expand facilities in California. (This program is also listed as an industrial recruitment incentive in Section 3.1)
Ohio’s Renewable Energy Financial Assistance Program offers low-interest loans of up to $50,000 to
residents and $500,000 to businesses for the implementation of energy efficiency or renewable energy projects.
This program is funded by the state’s public benefits fund. (Ohio’s fuel cell loan program is listed as an
industrial recruitment incentive in Section 3.1.)
Montana’s Alternative Energy Revolving Loan Program provides loans to residents and small
businesses to purchase renewable energy technologies, including fuel cells. New Jersey implemented a new loan
program in early 2004, offering low-interest loans to schools and local government agencies to cover the
incremental cost of energy efficiency and renewable energy projects. Pennsylvania does not offer a statewide
loan program, but the state’s four major distribution utilities offer separate loan programs for which fuel cells
are eligible. These programs were created in cooperation with the state government following Pennsylvania’s
restructuring process.
Although Indiana and Mississippi offer low-interest loan programs for which fuel cells are potentially
eligible, it is unlikely fuel cell projects will be chosen in the near future, according to the program managers.
(Furthermore, Mississippi’s program was suspended in early 2004.)

3.6 Production Incentives
Production incentives can have a major impact on emerging renewable energy technologies. The
federal Renewable Energy Production Incentive (REPI)—which, at the time of this writing, was suspended for
new projects as of December 31, 2003—has been crucial to the development of the U.S. wind industry. This
incentive is directed at utilities and also applies to electricity generated by fuel cells.
Over the past two years, Rhode Island’s State Energy Office has issued solicitations geared toward
commercial generators and utilities to encourage the generation of electricity by renewable energy systems,
including fuel cells. This production incentive, funded by Rhode Island’s public benefits fund, has paid up to
$0.03 per kilowatt-hour for electricity produced during a five-year period.

3.7 Personal Tax Credits
Four states offer personal tax credits as a means of enticing residents to purchase stationary fuel cells.
In 2003, New York implemented a tax credit of 20 percent for fuel cells installed a taxpayer’s principal
residence, with a maximum credit of $1,500. Maryland’s personal tax credit is essentially identical to its
corporate tax credit; both provide a credit of 30 percent for fuel cells used in new green buildings. Residents of
Oregon and Montana are eligible for tax credits of up to $1,500 and $500, respectively, for the purchase and
installation of fuel cells.

3.8 Tax Exemptions
Four states have implemented a sales tax exemption or reduction for the purchase of stationary fuel
cells, and several others offer other tax exemptions. Maryland offers a full sales tax exemption specifically for
fuel cells. Nevada exempts fuel cells from local sales tax. Vermont exempts fuel cells of 15 kilowatts or less
from the state sales tax, and Washington exempts fuel cells of at least 200 watts from the state sales tax.
Residents and businesses in Oregon are exempt from paying property tax on the added value to a
property resulting from the installation of fuel cells and certain other renewable energy technologies. Montana
offers a property tax exemption on the assessed value of fuel cells used in buildings. Also, renewable energy
systems in Montana with a minimum capacity of one megawatt are eligible for a 50 percent reduction of the
state’s corporate property tax for five years, and a diminished reduction for the subsequent five years.
Furthermore, renewable energy systems with a capacity of less than one megawatt are exempt from property
taxes for five years after start of operation.
In 2003, Wyoming enacted legislation exempting the sale of certain renewable energy equipment,
including fuel cells, from the state excise tax. (Michigan’s tax exemptions, which are classified as industrial
recruitment incentives in this report, were discussed in Section 3.1.)

4. Other State-Level Policies
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Some states have adopted comprehensive regulatory policies to ensure the creation of an in-state
renewable energy industry. Public benefits funds (PBFs) and renewable portfolio standards (RPSs) are two such
policies.
Most existing PBFs—also known as system benefits charges (SBCs)—were created by states as part of
the electricity market restructuring process. PBFs are typically supported by a small surcharge on all electric
bills. These funds vary widely in size and scope, and generally finance energy efficiency improvements,
renewable energy projects, and low-income housing projects and improvements.

Figure 3.

States with public benefit funds supporting
the deployment of stationary fuel cells.

Fifteen states currently have PBFs that support renewable energy projects, and 12 of these support fuel
cells: California, Connecticut, Illinois, Maine, Massachusetts, Minnesota, New Jersey, New York, Ohio,
Oregon, Pennsylvania and Rhode Island. 7 Several of the more generous fuel cell incentive programs already
discussed in this report are financed by PBFs, including California’s Emerging Renewables Program,
Massachusetts’ fuel cell grant program, Minnesota’s grant program, New Jersey’s Clean Energy Rebate
Program, New Jersey’s Renewable Energy Advanced Power Program, Ohio’s Renewable Energy Loan program
and Rhode Island’s production incentive.
Thirteen states have imposed a renewable portfolio standard (RPS) on large-scale electricity generators,
requiring these generators to use specified renewable energy resources to supply a certain percentage of their
electricity by a specified year. Like PBFs, these policies have a tremendous potential to create a renewable
energy industry within state boundaries. These standards also vary greatly among states, particularly in terms of
eligible renewable energy resources, the percentage of renewable energy required from these resources, and
mandated deadline. Fuel cells are an eligible technology to achieve standards in eight states: California,
Connecticut, Hawaii,8 Maine, Massachusetts, New Jersey, New Mexico and Wisconsin.
Furthermore, at least five states fund and actively participate in organizations that engage in statewide
outreach and/or public education programs promoting the deployment of fuel cells. These organizations include
the California Fuel Cell Partnership, the California Stationary Fuel Cell Collaborative, NextEnergy (Michigan),
a freshly established hydrogen and fuel cell technologies development program in New Mexico, the Ohio Fuel
Cell Coalition, and the Infinite Power of Texas.

5. Recommendations for Further Research
7

Maine’s public benefits fund is supported by voluntary contributions. Michigan has a public benefits fund that
supports energy efficiency projects. Although fuel cell projects with heat recovery applications are potentially
eligible for funding in Michigan, solicitations vary.
8
Hawaii has a renewable portfolio goal; there are no penalties for non-compliance.
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As the conventional system of electricity generation poses increasingly significant challenges to
economies, the environment, public health, energy surety and national security, policymakers likely will
continue to expand incentives and policies that promote a shift toward renewable energy. Indeed, this report has
found that state governments have continued to invest in renewable energy despite serious and prolonged budget
constraints. With this in mind, more research is needed to determine and analyze the success of state-level
incentives and other programs promoting stationary fuel cells and other renewable energy resources. This need
may be fulfilled in part by the Public Fuel Cell Alliance (PFCA), depending on the direction and scope this
organization assumes in 2004. It is anticipated that much of the information and data the PFCA intends to
collect will become public. Future research on state-level policy regarding fuel cells should consider cooperating
with the PFCA when feasible.
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Appendix 9 DOE Scope of Work for APU RV Research
Topic 2 Fuel Cells for Auxiliary Power Generation (3-30 kW)
The objective of Topic 2 is to develop, construct, and validate fuel cell power systems for APU applications.9
Larger auxiliary power systems, in the range of 3-5 kW average/5-10 kW peak for APUs for truck idling
reduction and for recreational vehicles and 10-30 kW for refrigeration for long-haul trucks will operate on
hydrogen or hydrogen derived from on-board processing of propane or low-sulfur diesel fuel, depending on the
application and type of fuel cell. The allowable costs are expected to be $1,500/kW in 2006 and $400/kW in
2010.
The deliverable of Topic 2 is an integrated fuel cell system and results of validation testing to verify that the
integrated fuel cell system is capable of meeting the goals listed in Table 3 for APUs. The validation testing
will be performed with the input of an end user such as a fleet operator or the military under real-world
conditions and duty cycles but not necessarily in an on-road truck; laboratory testing is acceptable as long as onroad conditions are properly simulated.
The focus will be on electrical efficiency, power output, specific power, lifetime, duty cycle,
durability/ruggedness, and cost feasibility. Success will be measured against the targets in Table 3.
Based on the results of the validation test, progress toward meeting the technical and cost targets will be
documented in a written report including a discussion of the durability of the fuel cell system, subsystems, and
components. An assessment of the market readiness will be included in the report.
Successful development of low-cost, rugged, high-performance cell and stack components, balance-of-plant
(BOP) system components, and subsystems that are qualified for auxiliary fuel cell duty is critical if overall
system cost and performance goals are to be achieved. Therefore, the following 4 tasks are suggested for Topic
2. Alternative task structures will be considered provided that the work scope is complete, addresses all of the
technical issues, and has a convincing chance for successful validation in an integrated system.
Task 1. Cell and Stack Technology: Applicants are expected to discuss the potential for competitive cost,
performance, and durability of their proposed component(s) or subsystem(s). Discussion of the cell and stack
technology development effort necessary to meet the targets of Table 3 is required.
Task 2. Balance-of-Plant Development: Achievement of technical and economic goals requires that component
and subsystem functions be integrated and designed for manufacturing and assembly. Potential specific
components and subsystems are: high-efficiency thermal barriers; fluid handling equipment with low acoustic
signatures for potential military applications and reduced noise pollution at RV campgrounds; multi-function
equipment; and low-power, highly efficient ancillaries (power conditioners, pumps, fans). Applications must
address determination of durability of individual components and subsystems. The thrust of this task is to
develop high-performance, low-cost BOP designs, components, subsystems, and systems that are rugged,
modular, and quiet.
The proposed programs should include system models suitable for parametric evaluation of system
simplification and optimization approaches.
Applications should include a discussion of conformance to existing codes and standards applicable to current
combustion engine systems for high-power auxiliary power applications as well as standardized test procedures.
Task 3. Fuels and Fuels Packaging: Applicants must demonstrate awareness of the issues associated with
existing codes and standards related to fuel, such as FAA, DOT, and EPA regulations and discuss how the
proposed technology will conform. Each Application should include efforts to address the following issues as
appropriate:
9

US Department Of Energy, “Research, Development, and Integration of Energy-Efficeint Technologies in
Portable Power, Auxillary Power Units, and Off-Road Fuel Cell Applications”, Solicitation Number DE-PS3603GO93000, http://ecenter.doe.gov/iips/busopor.nsf/UNID/390C3F6609C993E585256D0300678369/$file/Solicitation+Portable+Power+Fuel+Cell-+GO93000+FINAL+VERSION.doc
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Toxicity and flammability
Safety
Cost of storage systems
Power/energy density
Start-up time
Operating Limitations
o Temperature
o Altitude
o Humidity
o Start-up
Physical durability and storage
Delivery system simplicity
Volume, weight of reformer (hydrocarbons)
Standardized test procedures
Centralized, focused codes, standards and recommended practices

Subtask 3.1. “On-Board” Fuel Processing - Fuel processors for APU systems must have fast-start and
cycling capability, operate at relatively low temperature, and provide power and size characteristics comparable
to current technology. Applications should discuss fuel charging concepts, safety issues, and control strategy.
Candidate APU fuels are low-sulfur diesel and propane, but Applicants are permitted to use zero-sulfur fuel
instead of low-sulfur diesel for this Solicitation. Proposers are expected to include a fuel processor organization
on the team. Research and development under this subtask is expected to comprise only that which is necessary
to integrate the specified fuel processor into the system.
Subtask 3.2 “On-board” Fuel Storage and Delivery – APU applications will likely use fuel storage systems
similar to those used for propulsion fuel cell systems so packaging and integration are the focus of this subtask.
Task 4 Integrated System: This task comprises the effort necessary to design, specify, procure, build, install,
operate, and analyze the integrated system. A Test Plan prior to the test and a written report documenting the
results of the validation will be provided to DOE. All system validations should include assessment of noxious
effluents and electronic pollution. An estimate of the cost and market potential for a commercial system must
be included.
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